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Chapter1

GENERAL INTRODUCTION

Since Gregor Mendel’s initial observations of patterns of color and shape among
generations of plants in the 19% century, scientists have sought to understand these
patterns of inheritance and their influence in every field of biology [1]. At the core of
biological heredity is the genome, a molecular blueprint of proteins and regulatory
mechanisms stored in nucleic acids and written in a quaternary code of nucleotides.
In humans, this data is stored in deoxyribonucleic acid (DNA), a double helix of two
polynucleotide chains containing sequences of four nitrogenous bases: Adenine
(A), Thymine (T), Guanine (G), and Cytosine (C). In the early 21s-century, the Human
Genome Project produced the first draft of the human genome. Across 23 pairs of
chromosomes and 3.3 billion nucleotide base pairs (A paired with T and G with C), this
genome contains the fundamental code of every protein for human development,
reproduction, cellular function and the numerous mechanisms to control their
expression. Heredity is achieved through reproduction where a child receives
one set of 23 chromosomes from each parent, which includes half of the genetic
variants referred to as inherited alleles. Studies of genetics continue to present new

discoveries which further expand the scope of scientific inquiry.

Examination of heredity among humans provides a basis for understanding the
genetic contribution to numerous traits and in turn medical genetics applies the
knowledge gained on the genetic basis for disease to improve clinical care. Gregor
Mendel first described rules of inheritance through observable traits (phenotypes) in
pea plants and later in bees [2]. Thomas Hunt Morgan further explained separation
of linked genetic traits within pedigrees on recombination events [3] which Alfred
Henry Sturtevant used to draft the first gene map of the Drosophila X chromosome
[4]. The discovery of restriction-fragment length polymorphisms [5] presented the
opportunity to use variation in genome between individuals to develop linkage-maps
for the human genome and further map disease-associated genes [6]. Like Mendel’s
observations, many of the first genetic diseases in humans were identified due to
a clear and traceable inheritance within familial pedigrees. Labeled as Mendelian
diseases, these traits are influenced by single genes (monogenic), can be distinctly
categorized based on the trait (discrete), and feature recognizable Mendelian
patterns of inheritance across multiple generations in pedigrees through genetic

characteristics like dominant or recessive alleles and autosomal or sex-linked genes.
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Generally, rare Mendelian diseases are caused by equally rare variants with high
penetrance, with a large proportion of individuals with a particular genetic variant
presenting with the phenotype, sparking findings for conditions like cystic fibrosis

and Huntington'’s disease [7].

However, there are also many diseases that are not monogenic and therefore do
not follow clear Mendelian patterns of inheritance. For common disorders like
heart disease, diabetes, hypertension, and schizophrenia there are strong genetic
contributors demonstrated by associations with genomic variants, although they
do not follow clear patterns of inheritance due in part to the underlying genetic
complexity. These conditions, called complex traits or quantitative traits, are
themselves polygenic and a result of contributions from numerous genes found
across the human genome [8]. Thus, the genetic contribution of these traits results
in small amounts of variation along a spectrum or continuum. However, in most
cases genetics itself only comprises a portion of the overall contribution to disease.
The variance not explained by heritability is due to additional non-genetic factors,
commonly described as environment. While an individual's genetics are known to
play a part in the overall variation for any given complex trait, the field of genomics
is faced with the challenge of untangling the complicated relationship between
genetics and environment. While genetics and environment each contribute to
the overall variance associated with complex traits, understanding the role and
contribution of each has significant value in our understanding of overall health

while also promoting better approaches to disease treatment and prevention.

In addition, recent studies have demonstrated that the distinction between genetics
and environment is not as clear as it may initially appear. For example, the non-
inherited alleles of parents, the half of genetic variants in the parents that were not
inherited by the offspring, have been shown to influence educational attainment
in offspring [9]. The association of non-inherited alleles of parents with traits in the
offspring demonstrates a contribution of parent genetics to the environment of the
child. Similarly, the genomes of millions of microbes both on and in our bodies that
comprise the microbiome play an essential role in maintaining our health. While the
composition of the microbiome is shaped by the host genetics and environment [10,
1], the genetics of specific microbes also dictate their contribution to the microbiome
both inside and outside the body. Further, exposure to cells from other individuals is

of immunological importance for individuals receiving an organ or tissue transplant
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[12] butis also a commmon phenomenon among women during pregnancy [13]. These
areas of study have introduced a new dimension to genetics, promoting inquiry into
not only if there is a genetic contribution to a particular trait but from whose genome
the genetic contribution originates. At the core of this thesis are characteristics of
environmental exposure to foreign genetic material and the associated implications

among individuals, pedigrees, and communities.

GESTATION ENVIRONMENT AND TRANSPLACENTAL
EXCHANGE

Pregnancy is a complex biological process that results in many physiological changes
to support the growing fetus. The mode of reproduction in humans is placental
viviparity, thus the developing fetus is dependent on the development of the
placenta which facilitates the exchange of nutrients and waste with the maternal
circulation, ultimately supporting fetal bioenergetic processes [14]. This mechanism
is critical for fetal survival and therefore the placenta is the first complete organ to
develop following conception. The placental trophoblasts also facilitate remodeling
of the uterine structure to infiltrate the maternal vasculature [15]. As a result, these
cells directly interface with the maternal circulation and are involved in maternal
immunoregulation. Furthermore, while the placenta serves as a barrier to separate
the maternal and fetal circulatory systems, it is imperfect and frequently results in

exposure to foreign cellular and genomic material [13, 16].

Transplacental exchange has been known to have serious clinical implications in the
pathogenesis of pregnancy related complications. For example, it has been well-
described that maternal exposure to rhesus (Rh) D, a red blood cell (RBC) antigen,
can result in a strong allosensitization response. Throughout pregnancy small
populations of maternal and fetal blood cells are transfused across the placental
barrier, generally increasing in concentration with gestational age with the largest
prevalence found immediately following delivery [17]. When Rh D-negative mothers
give birth to Rh D-positive offspring, who inherited the Rh D allele from the father,
this small population of Rh D-positive RBCs enters the maternal circulation and are
subject to maternal immune system scrutiny. Exposure to the highly immunogenic
Rh D antigen, most commonly, facilitates the production of Rh D alloantibodies

[18]. Prior to routine administration of prophylactic Rh immunoglobulin, anti-D IgG
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immunoglobulins resulting from exposure to Rh D-positive RBCs in a Rh D-negative
patient caused the most prevalent and severe form of hemolytic disease of the
newborn in subsequent pregnancies [18]. Interestingly, this phenomenon has not only
been implicated in mothers but also in their offspring. The so called “grandmother
theory” suggests that in specific cases anti-D alloantibody production may originate

from exposure to Rh-positive maternal cells in utero [13,18-20].

The knowledge derived from studies of hemolytic disease of the newborn have
furthered the understanding of interaction at the placental interface. However,
much is still unknown regarding the consequences of this incomplete barrier.
Similar to the exchange between mother and fetus, twins present a unique
intrauterine scenario where blood may not only be exchanged with the mother
but also between co-twins. Twin-to-twin transfusion syndrome (TTTS) has been
known to be a primary concern for monochorionic pregnancies, most commonly
associated with monozygotic (MZ) twinning, and without treatment is the
leading contributor to fetal loss prior to viability [21]. With incidental findings
of monochorionic dizygotic (DZ) twinning [22], the possibility for additional
exposure to allogeneic cell populations has raised additional questions regarding
the consequences of sustained interactions due to vascular anastomoses (that
is, interconnections formed between blood vessels). Regardless of whether cell
populations are of child, twin, or maternal origin, the persistent exposure to foreign
cells as a result of transplacental exchange has been described as the leading cause

for persistent foreign cell populations, labeled chimerism.

CHIMERISM

The term chimera originates from a creature of the same name in Greek mythology,
which features a lion's head, the body of a goat and tail of a snake. Representing
the amalgamation of several unique parts to create a whole, the term chimera has
been used to describe similar phenomena in biology. One such example is chimeric
fusion proteins, which are single proteins that comprise of functional properties of
different proteins. Chimeric fusion proteins are routinely used by researchers to create
unique tools in modern molecular biology, such as adding fluorescence from green

fluorescent protein to study the expression and localization of a protein of interest.
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Chimerism as a condition describes the occurrence of an individual organism
comprised of an amalgamation of genetically distinct cell populations that originate
from two or more unique zygotes. Different forms of chimerism are broadly
defined by the mechanism of donor cell acquisition, generally producing different
presentations of acquired cell localization within the organism. The most familiar
category is surgical or artificial chimerism, produced by transplantation of donor
organs or tissues into a host patient. In this scenario it is clear, that the tissues that
originate from the donor are genetically distinct from the host and will present within
the tissue of the graft. Second is the most extreme form of chimerism, known as
tetragametic chimerism. Normally, when two eggs are fertilized this would produce
DZ twins. However, in the case of a tetragametic chimera, the two embryos fuse
together producing a single offspring. The resulting individual organism will possess
tissues and organs comprised of cells that originate from one or both zygotes at

various concentrations.

In this thesis | will primarily focus on transplacental chimerism, another form of
naturally occurring chimerism. Transplacental chimerism can arise from cellular
exchange across the placenta between mother and child. During pregnancy but also
postpartum, low levels of fetal cells can be identified in maternal peripheral blood.
When the concentration of donor cells is less than 1%, this is called microchimerism.
Additionally, twin pairs present a unique scenario for transplacental chimerism,
where co-twins directly exchange cells via the placental vasculature. Early efforts
to understand the chimerism phenomenon have examined twins as a model for
exposure to foreign cell populations which has improved with new methodologies

and technological advances [23, 24].

When an individual has acquired allogeneic cells (either through surgical
transplantation or natural occurrence) this chimerism presents a complex
immunological challenge. In modern medicine, the use of donated organs and tissues
has provided valuable treatment options for improving patient outcomes. While
replacing damaged and failing organs with healthy counterparts or replenishing
low blood volume with donated blood products provides the body with the essential
components for normal functioning, this must be balanced with the high sensitivity
of the adaptive immune system for discriminating self and non-self cells. As is well
described in the field of transplantation medicine, introducing genetically distinct

material to an individual is complex with immunological challenges leading to host
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rejection or graft versus host disease. To prevent this, the characteristics of the tissue,
organ, or blood product in question are examined closely to find a suitable match
with the least likely chance of subsequent immune complications via crossmatching
[25, 26]. Responses to organ transplantation such as graft versus host disease or
graft rejection can produce a rapid and robust immune response that is especially
dangerous for the host, and therefore these patients are generally placed on long-

term immunosuppressant regimens [27].

While the immunological response to RBC alloantigens has been well established,
the complex relationship between fetal and maternal microchimerism in other
diseases is an area for further exploration [28]. The female predilection for
autoimmune disease has made fetal microchimerism an attractive subject for
investigation as a contributor to disease pathogenesis. Studies of microchimerism
have suggested associations between detectable allogeneic cell populations and
autoimmune disease in the host [29-37]. Additionally, autoimmune diseases have also
been found to affect children with unknown etiology. Like the “grandmother theory”
in production of anti-D alloantibodies, the exposure to maternal cells in maternal
microchimerism has been theorized to be involved in disease pathogenesis [34,
35, 38]. Exposure to cell populations which originate from other zygotes may have
numerous biological implications in both health and disease, while also indicating
prior environmental exposures to other cell populations which may provide insight
into disease etiology. Therefore, the chimerism phenomenon presents a source of
human exposure to foreign genetic material and there are imperative questions of
who in a population is most affected by chimerism and which diseases are influenced
by exposure to these foreign materials. In this thesis, | investigate these questions to
further understand the underlying associations in foreign cell acquisition resulting

in chimerism and contributions of chimerism to disease etiology.

MAYER-ROKITANSKY-KUSTER-HAUSER SYNDROME

Mayer-Rokitansky-Kuster-Hauser (MRKH) syndrome is a disorder of sexual
development affecting 1in 5000 females [39]. The clinical presentation of MRKH
syndrome includes females with a normal (46,XX) karyotype and normal female
secondary sex characteristics along with congenital aplasia of MUllerian structures

including the uterus and upper two-thirds of the vagina. These absent or
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underdeveloped structures have significant biological and psychosocial implications
for the patient as a they result in primary amenorrhea and the inability to carry
a pregnancy, which has only recently been able to be addressed in clinical trials
via uterus transplantation [40]. This disorder is further categorized into two types:
type | MRKH syndrome which features the aforementioned aplasia of the Mullerian
structures, and type Il (atypical) MRKH syndrome which presents with additional
renal or skeletal malformations [41]. While classified as a rare disease, an estimate of
prevalence based on a large population study in Denmark revealed no significant
variation in annual live births diagnosed with MRKH, implying a commmon frequency
of occurrence in the population [39]. Despite this classification as a rare disease there
has been no causal mutation or genomic association that has been identified with

relation to MRKH.

The MRKH syndrome phenotype is not unique to humans. A remarkably similar
phenotype to MRKH has been long documented in cattle, called freemartinism,
which has also been recorded in other mammalian species [42]. The freemartin
is a sterile female calf, presenting with varying degrees of masculinization of the
female reproductive tract, including vaginal agenesis and absence of the Mullerian
structures. Freemartinism in cattle is a common occurrence in the female co-twin
of opposite-sex dizygotic twins [43]. Further investigation of the condition has
revealed XX/XY (two populations of cells, each with different sex chromosomes)
microchimerism in the peripheral blood of freemartins [44, 45] and implied that
exposure of the female to anti-Mullerian hormone produced by the testes of the
male via twin-to-twin transfusion as the cause of the freemartin phenotype [46].
Freemartin syndrome is a burden for livestock farmers where female animals with

functional reproduction are valued for lactation and future breeding in the herd [42].

The freemartin condition illustrates the significant contribution of the gestational
environment and timing of exposure to foreign material which may indicate a similar
phenomenon in the etiology of MRKH syndrome. Based on the observation of XX/
XY microchimerism among freemartins, | inquire if this similarity between MRKH
syndrome and freemartin syndrome can be demonstrated in females with MRKH
syndrome by measuring detectable male microchimerism as a result of exposure to

male blood from a co-twin in utero.
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TWINNING AND TWIN DESIGN

The twinning phenomenon has long fascinated humanity. Twins present a
captivating concept for artists and scientists alike, individuals with considerable
commonality yet each uniquely independent. As such, many philosophers and
writers over human history have included both identical and fraternal twins as literary
devices to represent remarkable similarities as in William Shakespeare’s The Comedy
of Errors, symbolize natural duality such as Artemis and Apollo of Greek mythology,
or illustrate divergence and reunion such as Luke Skywalker and Princess Leia in the
Star Wars saga. Further, Saint Scholastica, regarded as the founder and patron saint
of the Benedictine nuns, is said to be the twin sister of Saint Benedict of Nursia and
the two had parallel devotion in their faith. Regardless of the narrative, twins always

demonstrate some exceptional commmonality and close bond that binds them.

In early human history, twins were seen as an enigma explicitly explained by the
supernatural or divinity. However, scientific research on the genetics of twins has
provided biological explanations for the two different categories of multiples. Twins
that genetically are (nearly) identical are termed monozygotic (MZ) as their genetic
similarity is explained by originating from a commmon zygote that split in early embryo
development. Alternatively, twins that on average share half of their genetic variation
are called dizygotic (DZ) twins and are explained by two or more separate fertilization
events (i.e. analogous to singleton siblings) producing as many unique embryos.
As DZ twins each originate from a unique zygote, they may present as DZ same-
sex twins (DZss) or DZ opposite-sex twins (DOS). The genetic differences between
twin types presents an invaluable resource for investigating heritability and further

calculating the contributors of variance for numerous traits [47].

To understand the contribution of genetic variance on a particular trait, researchers
first needed to develop a study design that would address the relative contribution
of different sources of variation. In 1875, Francis Galton published the article “The
history of twins, as a criterion of the relative powers of nature and nurture” which
is regarded as the first recorded work that details how similar and dissimilar twins
could enable the investigation of inheritance [48], although he did not know about
the distinction of MZ and DZ twins. Beginning in the early 20t Century, researchers
recruited twins to study contributors to phenotypic variance among humans, as

a type of “natural experiment” featuring control of genetic similarity and early-life
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environmental factors. It was Hermann Werner Siemens, a dermatologist, who in
1924 first applied the classical twin design by examining the correlation of moles
or birthmarks as a phenotype between identical and non-identical twins [49].
This study found that identical twins have a greater correlation of mole counts
compared to non-identical twins, leading to an association between genetic and

phenotype resemblance.

Since then, twin studies have been fundamental to the understanding of heritability
among numerous measurable phenotypes including anthropometric traits,
biomarkers, behavior, and disease. As previously described, by incorporating both
MZ and DZ twins the classical twin design examines the correlation between pairs
and is used to ascertain the contribution of different components of phenotypic

variance including both genetic and environmental sources.

THE NETHERLANDS TWIN REGISTER AT VRIJE
UNIVERSITEIT

Given the well-established scientific merits of twin studies in examining the
nature-nurture debate, study designs incorporating twins have only become more
invaluable for understanding human biology and psychology. Exploring the nuances
of phenotypic variation due to genetics and environment requires a considerable
amount of meticulously documented genetic and longitudinal phenotypic data on
twins and their families. To address this, regional and national twin registries continue
to be established to provide an invaluable resource for twin research. One such
example is the Netherlands Twin Register (NTR) which was founded in 1987 [50] and
is maintained by the Department of Biological Psychology at the Vrije Universiteit
(VU) Amsterdam. For over three decades the NTR, has collected and maintained a

repository of biological and phenotypic data from twins and their families [51].

With over 120,000 multiples and a nearly equivalent number of non-twin family
members [51], the resource curated by the NTR at the Vrije Universiteit has proven to
provide a robust dataset for investigation of human complex traits. After beginning
systematic recruitment of twin-pairs there has been an excellent representation of
Dutch twins in the birth years of 1970-1981 and 1987-2017 at 29% and 52% respectively

[57]. Surveys provide ongoing collection of longitudinal data for investigation on core
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research interests including development, health, personality, as well as emotional

and behavioral problems.

Additional efforts by the NTR have included the collection of biological samples
to match with all collected phenotypic data (Table 1). Biological samples have
been collected to produce a comprehensive dataset for future multi-omics and
biomarker studies [52, 53]. Biobanking efforts have utilized whole blood collection
for measurement of several biomarkers and is used as the primary source of genetic
material (e.g. DNA and RNA) for adult twins. Additionally, buccal epithelial cell
samples are routinely collected via a less invasive oral swab method and are the
source of genetic material [54]. These samples can be assessed via polymerase chain
reaction (PCR; described later), DNA microarrays and DNA sequencing for direct

interrogation of hundreds of thousands of genetic variants across the genome.

Table 1. Netherlands Twin Register data as of April 2019 reported by Ligthart et al. (2019) [51]

Total N
NTR Pedigrees
Total N 255785
Multiples 123157
Twins 119040
Triplets 2613
Quadruplets 52
Quintuplets 10
Biological Samples
DNA (blood or buccal) 29138
Genomewide SNPs 26146
DNA methylation whole blood 450K 3025
DNA methylayion buccal 850K 22
DNA sequencing whole blood 1526
RNA expression U219 array 3370
RNA sequencing 1606
RNA sequencing Lipopolysaccharide-stimulated samples 390
Metabolomics in serum or plasma 6485
Metabolomics in urine 1564
Microbiome 568
Hair sample 222
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Through the generous contribution of their phenotypic data via surveys and biological
samples the twin-participants and their family members have provided an invaluable
resource for enabling studies of the interplay between the human genome and
environment. The extensive database curated and maintained by the NTR provides
a resource for both individual population-based studies and contributions to larger
global consortia to investigate variance in complex traits. In this thesis, | examined
biological materials from twin pedigrees in the NTR to investigate sources of

microchimerism through examination of patterns and characteristics within families.

THE NETHERLANDS TWIN REGISTER AND
AVERA INSTITUTE FOR HUMAN GENETICS
COLLABORATION

To better explore the association between complex traits and the human genome,
there is need for large-scale genetic studies. To this end, the successful execution
of these studies requires the integration of highly specialized skill sets for both the
wet-lab generation of high-quality genetic datasets and dry-lab bioinformatics data
analyses. It is uncommon for institutions to possess both the necessary laboratory
instrumentation for high-throughput measures of genetic variation and sufficient
computational resources, experience, and expertise for downstream analyses. It
is for this reason that institutions may leverage the expertise of others equipped
with the knowledge and tools to collectively achieve what they alone cannot. As
a solution for accomplishing these complex research goals, the Avera Institute for
Human Genetics (AIHG) and NTR began collaboration in 2008 followed by a formal

agreement beginning in 2015.

The foundation of the NTR-AIHG collaboration is the collective goal to aid the
improvement of both physical and mental health through the collection and
investigation of genetic data. As a part of this collaboration, AIHG provides technical
laboratory expertise for conducting a multitude of molecular genetics experiments
for data generation, whereas the NTR provides expertise in biobanking practices,
collection of phenotypic data and the statistical methods for conducting twin-family
research in addition to a large repository of collected samples. Among the many
molecular genetics laboratory services provided by the AIHG, for the purpose of

establishing genetic variation between individuals, advances in DNA microarray
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technology have allowed for cost-effective genome-wide interrogation of select
markers with known variation in the population [55]. Together, the NTR and AIHG
have applied their collective expertise in the design of custom DNA microarrays, the
Affymetrix Axiom-NL array [56] and the Illumina Global Screening Array (GSA) [57].
The collective genotyping initiative by NTR-AIHG has provided data to support a
diverse array of genetic association studies in human traits and disorders, including

among others behavior and emotion [58-75], female fertility and twinning [76, 77].

In addition, AIHG has employed numerous molecular genetics methodologies
and instrumentation to facilitate research initiatives within the collaboration with
the NTR to better understand genetic contributions to complex traits. Epigenetic
studies to investigate environmental influences on genetic expression through
methylation patterns across the genome have been captured at the AIHG using
bisulfite conversion and specially designed lllumina HumanMethylation450K and
MethylationEPIC BeadChip DNA methylation arrays [78-81]. Studies of human gut
microbiome have utilized next-generation (massively parallel) sequencing (NGS) at
AIHG for 16S rRNA sequencing to examine the composition and diversity of microbial
communities [10, 11, 82]. In addition, real-time quantitative polymerase chain reaction
has previously been applied for the study of telomere repeat mass of blood and
buccal derived DNA [83]. The numerous molecular genetics methodologies
supported by AIHG provide a variety of tools promoting current and future research
interests of the collaboration to better understand human genetic variation and its
role in health and disease. Similarly, throughout this thesis | apply molecular genetic
methodologies at AIHG to investigate the frequency, concentration, and composition

of biological samples for minor populations of genetic material.

POLYMERASE CHAIN REACTION

Central to the molecular genetic techniques | apply in this thesis is the polymerase
chain reaction. The polymerase chain reaction (PCR) has been fundamental in
establishing the modern molecular genetics laboratory by allowing for the efficient
production of a large quantity of replicates of the target sequence with as little
as a single copy of the template in the primary sample. Originally developed by
Kary B. Mullis, PCR is an in vitro laboratory technique for the specific enzymatic

amplification of a template DNA sequence [84, 85]. The methodology exploits the
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natural characteristics of nucleic acids for replication of genetic information which
allows for reliable duplication of genomic information in either semi-conservative
genome replication or transcription via base-pair matching. The PCR reaction is
able to produce specific amplification of a region of DNA selected by the annealing
of two primer sequences, one complementary to the positive-sense (sense) strand
and the other complementary to the negative-sense (antisense) strand of the DNA

double helix.

The fundamental reaction is comprised of a DNA polymerase | (Tag polymerase)
originating from Thermus aquaticus, a thermophilic bacterium, in addition to nucleic
acids and target-specific primers. Combined with template DNA these reagents
provide the necessary molecular components for DNA replication. The reaction is
controlled by thermocycling, a series of temperature changes that are repeated over
a specified number of cycles, to achieve efficient replication (Figure 1A). This process
of thermal cycling is repeated over many cycles, each duplicating the amount of
genomic material between the two primers, as long as there is efficient primer

binding and sufficient resources (Figure 1B).

The PCR technique further provides the essential tools for investigation of rare
genomic targets in complex samples. The products of PCR have provided the means
for geneticists to have sufficient material to study the genome through conventional
laboratory methods and develop innovative solutions to further life sciences and
genetics-based research. Further, these techniques have been able to produce
revolutionary methodologies that have reshaped diagnostic medicine [86]. The
base-pair matching of primer sequences provides an advantage in test sensitivity
and specificity through precise amplification of genomic target sequences, adding
to utility in detection of microorganisms. As PCR thermocycling produces results
within a few hours, the advantage of PCR in molecular diagnostics is a reduction in
sample preparation time and elimination of microorganism culture for analysis, thus
reducing the turnaround time for clinical diagnosis and treatment. The advantages of
PCR in clinical diagnostics are of critical importance for providing patients, physicians,
and public health officials with fast and accurate information for infectious disease

control and prevention [86-88].
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Figure 1: Diagrams of PCR amplification: (A) Template DNA (blue), primers (red), and nucle-
otides (green) are combined with PCR master mix and proceed through one cycle of PCR

thermal cycling. Thermal cycling includes denaturation of the DNA, annealing of the primers,
and extension to synthesize the new strand. (B) PCR amplification of a single template DNA
molecule (blue) is able to produce many copies of newly synthesized DNA (green) through
duplication during each cycle.

QUANTITATIVE PCR

While the advent of PCR changed the landscape of molecular biology by providing a
valuable tool for the ampilification of genomic material for numerous applications, the
use of end-point analysis provides only one of two possible answers for a particular
sample, target detection or no-detection. To measure the amount of material
produced during the PCR reaction two methods have become available: through
detection of double-stranded DNA [89] and through fluorescent signal produced
by molecular probes following degradation by Taq polymerase exonuclease activity
[90]. Both these methods result in a direct relationship between the amount of DNA
amplicons produced in the reaction and measure of detectable fluorescence. While

each methodology provides the ability to examine reaction kinetics, the added
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specificity of molecular probes which require base-pair matching of a specific target
seguence made these preferrable for application in the high sensitivity testing

developed and implemented in this thesis.

Advanced technology allowing for the reading of fluorescence following each PCR
cycle in each individual reaction has made it possible to observe the kinetics of PCR
amplification in real-time. This real-time PCR introduced a new measure, the cycle-
threshold (Ct), which is the number of the cycle during thermocycling which the
amplification growth curve of the sample becomes distinguishable from background
signal and crosses a fluorescence threshold defined by exponential amplification.
The Ct value produced for a sample has an inverse relationship with the amount
of starting material in the reaction. Parallel testing a series of known standard
concentrations allows researchers to produce a linear regression model to provide
an accurate measure of the amount of starting material in an unknown sample. The
Ct metric provides an additional quantitative dimension to PCR data and resulted in

the quantitative PCR (gPCR) technique.

The simple detection of genomic targets through traditional end-point PCR have
value in providing results for clinical diagnostics where detection alone is the
only relevant measure for establishing a treatment plan. However, in this thesis |
investigate if there is measurable variation in the genomic concentration of foreign
genomes, related to both chimerism and viral infection, in samples between different
groups or timepoints. Simply, is the concentration of material derived by gPCR or
variation in Ct values between timepoints informative for explaining differences in

presentation of foreign genetic material within populations?

SARS-COV-2

The application of real-time PCR in molecular diagnostics provides highly sensitive
and specific detection of microbe genomes in patient samples which is invaluable for
managing the spread of emerging pathogens. In December of 2019 an unexplained
outbreak of acute respiratory disease was reported in Wuhan, China. The condition,
coronavirus disease 2019 (COVID-19), was discovered to be caused by a novel
Betacoronavirus of the Cononaviridae family; the virus was later named severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [91]. The COVID-19 condition
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presented with symptoms largely similar to other respiratory diseases, including
fever, cough, sore throat, headache, and malaise in addition to anosmia (loss of
smell) and ageusia (loss of taste) [92, 93] with severity ranging from asymptomatic

to hospitalization and death.

Over the following months SARS-CoV-2 rapidly spread across the globe resulted
in @ pandemic declaration by the World Health Organization in March 2020. The
seemingly remarkable efficiency of viral transmission within populations resulted
in sudden rapid increases in disease prevalence within geographic regions, most
notably in areas of high population density [94-96]. Transmission of the virus
via respiratory droplets allows for rapid spread of viral particles to new hosts
[97]. Among infected individuals, the SARS-CoV-2 virus is transmissible while
asymptomatic or presymptomatic [98, 99], increasing the importance of early

detection of infected individuals.

With the goal of mitigating spread and reducing community exposure, among the
leading strategies for controlling the outbreak was the test, trace and isolate model
[100]. To employ this tactic, local governments and public health agencies were
dependent on real-time diagnostic laboratory testing to identify cases and trace
potential contacts. The application of PCR-based molecular diagnostic assays had
been well established for use in confirmatory testing of numerous microbes and
therefore PCR testing of samples extracted from upper-respiratory samples became
the most accessible methodology early in the pandemic response. The expertise and
capabilities at AIHG for developing and implementing molecular genetic testing were
directly translated during the COVID-19 pandemic to provide real-time diagnostics
and surveillance for Avera Health and the surrounding community. Applying nucleic
acid extraction techniques and high-sensitivity real-time PCR for the detection of
foreign viral genome in upper respiratory samples, the laboratory provided real-time
diagnostics to patients, physicians, and public health officials for monitoring the

disease in the local community.

In contrast to humans and other organisms that use DNA to store their genomic
information, the genome of Coronaviridae family of viruses is contained in single-
stranded ribonucleic acid (RNA). The coronavirus genome has four structural
proteins: spike (S), envelope (E), membrane (M), and nucleoprotein (N). Among the

SARS-CoV-2 structural proteins, the spike protein is responsible for direct interaction
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with angiotensin-converting enzyme 2 (ACE?2), the receptor on human cells. To gain
entry to the human host cell, the spike protein is cleaved into ST and S2 subunits
where the interaction of the receptor binding domain (RBD) on the S1 protein and

the ACE2 receptor promotes virus entry [101-103].

In late 2020, the emergence of the first variant of concern, B.1.1.7 or Alpha, was
identified with key mutations present in the RBD, resulting in enhanced virus
transmissibility and antibody evasion [104-106]. Further monitoring of the virus
genome for variants of concern is maintained through genomic surveillance of the
SARS-CoV-2 genome via genomic sequencing of a randomized selection of PCR
confirmed positive samples representative of the population. In response to news
of novel variants, AIHG proceeded with the development and implementation of a
genomic surveillance program providing up-to-date information on the prevalence
of emerging SARS-CoV-2 variants in the local community. The data produced from
genomic surveillance equips epidemiologists and public health officials with the
necessary information to effectively monitor the unique dynamics of virus variants,
evaluate policy changes in response to changes in community spread, and allocate

the necessary resources to address anticipated changes in case numbers.

During the pandemic, there was significant interest in applying the Ct value of
real-time PCR diagnostic tests as a proxy for viral load in clinical patients. Indeed,
samples tested via PCR for other viruses such as HIV [107], hepatitis B [108] and C
[109] which are collected via blood samples use Ct measures to quantify viral load
in individual patients. However, due to upper respiratory swab collection methods,
the variable nature of the collection process may influence Ct value in SARS-CoV-2
tests resulting in inaccurate measurement and flawed interpretation of the data. As
a result, many scientists and leading professional organizations like the American
Association for Clinical Chemistry (AACC), Association for Molecular Pathology (AMP),
and Infectious Diseases Society of America (IDSA) issued statements expressing
caution for application of Ct values to inform clinical decisions [110, 111]. However,
real-time PCR data may have value as a relative measure of magnitude within a
population. Through examination of the SARS-CoV-2 testing conducted at AIHG |
inquire if the average Ct value in the AIHG testing population may reflect differences

in the characterization of clinical presentation and virus dynamics over time.
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HYPOTHESIS AND OBJECTIVES OF THE
DISSERTATION

This dissertation examines the application of molecular genomics techniques for
the investigation of small populations of foreign genetic material from biological
samples, i.e. detection of chimerism and viral pathogens. Here | hypothesized
that measure of small populations of genetic material will provide insight into the
prevalence and propagation of health conditions. Throughout this dissertation | test
hypotheses of prior exposures to male blood via measures of chimerism in clinical
cases and controls for a rare disorder and further investigate potential risk factors of
chimerism through prevalence and concordance within twin pedigrees. In addition,
| examine the high sensitivity assays that were developed for the specific detection
of SARS-CoV-2 in respiratory samples to investigate quantitative variation in relation

to disease epidemiology.

Chapter 2 provides a comprehensive systematic review of chimerism as it pertains
to human health and behavior. This chapter details the chimerism phenomenon
and provides distinction between disparate forms of the condition with a central
focus on naturally occurring chimerism. Available methodologies employed in the
literature for the detection of small concentrations of unique cells are discussed for
use in studies of chimerism and evaluated for sensitivity relevant to application in
study of microchimerism. Prior studies are summarized as the findings pertain to
both animal studies and investigations on human diseases. A substantial amount of
research in chimerism is focused on the potential pathogenic implications due to the
inherent immune complexities of persistent exposure to allogeneic cell populations.
Additional examinations of chimerism studies related to behavior are discussed

including current hypotheses and areas of further investigation.

The complex environment presented by chimerism has led to many proposals
for pathogenic, protective, or neutral roles in the course of disease and there is
significant need for further research to understand the underlying mechanisms
of this phenomenon. Both chapters 3 and 4 address specific scientific questions

regarding the prevalence and implications of human microchimerism.

Chapter 3 addresses a hypothesis of exposure to male blood in utero as a contributor

to the etiology of Mayer-Rokitansky-Kuster-Hauser (MRKH) syndrome. The known
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phenotypic similarity to the freemartinism condition in cattle has led to the
hypothesis that MRKH syndrome is in part caused by in utero exposure during fetal
development to Anti-Mullerian Hormone (AMH), potentially via blood transfusion
through placental vascular anastomoses from a male co-twin. The objective of
this study was to explore this hypothesis in adult women diagnosed with MRKH,
using a Y chromosome specific assay for the detection of male genome due to
any resultant persistent male microchimerism. Investigation of microchimerism
guantitation and prevalence were examined and compared in both case and control
populations. Furthermore, additional sources of male cells including male offspring
and older brothers (through maternal exposure) were considered. This study further
determined if persistent chimerism among the population of cases indicates prior

exposure to male genetic material support

Chapter 4 expands upon the findings presented in the previous chapter and examines
patterns of microchimerism among female members of twin pedigrees. With a
notable prevalence of detectable microchimerism in the population and detection
in approximately 13% of women and adolescents with no history of pregnancy [112,
N3], there is significant interest in understanding the sources of exposure to foreign
cells and genetic material. As previous research has indicated blood chimerism to
occur among human multiples [24], the objective of this study was to investigate
the numerous relationships within pedigrees for patterns of male microchimerism.
We hypothesized that pedigree features such as having a male co-twin, older
brother, or male offspring would increase the risk of persistent male microchimerism
detectable in female members. For this study, families of female monozygotic (M2Z)
twins, female dizygotic same-sex (DZss) twins and dizygotic opposite sex (DOS) twins
were included if the female twin(s), a non-twin sister, and the mother of twins had
previously donated peripheral blood samples in the Netherlands Twin Register (NTR).
This study specifically examines the prevalence of male microchimerism between
the types of family members and concordance for pairs of family members as well

as potential associations with having an older brother, male offspring, or both.

Chapter 5 extends these real-time PCR measures of minor genomic populations
to clinical laboratory molecular diagnostics and explores if real-time measures of
human exposure to foreign material of a viral pathogen may provide a valuable
measure for monitoring dynamics of viral infections within a cormmunity. This chapter

describes the development, validation, implementation, and evolution of a diagnostic
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laboratory developed test and workflow to address the dynamics of the ongoing
COVID-19 pandemic at AIHG. In addition, SARS-CoV-2 variants that emerged at the
end of 2020 presented an additional challenge addressed by genetic testing and
analysis. Details on the development of laboratory workflows and analysis pipelines
for both targeted sanger sequencing and whole genome sequencing of SARS-
CoV-2 for genomic surveillance are also presented. Analyses pertaining to changes
in quantitative testing metrics are examined in relation to clinical characteristics
and changes in local epidemiology through future demand for healthcare services.
Categorized SARS-CoV-2 variants via genomic surveillance are further examined for
changes in real-time PCR to examine the effects of variant transition. Ultimately, the
information presented in this chapter illustrates the application of diverse sensitive
molecular genomics techniques and analyses for providing epidemiological data for

management of emerging pathogens at the local level.

Chapter 6 presents a summary of the main findings of the prior chapters. This is
followed by general conclusions of this work and discussion of broad perspectives on
the field and future for investigation of foreign genetic material from mixed samples
in human health. Chapter 7 concludes the dissertation with a succinct summary of

the thesis.
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Chapter 2

ABSTRACT

In this review, we focus on the phenomenon of chimerism and especially
microchimerism as one of the currently underexplored explanations for differences
in health and behavior. Chimerism is an amalgamation of cells from two or more
unique zygotes within a single organism, with microchimerism defined by a
minor cell population of <1%. This article first presents an overview of the primary
technigues employed to detect and quantify the presence of microchimerism and
then reviews empirical studies of chimerism in mammals including primates and
humans. In women, male microchimerism, a condition suggested to be the result
of fetomaternal exchange in utero, is relatively easily detected by polymerase chain
reaction molecular techniques targeting Y chrommosomal markers. Consequently,
studies of chimerism in human diseases have largely focused on diseases with a
predilection for females including autoimmune diseases, and female cancers. We
detail studies of chimerism in human diseases and also discuss some potential
implications in behavior. Understanding the prevalence of chimerism and the
associated health outcomes will provide invaluable knowledge of human biology

and guide novel approaches for treating diseases.

Keywords: Microchimerism, women, autoimmune diseases, cancer
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1. INTRODUCTION

Originating from Greek mythology, the chimera was known as a creature with a lion's
head, goat's body and a serpent for its tail [1]. The term chimera is commmonly used
in many scientific disciplines to describe an entity that is comprised of parts from
multiple sources to make a whole. For instance, chimeric fusion proteins are made
from joining parts of separate genes to produce a fusion protein with domain regions
or the function of the original independent proteins. Similarly, a genetic chimerais an
individual organism comprised of cell populations from two or more unique zygotes
[2]. Sometimes chimerism and genetic mosaicism are interpreted as describing
similar phenomena, however mosaicism refers to unique cell populations that
originate from the same zygote. In medicine, the creation of man-made chimeras is
the foundation of the lifesaving techniques in transplant and transfusion medicine.
Research has explored chimeras in many areas of biology such as genetics, molecular
biology, and the generation of model organisms [3]. The studies of spontaneous,
natural chimerism are of increasing interest for the consequences that chimerism

may have for health, behavior, fertility and disease.

Known cases of chimerism can be predominantly classified in three categories;
1) artificial, i.e. arising after blood transfusion or bone marrow transplantation;
2) tetragametic, i.e. the case of fertilization of two oocytes by two spermatozoa
and fusion of the resulting embryos leading to development of one organism; 3)
transplacental, as a result of the passage of blood between mother and child, with
twin chimerism as a special case. Transplacental microchimerism is bidirectional
with potential for mothers to carry their children’s cells (fetal microchimerism) and
children to carry their mother’s cells (maternal microchimerism). Fetal cells have been
discovered in maternal peripheral blood samples during pregnancy or postpartum,
including mesenchymal stem cells, leukocytes, nucleated erythrocytes, trophoblasts
and hematopoietic progenitor cells [4-9]. Studies in several mammalian species
have documented that blood exchange during pregnancy can facilitate the transfer
of a small number of cells, further discussed in section 3 [5, 10, 11]. These specific
cases encompass the majority of identified cases of chimerism and are labeled as
“microchimerism”, defined as a minor cell population contributing to less than 1% of
the total cell population. As there is no lower limit that produces microchimerism in

an individual organism, the ability to identify a mixed chimerism within an individual
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sample is ultimately dependent on the sensitivity of the techniques available, as

presented in Table 1. In the study of chimerism, there are four primary techniques

which have been utilized to detect, quantify and identify unique cell populations

within individual samples.

Table 1: Summary of common techniques used in identifying or researching chimerism.

Lowest detection limit is dependent on specific target and application; examples presented
from associated literature. [15, 27, 28, 33, 148-152]

Technique/ Primary Target Detection Advantages Disadvantages
Criteria Principle limit per
assay (%)
Traditional Agglutination RBC antigen >10 Simplicity Limited to
blood typing Availability RBCs
anti-serum Sensitivity
Gel column Agglutination RBC antigen 10 Simplicity Limited to
agglutination Availability RBCs
Sensitivity
Fluorescent Fluorescent RBC antigen 0.01 Sensitivity Requires
microsphere labeling fluorescent
microscopy
Limited to
RBCs
Karyotyping Microscopy Chromosome Limited Gross genetic  Tlme
by nuclei differences consuming
observed Low
throughput
Flow Fluorescent Cell surface Limited by Dynamic Complex
cytometry labeling antigen cells observed Various Availability
0.05 applications May require
additional
samples
Real-time PCR DNA 0.0001 Simplicity Requires
quantitative amplification Availability specific target
PCR Sensitivity
Short Tandem PCR DNA 1-5 Simplicity Sensitivity
Repeat (STR) amplification Availability
PCR
Fluorescent Fluorescent DNA Limited Cell level Requires
in situ labeling by nuclei analysisin fluorescent
hybridization observed tissue sections microscopy
(FISH) or automated
system
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1.1 Blood grouping

Many cases of chimerism were initially identified inadvertently by discovery of
blood type discrepancies during routine testing. Mixed red cell populations were
originally discovered as a consequence of in utero anastomoses of chorion blood
vessels in cattle [12]. This was first described in humans by Dunsford et al. (1953) in a
blood donor who was revealed to have both type A and type O red cell populations,
presumably as a result of chimerism from a twin [13]. Common blood bank anti-
serum agglutination testing is accomplished by introducing reagent antibodies to
the individual's red blood cells and visual agglutination to determine if the cells
express the corresponding antigen. Due to the limitations of visual interpretation,
this is primarily an effective method for testing the antigen composition of major
red cell populations [14]. Additionally, gel column agglutination, another standard
blood bank technology, has been reported to detect mixed-field agglutination
reactions in an individual with a 10% minor cell population [15]. Combining anti-sera
identification methodology with a fluorescent assay assisted the largest study of
blood group chimerism prevalence in 415 DZ twin pairs and 57 sets of DZ triplets
[1]. In short, this technique utilizes IgG antibodies targeting specific antigens and
subsequently introducing fluorescent microspheres coated with anti-human IgG
to visualize cells possessing the antigen [1]. Paired with fluorescent microscopy,
this technique reported a sensitivity of one positive cell in 10,000 total cells. At this
sensitivity, the study reported 8% of twins and 21% of triplets with detectable red

blood cells chimerism.

More recently, studies examining blood group chimerism have exploited flow
cytometry to automate the process of counting fluorescently labeled cells. In one
case study, a pair of monochorionic DZ twins initially reported type AB and type
B blood types. Flow cytometry testing at three months of age revealed red cell
chimerism of 88% type AB with 12% type B and 99% type B with 1% type AB [16]. In
another study, two neonates from a set of triplets produced mixed field reactions
in gel card agglutination reactions and flow cytometry was used to establish the
presence of both a type A and type O cell populations [17]. Flow cytometry has
notable versatility and sensitivity over other blood antigen techniques, including
the capacity to measure the prevalence of HLA antigens on white blood cells.
Fluorescence activated cell sorting (FACS) is built upon flow cytometry and allows

the investigator to separate cells based on fluorescent labeling. This has been used
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to enrich microchimeric cells in blood samples using HLA specific monoclonal
antibodies with minor cell populations as small as 0.01%, allowing for not only

detection of these cells but also further study of this minor cell population [18].

1.2 Karyotyping

Karyotyping is a common cytogenetic technique utilized for examination of gross
genetic changes in an individual's chrommosomes including aneuploidy and structural
changes. This technique examines an individual's chromosomes for genetic disorders
which has occasionally led to the discovery of chimerism. Karyotyping can identify
major differences between the karyotypes of individual cells including the number
and type of sex chromosomes. This approach was previously employed for the
identification and diagnosis of chimerism in individuals with a mixture of 46,XX/46,XY
cells [19-24]. While this is an effective technique, the approach is limited to the
identification of gross chimerism with chromosomal differences such as 46,XX/46,XY
and is not able to provide information regarding the potential source of chimerism.
Further, this approach does not provide evidence of an individual’s alleles making
it possible for cases of mosaicism caused by nondisjunction events, as previously

reported, to potentially be misdiagnosed as chimerism [25].

1.3 Polymerase chain reaction

One of the most widely accepted methods for identifying chimerism via genomic
DNA is by polymerase chain reaction (PCR) [26]. The PCR technique is based
on the fundamental principles of DNA replication where the strands of double
stranded DNA are denatured, primers are annealed to a complementary sequence,
and extension is performed by a thermostable Taq polymerase. This process,
repeated over multiple cycles, produces exponential growth in copies of the region
of interest which are detected by a variety of different techniques including gel
electrophoresis or Sybr Green and TagMan probes for real-time quantitative PCR. The
amplification of signal in PCR is a major reason for the popularity of this technique
in microchimerism detection. At a relatively low-cost, researchers can identify a
small amount of target genome by amplifying the amount of target available for
detection, thereby enhancing the detection signal. It is inherently necessary to
examine a target gene that is unique to the chimera cell population or has known
discordance in polymorphisms between the minor cell population and host cells.

This led to commmon use of Y-chromosome genes such as TSPYT (DYS14) and the sex
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determining region Y (SRY) as targets for identifying microchimerism in women.
Several studies have reported obtaining a sensitivity of one male cell per one million

female cells with this technique [27-29].

Additional studies have focused on targeting variation and polymorphisms in the
genome to identify cells that originate from distinct zygotes and to provide insight into
the source of these cells. Researchers are able to exploit known differences between
two genomes to identify small populations that have a distinctive characteristic, such
as the human leukocyte antigen (HLA) system. As such, the use of HLA-specific PCR
assays has been implemented to provide context to the source of microchimeric cells
by characterizing the HLA profile of family members to identify the original source [30].
In some studies, it was possible to detect non-inherited HLA sequences representing
maternal microchimerism, regardless of the sex of the progeny [31, 32]. While this is a
seemingly significant advantage over other techniques, the need to obtain samples
from both zygotes to establish unique HLA markers for chimerism analysis, often
makes it difficult or not possible to apply. Polymorphic short tandem repeats (STR) are
well established in forensic investigations as a PCR target for elucidating the potential
sources of genomic material and have also been exploited for chimerism analysis,
though with typically lower sensitivity than real-time PCR [33]. Cases of chimerism and
mosaicism have been reported as a challenge in forensic cases where STR is used to

identify the source of the genomic material [21, 34].

1.4 Fluorescent in situ hybridization

The techniques described above have primarily focused on the global identification
of the presence of chimerism within a sample, consisting of several cells. To study
localization of donor cells on an individual cell level among a background of host cells,
researchers may utilize the cytogenetics technique fluorescence in situ hybridization
(FISH). The FISH assay technique uses labeled nucleotide probes which hybridize to a
specific genomic sequence and are subsequently able to be detected by presence of
a fluorescent signal. FISH has provided notable advantages to studying the biology of
chimerism by allowing researchers to identify the localization of non-host cells within
tissue samples [35]. Like PCR, a common technique in tissue samples from women
is to use a probe for a Y-chromosome specific sequence which is often paired with
an X-chromosome specific probe using dual color probe combinations to identify

male cells that feature both signals and female cells that feature two X probe signals.
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The sensitivity of this technique is dependent on the number of cells examined and

can be measured using automated scanning instruments.

The identification of chimeras may lead to new discoveries and implications of
chimeric cells on human health and behavior. Considerable progress has been made
in testing hypotheses of microchimerism benefits and consequences because of
improved techniques with high sensitivity. However, we have yet to establish the
definitive role of this phenomenon, identified among several mammalian species. In
this systematic review, we seek to examine the current findings in chimera research
regarding health, potential for influencing behavior, points of controversy, and discuss

questions for future studies.

2. METHOD

2.1 Search strategy

We performed a systematic review in accordance with the Preferred Reporting
Iltems for Systematic Reviews and Meta-Analysis (PRISMA) guidelines [36]. The
literature search was conducted by searching PubMed and ISI/Web of Science from
inception to April 279, 2019. The search was conducted to include articles with the
terms ‘chimera’, ‘chimerism’ and related terms. Excluded terms include ‘transplant’
and ‘chimeric’ which primarily contain material related to man-made chimeras and
chimeric fusion proteins which are outside of the scope of this review. The process
for screening and selecting articles for inclusion is provided in Figure 1. The full

systematic review strategy can be found in the supplementary material.

Records identified through database searching (n = 3,078)

P

Records screened (n = 2,872) {:_ Duplicates removed (n = ZOEi

= e B

Full-text articles included (n=238) | <

"

 Records excluded (1=2634)

Figure 1: Flow diagram of article inclusion. At each stage articles included are in solid black
rectangles, excluded articles are in dashed red ovals.
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3. ANIMAL STUDIES

Cases of chimerism have been well studied in the animal kingdom and particularly
in veterinary science. Several animal taxa have been investigated for the presence
of chimerism with a variety of phenotypic outcomes. Among these are cattle, which
were the first to be identified as possessing blood cells derived from a co-twin.
Monozygotic twinning in cattle is infrequent and similarly, it is not common for full
siblings to share blood antigen types across genetically controlled antigens; yet
dizygotic twin cattle often share blood type identity [12]. Studies of molecular markers
in twin bovine calves has found that dizygotic twinning results in bidirectional
cell exchange and subsequent chimerism [37]. One notable consequence of this
exchange in cattle is the generation of freemartin heifers, an infertile female calf,
which commonly arise in dizygotic opposite-sex twin pregnancies. It has been
suggested that freemartinism is the result of anti-Mullerian hormone exchange
from the male co-twin due to intrauterine blood transfusion between the twins
via anastomoses of the placental vasculature [12, 38, 39]. The occurrence of
freemartinism in other mammals with opposite-sex dizygotic twin pregnancy
seems to be rare; although further research is warranted as cases of freemartinism
with XX/XY chimerism have been described in ovine, caprine, porcine, equine,
Cervidae and Camelidae families [40]. A reported case of freemartinism with XX/
XY chimerism in Rocky Mountain Bighorn sheep (Ovis candensis) demonstrated
an association with the development of a masculine appearance and behavior [41].
These observations present an important consequence of chimerism that may have
significant contribution to the understanding of biological influence of behavior (see

section 4.4).

Primates provide an interesting context to studies in non-human mammals due to
their phylogenetic proximity to humans; however, in the context of reproduction
particular species have unique characteristics. Studies in rhesus monkeys, which share
developmental similarities to humans, demonstrated that male microchimerism in
maternal tissues can be measured for several years postpartum [42]. In the study of
chimerism, marmosets are of particular interest due to dizygotic twinning being the
principal rule of reproduction for the Callithricidae family [43]. Marmoset blastocysts
undergo fusion that produces anastomoses of the placental vasculature, yet there

are no reports of freemartinism in marmoset females. Studies in marmosets have
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discovered opposite-sex cells within the bone marrow and therefore evidence of
prolonged chimerism as a result of prenatal blood exchange [43]. Further, DNA
fingerprinting of leukocyte rich-tissues in the common marmoset (Callithrix jacchus)
produces shared profiles between litter mates, whereas leukocyte-poor tissues
produce unique profiles supporting the hypothesis of chimerism via intrauterine
transfusion [44]. PCR amplification demonstrated that sibling-derived chimerism
was present in the majority of marmoset twin sets and the associated chimerism
was distributed across various tissue types including gonadal tissue and sperm
samples [45]. Subsequent assessment of behavioral characteristics in relation to
kin recognition found that marmoset fathers will carry chimeric infants significantly
more than nonchimeric infants, while maternal carrying is significantly lower for
chimeric infants suggesting that parental care behaviors may be correlated with
allele sharing in the offspring [45]. These findings in marmosets further suggest
behavioral characteristics as a consequence of chimerism and will require future
study in other species to understand if behavioral influences of chimerism are similar

across mammals.

Among other families of non-human mammals, there are reports of natural
chimerism in mice, dogs, and cats [11, 46, 47]. Multiple studies have concluded that
female dogs with prior male birth are able to develop persistent male microchimerism
with one suggesting that these male cells could explain male chimerism in daughters
of subsequent pregnancies [47, 48]. A case report of a dog with ambiguous genitalia
was found to have a leukocyte XX/XY chimerism suggesting the potential for
phenotypic abnormalities with canine chimerism [49]. Due to similarities with
humans in disease and environment, dogs have been suggested to be useful models
for human conditions [48]. Mice are a coommon model of human disease and have
demonstrated pregnancy related chimerism similar to humans [11, 50]. Many studies
have investigated the presence of persistent fetal cells in the non-transgenic mother
by enhanced green fluorescent protein models for detection [51]. Both maternal and
fetal chimerism commonly occur in mice with detection in the tissues of all major
organs [11, 52]. Studies of myocardial injury in pregnant mice have provided evidence
of fetal cell migration to sites of cardiac injury and capacity for cardiac differentiation
[51, 53]. Fetal microchimerism in the lungs and brain of mice feature various cell types
and have greater detection at the site of tissue injury from smoking or excitotoxic

lesions respectively, suggesting a potential protective effect [54-56]. It has been
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proposed that improving our understanding of chimeric cell trafficking across the
placenta, blood-brain barrier and migration to sites of tissue injury in mice may

provide insights into the properties that also support this behavior in humans [55].

4. HUMAN STUDIES

4.1 Hermaphroditism

Perhaps the most extreme phenotype that is closely associated to human chimerism
is true hermaphroditism, a phenomenon of sexual development defined by the
simultaneous presentation of both ovarian and testicular tissue. These cases generally
present with ambiguous genitalia of variable external severity. There are several
reported cases of 46,XX/46,XY karyotypes with true hermaphroditism; however,
these only comprise of approximately 10% of total cases of recorded hermaphrodites
[25, 57]. Examination of the paternal and maternal genetic contributions have
provided a means to establish the origin of these cases; while mostly chimeric, there
have been reported cases of mosaicism originating from 47,XXY cells as a result of
nondisjunction events [25]. Several hypotheses have been presented to understand
the mechanism that could produce 46,XX/46,XY whole-body chimerism. As this is
a developmental anomaly these hypotheses have been focused on zygote fusion
before sex differentiation; including separately fertilized ova, fertilization of an ovum
and second polar body, or a parthenogenetic division of an ovum fertilized by two
sperm [22, 23, 58]. Due to the overall rarity and variable nature of this condition it
is possible for many cases of hermaphroditism to go undiagnosed or present later
in life and therefore the majority of reported cases are young patients with more

dramatic phenotypes.

4.2 Autoimmune diseases

Among the studies of microchimerism in human disease, autoimmune diseases have
been a primary focus. In the human population approximately 5% are affected by
autoimmune diseases of which there is a prominent gender bias with an estimated
78% of affected individuals being females [59-61]. Furthermore, several autoimmune
diseases are more predominant in women following the childbearing years and share
a similar pathology to chronic graft-versus-host disease (cGVHD), a well-studied

condition in transplantation medicine as a result of chimerism [62, 63]. Cumulatively,
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these characteristics suggest a role for microchimerism in autoimmune disease
etiology. The contributions of microchimerism in autoimmune disease etiology has

been largely explored for rheumatic diseases and autoimmune thyroid diseases (AITD).

Rheumatic Autoimmune Diseases

Rheumatic diseases have been well documented with relation to chimerism.
Several studies have examined women diagnosed with systemic sclerosis and
have produced findings that indicate a greater prevalence and quantification of
male microchimerism in peripheral blood and various tissue samples compared to
controls [64-69]. A similar study of women with systemic lupus erythematosus (SLE)
or rheumatoid arthritis (RA) found greater prevalence of male microchimerism in the
peripheral blood compared to controls [70]. HLA associations have been implicated
as major risk factors in autoimmune diseases and have therefore been studied
extensively with regard to microchimerism. Approximately 80% of patients with
RA present with a five-amino-acid motif encoded by HLA-DRBI alleles termed the
shared epitope [71]. Microchimerism may contribute to RA disease onset as higher
levels of minor cell populations with HLA-DRB1*04 and HLA-DRBT*01 in addition to
the shared epitope have been identified in women with RA [71, 72]. These findings
indicate disease-associated alleles acquired via microchimerism may contribute
to host disease etiology. The implications of HLA associations extends to systemic
sclerosis where detectable fetal microchimeric T lymphocytes are associated with a
maternal HLA-DQAT*050]1 allele, suggested to facilitate persistent microchimerism
[73]. Together, these data suggest that the molecular relationship between the host
and acquired cells aid in facilitating microchimerism and subsequent autoimmune
response; however, more studies are needed to elucidate these interactions and

associated immunology.

Autoimmune diseases typically result in tissue destruction and similarity to cGVHD,
which has led to studies that have investigated microchimerism within host tissues.
SLE is characterized by production of antinuclear antibodies that have specificity
for nuclear components of the cell resulting in extensive organ complications and
similarity to cGVHD [74]. A case study of a woman who died of SLE complications
and previously had given birth to two sons presented with detectable male cells
in all of her histologically abnormal tissues [74]. In women that present with

Sjogren’s syndrome, male cells have been identified in labial salivary glands and
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bronchoalveolar lavage fluid (36% and 22%, respectively) while none were found
in the peripheral blood or in control patients [75]. This localization of non-host
cells to regions of inflammation while simultaneously remaining undetectable in
the peripheral blood further illustrates the limitations of studies that exclusively

examined the peripheral blood for microchimerism [76].

Autoimmune Thyroid Diseases

Research of microchimerism has further explored the conditions that are categorized
as AITD, including Hashimoto's thyroiditis and Graves' disease. This class of diseases
are known for being suppressed during pregnancy and subsequently exacerbated
postpartum, suggesting that changes incurred during pregnancy facilitate the
pathogenesis of these diseases. Studies of thyroid tissues have found detectable
male microchimerism to occur more frequently in women with AITD when compared
to control women with nodular goiters or follicular adenomas, suggesting a potential
role in Hashimoto's thyroiditis and Graves’ disease etiology [77, 78]. Interestingly,
flow cytometry of samples from women with AITD demonstrated that fetal cells
in Hashimoto's thyroiditis are primarily CD8* T cells, whereas in Grave's disease the
majority of fetal cells are B cells [60]. It can be hypothesized that T cell mediated
cytotoxicity could be directly involved in Hashimoto's thyroiditis, whereas onset
of Grave's disease may be dependent on activation via host CD4* T cells [60].
Additionally, HLA typing of the mothers and offspring found that women with
detectable male microchimerismm more frequently have alleles HLA-DQAT*0501,
DQB1*0201 or DQB1*0301 which are known to be alleles associated with susceptibility
for AITD [78].

Autoimmune Diseases of the Liver

Primary biliary cirrhosis (PBC) is a disease of the liver that has autoimmune
origin, with clinical and histological similarity to cGVHD. Previous studies of male
microchimerism in total female PBC patients (18%) and PBC patients with a male
child (70%) found that the prevalence was similar in liver specimens compared to
control women with other liver diseases (5% and 72%, respectively) [79, 80]. There are
significant differences in male microchimerism prevalence between these studies;
it is worth noting that the increased percentage of total female PBC patients with
male microchimerism compared to other liver disease patients in the study by

Schoniger-Hekele et al. (2002) may be due to a larger proportion of women with male
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children in the PBC group that was unaccounted for. Another study examining male
microchimerism of presumed fetal origin found similar prevalence in the peripheral
blood of PBC (36%) and healthy control (31%) women [81]. Similarly, the potential
role of maternal microchimerism in the etiology of PBC has also been explored with
similar report of insignificant findings for any association with PBC [82]. Together
these studies suggest that the etiology of PBC and other liver diseases are not likely

to be influenced by microchimerism.

Juvenile Autoimmune Diseases

Similar to adults, rheumatic diseases in youth are a primary focus of research in
maternal microchimerism associated diseases. A group of conditions identified as
juvenile idiopathic inflammatory myopathies (JIIM) collectively share similar pathology
to cGVHD, suggesting a potentially similar mechanism for disease pathogenesis.
Juvenile dermatomyositis (JDM) is the most common JIIM condition and presents
with lymphocytic perivascular infiltrates, similar to cGVHD, in the muscle and skin
lesions. Individuals with JDM have demonstrated greater prevalence of maternal
microchimerism in the peripheral-blood and muscle tissue compared to healthy
controls [83, 84]. Likewise, a study of microchimeric HLA-Cw alleles discovered
chimerism in 73% of JIIM patients and only 10% in healthy controls [85]. The presence
of maternal microchimerism in children with IDM has been associated with the HLA-
DQAT*050T allele in the mother [83, 86]. These data present a notable similarity to
rheumatic autoimmune diseases in adults and further support the hypothesis of an
additional route by which HLA genes might contribute to microchimerism and disease
susceptibility, as the HLA-DQAT*050] allele is strongly associated with both JIIM

conditions across multiple ethnicities and the presence of microchimerism [73, 87].

Type 1diabetes (T1D) presents in children and young adults, leading to the hypothesis
of a pathogenic mechanism of autoimmunity caused by maternal microchimerism.
The peripheral blood and pancreas tissue in patients with T1D have increased
maternal microchimerismm compared to controls [31, 88]. Further examination
of maternal microchimeric cells in the pancreas has found this to be a common
phenomenon among both normal and T1ID pancreases; maternal cells of the
endocrine, exocrine and vascular endothelial lineages suggest these were derived
from a maternal multi/pluripotent progenitor cell [31, 88]. Maternal cells are notably

enriched in beta cells in the pancreases of T1D patients however the role of these
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cells in immune balance during development remains uncertain [31, 88]. It is not
clear what the role of maternal cells in the pancreatic tissues is, as the timing of
cell grafting cannot be derived from retrospective analysis. Therefore, these cells
may have been present and involved during disease onset or, alternatively, may
have migrated to the tissue after in response to active autoimmunity which requires

further study.

Contradictory Findings in Autoimmune Diseases

Despite a large body of knowledge that supports a pathogenic hypothesis for
microchimerism in autoimmune diseases, there are several studies that have
produced contradictory findings. Among these are findings of no difference
between cases and controls for the presence of male cells in women with systemic
sclerosis, indicating that microchimerism may not be involved with systemic sclerosis
pathogenesis [89, 90]. These studies have relied on retrospective case-control
studies of disease, examining affected populations for detectable microchimerism,
assuming that controls will not later develop systemic sclerosis and that no
detectable microchimerism at the time of sampling is indicative of negative lifetime
microchimerism. Low sample size may have contributed to insignificant findings of

circulating male cells and result in inconsistent conclusions.

Studies among groups of women with thyroid autoimmunity have also been plagued
by mixed conclusions. A population study of women in diverse age groups by Bulow
Pedersen et al. (n=3,712) found no association between thyroid autoimmunity as
indicated by thyroid autoantibodies and previous pregnancy or parity [91]. However,
this is inconsistent with findings by Greer et al. who reported in a study of 17,298
prenatal patients at 20 weeks gestation that thyroid peroxidase antibody levels
increased with increasing parity [92]. Another report found greater prevalence of
male microchimeric cells in healthy control women compared to those with Grave's
disease or Hashimoto's thyroiditis (P=0.0004 and P=0.001 respectively) although
male cells were identified in the blood vessels and forming follicles in the thyroid of
women with AITD [93]. The findings of this study emphasize the need for studies that
investigate affected tissue samples for microchimerism, as this will provide insight
to the cellular environment of the disease in question. Similarly, some studies of fetal
and maternal microchimerism in patients with SLE have reported no significant

differences in prevalence compared to healthy controls [94, 95]. These contradictory
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findings leave many of the scientific inquiries regarding microchimerism and
autoimmune diseases unanswered. However, if these contradictory findings are
supported by future studies of affected tissues and sufficient sample sizes, it should
be considered to support the null hypothesis that microchimerism is a bystander

and does not actively contribute to the onset of autoimmune disease.

4.3 Cancer

Reports of association between parity and reduced cancer susceptibility has
led to the study of microchimerism in the course of cancer diseases [96]. Similar
to autoimmune diseases, papillary thyroid cancer (PTC) and breast cancer are
more prevalent in females; therefore, fetal microchimerism may contribute to the
etiology of these diseases. One study of PTC neoplastic thyroid tissue revealed male
microchimerism in the tissue of 47.5% of women with previous male pregnancy
compared to no detection in female controls with PTC and no previous male
pregnancy [97]. Subsequent studies have discovered male cells in neoplastic thyroid
tissue, despite lower prevalence of male microchimerism in the peripheral blood of
women with PTC compared to healthy controls [27, 98]. Individuals with PTC and
peripheral blood male microchimerism have lower prevalence of extra-thyroidal
extension or lymph node metastasis and better overall outcome [98]. It has been
hypothesized that these findings could be the result of fetal cells protecting the
host via a cytotoxic role against preneoplastic cells and as sentinel cells against
malignant cells, preventing new tumors and tumor progression respectively [99].
Similar study of breast cancer cases and controls has found male microchimerism
in 26% and 56% respectively while a subsequent case-control study detailed that
male microchimerism is less prevalent in the unaffected breast tissue of women
with breast cancer [96, 100]. Contradictory to the findings in autoimmune diseases,
these findings may indicate potential beneficial effects and collectively support the
hypothesis that microchimeric cells may be involved in immune surveillance, migrate
to damaged or diseased tissue and be recruited for tissue repair. However, further
research is necessary to establish the facilitating mechanisms; the discovery of these

cells in damaged or diseased tissue may yet constitute null or malevolent effects.

Expanding on these studies, a prospective study of 428 Danish women discovered
lower baseline prevalence of male microchimerism in peripheral blood of subjects

who later developed breast cancer (40%) compared to controls (70%), whereas women
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who later developed colon cancer had an overall greater baseline prevalence of male
microchimerism (95%) [101]. Survival rates of individuals from the study following
diagnosis of either cancer type were improved in individuals with detectable male
microchimerism [102]. The resulting hypothesis insinuates that microchimerism
may contribute to each cancer differently while immunological and repair roles
of chimeric cells may contribute to improved survival among women regardless
of cancer type. These seemingly contradictory findings were summarized in a
hypothesis by Geck (2013) that this is an observation of evolution in action where the
positive and negative effects regarding the presence of chimerism via fetomaternal
exchange are being weighed in an evolutionary experiment [103]. Additional research
is needed to specifically examine the mechanism of action for fetal cells to have a

protective or pathogenic role in women with cancer.

A variety of other cancers including uterine, melanoma, glioblastoma and
meningioma have found measurable microchimerism in tumor samples via FISH or
PCR techniques [104-106]. Male microchimerism, although common in endometrial
tissues, was found less frequently in the tissues of type 1 endometrial cancer
compared to controls [105]. Lower male microchimerism in women with uterine
cancer pointed towards better prognoses for factors including histological grade,
tumor subtype and stage [105]. Melanoma tissues in both humans and mouse
models demonstrated that fetal cells selectively migrate to melanoma tissues
based on increased prevalence of chimeric cells compared to nevi (birthmark)
sections [106]. Among brain tumors, glioblastoma cases were found to have greater
prevalence of male microchimerismn compared to women with meningioma [104].
Furthermore, women with glioblastoma and microchimerism had longer average
survival time suggesting that the greater prevalence of microchimerism among
these patients may have a positive effect on disease outcome [104]. The presence of
microchimerism in brain tissues introduces several questions including the influence

of chimeric cells on brain function and cognition that requires further investigation.

4.4 Behavior

Studies of chimerism have largely investigated the role of chimerism in somatic
diseases, however associations between physical biology and behavioral traits
reasonably suggest a hypothesis for chimerism in individual and social behavior.

The presence of chimeric cells in autoimmunity presents the potential for changes
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in hormone levels and associated behavior due to subsequent disease states.
Particularly, diseases of the thyroid have had significant reports of changes in
mood and behavior. Current studies of human microchimerism have explored the
important potential of involvement in the course of autoimmune thyroid disease
(AITD), however known changes in the endocrine system due to such conditions
have been previously established. Hypothyroidism found in Hashimoto's thyroiditis
has been known to be associated with deficits in cognitive abilities as well as with
depression, while hyperthyroidism in Graves' disease is related to depression in
addition to anxiety and irritability [107]. The relationship between the endocrine
system and behavior is complex with bidirectional relationships and studies of a role
of chimerism in disorders of the endocrine system are necessary [108]. Knowledge
of an association between immune dysregulation and the etiology of psychiatric
disorders has increased interest in the role of an altered immune system in the
pathogenesis and treatment of depression and other major psychiatric disorders
[109, 110]. We hypothesize that the currently detailed associations between
microchimerism and autoimmune disease (Section 4.2) suggest this pathway may

be independent of the endocrine pathway.

Sports and exercise behavior, especially in athletic competition, are largely
segregated into male and female domains due to the physiological advantages
of males in strength and endurance. Following puberty, males exhibit 15-fold
greater circulating testosterone than females which leads to increased interaction
with androgen receptors leading to biological enhancement of muscle, bone and
hemoglobin [111]. To maintain balanced competition in athletics at the elite level,
female competition is protected by rules of eligibility. Recently, sex differentiation
has come under significant scrutiny in athletic competition based on the masculine
appearance and elevated testosterone of two female athletes in advance of the
2016 Summer Olympics [112]. Disorders of sex development, including phenotypically
female individuals with 46,XY karyotype and androgen insensitivity complicate the
established rules that define eligibility for female competition and individuals who
present with XX/XY chimerism provide additional challenges for defining males and

females based on genetic testing.

Testosterone is involved in social behavior, with bidirectional relationships and
Y-chromosomal chimerism potentially having a role in multiple behaviors that

are influenced by testosterone: including behaviors associated with survival,
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reproduction, and dominance [113]. Developmental studies of psychosocial and
psychosexual outcomes have found associations between androgens and generally
male behavior in females [114]. It should be considered that male chimerism may
be involved in producing changes in sex hormone production and function. It is
equally possible that localized chimerism resulting in testosterone production may
be sufficient for producing observable traits in females, but further studies are
required to understand the scale of chimerism necessary to produce a sufficient
change in phenotype. Current studies of disorders of sexual development, including
hermaphroditism, have found that women born with atypical genitalia were more
comparable to reference men than reference women for psychosocial behaviors,
indicating more masculine personality traits. The relationship of 46,XX/46,XY
chimera true hermaphrodites and resulting hormone profiles requires further
study [115]. Another example involves an individual with a 46,XX/46,XY karyotype
who was brought up female, with an ovotestis and prominent phallus in addition
to a functional urethral opening and rudimentary vaginal orifice. The person had
undergone corrective surgery removing the ovotestis and had a typical hormone
profile and feminine gender identity [19]. These studies suggest that the presence
of allogeneic cells of different sex may influence the endocrine function of the
gonads, modifying hormone signal profile and subsequent behaviors. Despite known
associations of microchimerism in thyroid diseases and T1D there is a need for future

studies to describe the behavioral implications.

As suggested in marmosets, the presence of chimerism can shape social
behaviors and manipulate involvement or interaction with offspring [45]. Maternal
microchimerism may indeed be a biological process involved in imprinting oneself
on their offspring and, perhaps unintentionally, leading to greater investment and
evolutionary implications on survival. Further, increasing maternal exposure to
fetal cells during the course of pregnancy may ultimately be involved in actively
encouraging processes that support postnatal care of the child, from maintaining
maternal health to increased lactation [116]. Expanding on previous hypotheses
presented by Boddy et al. (2015) of microchimerism in an evolutionary framework,
maternal and fetal microchimerism may have been selected for during mammalian
evolution to have distinct roles, including psychological manipulation, which

encourage maternal interaction with their child to facilitate survival. Future
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longitudinal studies may seek to investigate the role of chimerism in behavior in

addition to psychological health.

4.5 Female-Specific Diseases

Microchimerism is increasingly inspiring research on other conditions that exhibit
a female propensity or clinical similarity to cGVHD. One such group of conditions
are pregnancy related complications. There is an association between experiencing
fetal loss and subsequently having detectable microchimerism [117]. It is therefore
important to recognize that parity, the number of pregnancies carried to viable
gestational age, is potentially less preferable for microchimerism studies than
gravidity which accounts for all pregnancies. It should be noted that research by
Gammill et al. established that fetal microchimerism concentration and prevalence
does not increase with parity suggesting the possibility of dynamic graft-graft

interaction [118].

Preeclampsia presents a complex and dynamic relationship with microchimerism
as the condition appears to be associated with a specific chimerism source. Fetal
microchimerism is seemingly pathogenic and is significantly more prevalent in
women with preeclampsia, whereas a protective role is suggested for maternal
microchimerism which has been found in lower frequency among women with
preeclampsia as well as recurrent miscarriage [119-121]. First time preeclampsia onset
is more common among women with a change in paternity between pregnancies;
conversely, a reduction in preeclampsia prevalence is demonstrated for women with
preeclampsia in the first pregnancy [122]. Exposure to non-shared paternal alleles
is hypothesized to be implicated in preeclampsia etiology, potentially exacerbated
by fetal microchimerism. Therefore, a change in paternity in women with previous
preeclampsia may eliminate exposure to an offending antigen. It is possible that
these immunological interactions are exacerbated by fetal microchimerism and
further research is warranted to investigate if HLA sharing between maternal and

paternal genomes may contribute to the overall risk for preeclampsia.

4.6 Other Human Studies
Male microchimerism is common in the female liver and present in fetal, juvenile,
and adult liver tissues suggesting a possible role of both maternal and fetal

microchimerism in liver diseases [123]. In addition to studies in PBC (see Section
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4.2), biliary atresia is a neonatal liver disease with maternal chimerism has been
observed in the liver tissue of affected infants. Study of these cells found that they
include CD8*, CD45" and cytokeratin positive and are therefore may originate as stem
cells capable of differentiation into progenitor lymphocytes, effector lymphocytes,
or biliary epithelial cells [124]. Additionally, study of the bile duct epithelium and
hepatocytes of female biliary atresia patients has demonstrated the presence of
antimaternal HLA class | antibodies [125]. These findings suggest an immunological
role of chimerism in the pathogenesis of biliary atresia; yet distinguishing GvHD
or host-vs.-graft disease requires additional study of the mechanisms of disease

pathogenesis [124, 126].

Similar to studies in mice (see Section 3), microchimerism of heart tissue had also
been seen in humans. The study by Bayes-Genis et al. (2005) investigated the cardiac
tissue of two women with male offspring, identifying the presence of male cells
via real-time PCR and FISH [127]. The male cells which were identified via FISH also
demonstrated cardiomyocyte phenotype and protein expression. While this report
did not specifically examine a role of microchimerism in cardiac conditions it presents
important findings regarding the integration of presumably fetal cells into maternal
tissues. This and other studies have demonstrated the plasticity of chimerism and
capacity to differentiate and integrate in a variety of tissue types. It will be important
for future studies to investigate this plasticity further and understand the tissue-

specific implications of chimerism.

4.7 Prevalence

Perhaps the most elusive information in the study of human chimerism is its overall
prevalence. Limitations of studying chimerism on a population scale include several
of the limitations presented by the current techniques. Limitations of sensitivity
and inability to obtain a global sample of chimerism throughout the individual in
all tissues make definitive diagnosis of chimerism complicated. Karyotyping, FISH
and PCR approaches based on Y-chromosome detection as an indicator of male
microchimerism, limit identification to chimerism originating from a male donor.
Remarkably, studies of women without sons have identified detectable male
microchimerism. One study that explored male microchimerism in a population
of nulliparous 10-15 year old Danish girls found 13.6% to have male microchimerism

in their peripheral blood, supporting the findings of 13% prevalence previously
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found in healthy nullgravid women [128, 129]. We do not know if male chimerism
originated from an older brother with fraternal DNA passed through the mother,
male miscarriages, vanishing twins, transfusion history or sexual intercourse [29, 128-
132]. Research by Kamper-Jgrgensen et al. in a comprehensive study of numerous
reproductive traits, health and lifestyle did not establish a model-based prediction
of male microchimerism and concluded there is little known about the relationship
between exposure to allogeneic cells and maintaining persistent chimerism;
although, histocompatibility with transgenerational HLA relationships has been

suggested and should be further investigated [133].

Chimerism has also presented in dizygotic twins. The single largest study of
chimerism in twins examined peripheral blood-chimerism in 472 individuals
and observed chimerism in 8% and 21% of twin and triplet pairs, respectively [1].
Another twin study found that both male and female opposite-sex twins had an
increased frequency of thyroid autoantibodies compared to monozygotic twins,
supporting the hypothesis that twins may have increased prevalence and risks
from microchimerism [134]. Observed cases of monochorionic dizygotic twinning
have facilitated the hypothesis that chimerism between twins can be the result of
twin-to-twin transfusion between dizygotic twins in utero [135-140]. The majority
of documented cases of monochorionic dizygotic twin pregnancies have been the
result of assisted reproductive technology and a review of monochorionic dizygotic
twins found similar risk for perinatal morbidity and mortality in addition to pregnancy
loss before 24 weeks when compared to other monochorionic twin pregnancies
[147]. It has been suggested that intrauterine blood exchange may be the cause
of genital abnormalities observed in 15.4% of monochorionic dizygotic twin cases.
In a recent study of Mayer-Rokitansky-KUster-Hauser syndrome, a phenotypically
analogous condition to freemartinism in animals, we unexpectedly found that male
microchimerism in the peripheral blood was less frequent in adult patients with
this condition compared to healthy controls [29]. An important consideration of
the findings in monochorionic dizygotic twin pregnancies is that many dizygotic
twin pregnancies have been assumed to be dichorionic and therefore scientists
may be underestimating the overall prevalence of this phenomenon. More detailed
assessment of chronicity in dizygotic twin pregnancies in future studies will be
necessary to provide more comprehensive insight into associations with health

complications.

60



Chimerism in health

5. FUTURE RESEARCH

Despite improvements in molecular techniques, achieving a sensitivity of one in
one million genome equivalents, studies continue to be limited when attempting
to identify the presence or absence of single chimeric cells on a scale as grand as a
human organism [29]. It is possible that several studies have an inadequate sample
size to properly identify an appropriate number of individuals with microchimerism
due to the limited sensitivity of modern molecular and cytological techniques, as well
as insufficient knowledge of the minimum level of chimerism required to produce
pathology if these pathogenic hypotheses are correct. A better understanding of the
individual interactions of donor cells with the host environment is needed to establish
the role of single allogeneic cells in pathology. As chimerism may be transient and
therefore become undetectable following pregnancy, it cannot be excluded that
chimeric cells contribute to pathology after they are no longer detected. Current
approaches for assessing the implications of chimerism are dependent on the
sensitivity of modern techniques, such that only measurable microchimerism can
be directly assessed for association with disease etiology. The modern techniques
described in current literature are unable to provide a noninvasive approach to
comprehensively assess global chimerism status in humans. However, given these
limitations it must be considered that alternative approaches may be needed to
compare non-shared genomic traits between a mother and offspring which may
provide a better understanding of underlying mechanisms of disease pathogenesis
than direct measurement of microchimerism. Moreover, we hypothesize that study
of non-shared (paternal) alleles between the mother and offspring, using readily
available genotyping platforms, may be useful to identify non-inherited genes that

have a previously undefined role in fetal or maternal disease.

The majority of studies have obtained samples for analysis of chimerism status after
disease onset at which point chimerism level may have decreased to undetectable
levels. As a consequence of such retrospective case-control study designs,
investigators cannot firmly establish a causal role for transient microchimerism in
human health. Further, preferential selection or elimination of allogeneic cells may be
distorting the associations made in current studies without examining longitudinal
chimerism burden. It will be critical that future studies investigate the role of both

transient and persistent chimerism as a factor in both diseases listed in this review
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and those to be later established. To address this missing component in the current
body of knowledge, prospective cohort studies examining chimerism status in
women and offspring from the time of fetomaternal exposure to the time of disease
onset are needed. These studies will provide opportunity to understand the biology
that facilitates persistent chimerism and association with human health. However,
such prospective study designs may be difficult and expensive to implement. Twin
studies have provided significant insight into various omics studies, controlling for
confounders that complicate other research designs [142]. The disease-discordant
monozygotic (MZ) twin design is of particular interest as it controls for age, sex and
genetic contributors, allowing for investigation of environmental contribution [142-
144]. The discordant MZ twin design may be able to help establish both patterns of

allele sharing and associated risk of persistent microchimerism in disease onset.

There may be different forms of each disease that have a unique etiology, such
that one form includes a mechanism of pathogenesis activated by chimeric
cells and another does not. A study by Rak et al. (2009) compared the presence
of male microchimerism in blood samples from females with two different
clinical presentations of systemic sclerosis to come to the conclusion that male
microchimerism in whole blood occurs more frequently in limited cutaneous
systemic sclerosis than diffuse cutaneous systemic sclerosis; however, the opposite
was found in peripheral blood mononuclear cells despite no notable difference from
controls [65]. Subsequent study of the HLA compatibility between the maternal and
fetal cells for HLA-DRBT found having an HLA-DRB1 compatible child was significantly
associated with limited cutaneous systemic sclerosis, but not diffuse cutaneous
systemic sclerosis [65]. These findings suggest that different clinical presentations
of systemic sclerosis may be the result of different mechanisms of onset which may
also translate to other conditions associated with chimerism. Despite evidence
indicating association between HLA-DQAT*0501 and microchimerism in autoimmune
diseases (see section 4.2), others did not find association between HLA-DQAT*0501
and the presence of microchimerism in patients with systemic sclerosis or JIIM,;
proposing that discrepancies may be due to methodology, population, study size
or confounding association of HLA-DQAT*0501 and autoimmune diseases [145]. To
control for several of these confounders, future studies should consider utilizing a
discordant twin design, as described above; this may be able to provide further clarity

to these ambiguous conclusions.
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Currently chimerism has been most widely explored in women with XX/XY male
chimerism due to the simplicity and sensitivity achieved using PCR for targeting
the Y-chromosome, leaving chimerism in males understudied. Use of HLA typing
via PCR and flow cytometry has demonstrated excellent sensitivity and capacity
for study of chimerism, not limited by sex chromosomes. Similarly, blood group
chimerism has been shown to be effective for study of chimerism that is not reliant
on sex chromosomes [146]. Published results have also used FISH to identify and
quantify the sex chromosomes of cells in tissue sections providing an opportunity
to study maternal microchimerism in male subjects [31, 84, 130]. Researchers must
address current challenges in studying mixed chimerism samples by developing
techniques with adequate sensitivity and versatility to provide confidence in defining
cell sources. A relatively new technology that has shown promise for application
in the field of microchimerism is droplet-digital PCR (ddPCR), which one group
demonstrated an assay limit of detection and limit of quantification of 0.008% and
0.023% respectively [147]. Future studies will require comprehensive assessment of
subject samples within pedigrees to define the source of microchimerism within the
proband. Approaches may rely on panels of informative polymorphisms for PCR or
targeted sequencing to identify similarities with potential cell sources. Improvements
in the sensitivity, specificity and costs of these techniques may provide the tools
necessary to better understand chimerism in the general population. Further, larger
studies that examine different types of chimerismn among various tissue sources will
be necessary to elucidate the overall prevalence of human chimerism and better
understand the biological relationships facilitating health and disease. Obviously, all
techniques and study designs face questions about the appropriate tissue to use for

analysis and the comparability of findings across different tissues.

Significant progress has been made in advancing the current understanding of
chimerism and the implications hypothesized for human health and wellness.
However, two significant questions remain which warrant future study. First, what
are the mechanisms by which chimerism produces disease and tissue specific
protection or pathogenic consequences? These studies will most likely include
experiments of chimerism in animal models for longitudinal study of chimerism
in disease progression or tissue repair. To truly understand the role of chimerism,
it will be necessary to study chimerism at the tissue level instead of exclusively via

noninvasive approaches, such as blood samples. The primary focus of most research
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to date has been to establish association with disease. While these studies have
produced exciting findings, they have not defined the mechanisms that drive disease
pathogenesis. As chimerism has been hypothesized to have beneficial, pathogenic
or null effects on health and disease, hypotheses of a role in disease etiology
warrants further validation of the proposed biological mechanisms. Second, what
is the proportion of the population exposed to allogeneic cells via microchimerism?
It will be exceedingly important to establish the prevalence of lifetime chimerism
in the human population to understand the positive and negative effects of
chimerism in human biology and possibly psychology. These studies will require
large population studies to examine the epidemiology of chimerism and systematic
collection of samples at the time of chimerism incidence, for example, during
pregnancy. Furthermore, to facilitate this aim it will be necessary to develop high
throughput approaches to identifying microchimerism in mixed chimerism samples.
Prospective studies are desperately needed in the study of chimerism and will
subsequently illustrate biological and behavioral changes in subjects longitudinally.
By addressing these questions future research will detail the diverse implications
and mechanisms underlying chimerism in human biology. This knowledge will
facilitate new insight into complex diseases and behavior, potentially inspiring
novel approaches to proactive screening, diagnosis and treatment including novel
strategies and therapeutics. Similarly, as chimerism is the direct result of medical
transplantation and transfusion medicine, it is of increasing importance that we have
a comprehensive understanding of the implications of natural chimerism to better
prevent long-term consequences, including graft rejection. This research will be able
to provide additional context to our understanding of alloimmunization, immune
tolerance, the need for immunosuppressants, guide clinical decisions and inform
subsequent diagnostic screening. For example, understanding the mechanisms
that produce protective and pathogenic consequences of chimerism will provide
invaluable information to promote better outcomes in patients receiving allogeneic

transplants.

6. CONCLUSIONS

Chimerism in humans has been documented for over 60 years; however, we

have only recently begun to elucidate the sources, prevalence, and relationship

64



Chimerism in health

of chimerism in human behavior and disease. The continuous improvements
in sensitivity and specificity of techniques for chimerism detection has provided
researchers with the means of detecting minute levels of allogeneic cells and
explore hypotheses relating chimerism to various human conditions. Also, with
increases in assisted reproductive technology more dizygotic twin pregnancies are
seen; creating a potential increase in chimerism prevalence and stressing another
need for understanding the implications of chimerism. The study of chimerism in
human behavior and health appears to have a significant amount of complexity
that we have only just begun to explain. Current findings suggest that chimerism
may have a pathogenic role in autoimmune diseases through mechanisms similar
to chronic graft-versus-host disease (cGVHD). Similarities in the pathophysiology of
autoimmune diseases and cGVHD observed in transplantation patients provides
further evidence to support a pathogenic consequence for sequestering allogeneic
cells. Understanding the potential roles of allogeneic cells in the health of a host
organism has direct implications in defining the long-term influences on the health
of recipients of allogeneic transplants and transfusions. In contrast, among cancer
patients, chimerism has primarily been found to be less prevalent in the peripheral
blood compared to controls. In addition, chimeric cells appear to migrate to tumor
tissues and result in better overall outcomes suggesting a protective role. However,
there isimmense need for understanding the underlying mechanisms that may be
driving contribution to disease etiology. As such, we cannot exclude that allogeneic
cells sequestered in disease tissues may also have no direct role in disease prevention
or pathology. Studies of chimerism in PBC has shown no significant association, yet
biliary atresia has demonstrated a cGVHD role in pathogenesis. Due to the variety
of findings that support pathogenic, protective or neutral roles for various human
diseases, it is also possible for chimerism to have different roles and mechanisms
depending on the associated host conditions. Future studies will be necessary
to explain the intricacies that underlie these various conditions and describe the
prevalence of microchimerism among human populations to establish additional

associated phenotypes.

Elucidating the prevalence of chimerism, both in males and females, and associations
of chimerism with health and behavior may facilitate better care and quality of life in

individuals with disorders characterized by significant sex differences in prevalence
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or unknown etiology. Ultimately, these studies will provide information to improve

our understanding of human health and behavior.
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ABSTRACT

Study question: Is there an increased prevalence of male microchimerism in women
with Mayer-Rokitansky-KUuster-Hauser (MRKH) syndrome, as evidence of fetal exposure
of blood and anti-Mullerian hormone (AMH) from a (vanished) male co-twin resulting in

regression of the Mullerian duct derivatives?

Summary answer: Predominant absence of male microchimerism in adult women with
MRKH syndrome does not support our hypothesis that intrauterine blood exchange with

a (vanished) male co-twin is the pathophysiological mechanism.

What is known already: The etiology of MRKH is unclear. Research on the phenotype
analogous condition in cattle (freemartinism) has yielded the hypothesis that Mullerian
duct development is inhibited by exposure to AMH in utero. In cattle, the male co-twin
has been identified as the source for AMH which is transferred via placental blood
exchange. In human twins a similar exchange of cellular material has been documented

by detection of chimerism but it is unknown whether this has clinical consequences.

Study design, size, duration: An observational case-control study was performed to
compare the presence of male microchimerism in women with MRKH syndrome and
control women. Through recruitment via the Dutch patients’ association of women
with MRKH (comprising 300 members who were informed by email or regular mail), we
enrolled 96 patients between January 2017 and July 2017. The control group consisted

of 100 women who reported never having been pregnant.

Participants/materials, setting, methods: After written informed consent, peripheral
blood samples were obtained by venipuncture, and genomic DNA was extracted. Male
microchimerism was detected by Y-chromosome-specific real-time quantitative PCR,
with use of DYS14 marker. Possible other sources for microchimerism, for example older

brothers, were evaluated using questionnaire data.

Main results and the role of chance: The final analysis included 194 women: 95 women
with MRKH syndrome with a mean age of 40.9 years and 99 control women with a
mean age of 30.2 years. In total, 54 women (56.8%) were identified as having typical
MRKH syndrome, and 41 women (43.2%) were identified as having atypical MRKH
syndrome (when extra-genital malformations were present). The prevalence of male
microchimerism was significantly higher in the control group than in the MRKH group
(17.2% versus 5.3%, P = 0.009). After correcting for age, women in the control group were
5.8 times more likely to have male microchimerism (odds ratio 5.84 (Cl 1.59-21.47), P =
0.008). The mean concentration of male microchimerism in the positive samples was 56.0
male genome equivalent per 1000 000 cells. The prevalence of male microchimerism

was similar in women with typical MRKH syndrome and atypical MRKH syndrome (5.6%
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versus 4.9%, P = 0.884). There were no differences between women with or without
microchimerism in occurrence of alternative sources of XY cells, such as older brothers,

previous blood transfusion, or history of sexual intercourse.

Limitations, reason for caution: \We are not able to draw definitive conclusions regarding
the occurrence of AMH exchange during embryologic development in women with
MRKH syndrome. Our subject population includes all adult women and therefore is
reliant on long-term prevalence of microchimerism. Moreover, we have only tested blood,
and, theoretically, the cells may have grafted anywhere in the body during development.
It must also be considered that the exchange of AMH may occur without the transfusion

of XY cells and therefore cannot be discovered by chimerism detection.

Wider implications of the findings: This is the first study to test the theory that
freemartinism causes the MRKH syndrome in humans. The study aimed to test the
presence of male microchimerism in women with MRKH syndrome as a reflection of
early fetal exposure to blood and AMH from a male (vanished) co-twin. We found that
male microchimerism was only present in 5.3% of the women with MRKH syndrome,
a significantly lower percentage than in the control group (17.2%). Our results do not
provide evidence for an increased male microchimerism in adult women with MRKH as
a product of intrauterine blood exchange. However, the significant difference in favor of
the control group is of interest to the ongoing discussion on microchimeric cell transfer

and the possible sources of XY cells.
Study funding/competing interest(s): None.
Trial registration number: Dutch trial register, NTR5961

Key words: Mayer-Rokitansky-Kuster-Hauser syndrome, Mullerian aplasia, microchimerism,

etiology, freemartinism
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INTRODUCTION

Mayer-Rokitansky-Kuster-Hauser (MRKH) syndrome is characterized by congenital
aplasia of the uterus and the upper part of the vagina. It affects around 1in 5000
females [1]. The diagnosis is usually made in adolescence after the presentation of
primary amenorrhea. Further examination reveals vaginal agenesis with absence of
the uterus, normal secondary sex characteristics and normal female 46,XX karyotype
[2]. It may also be associated with renal and/or skeletal malformations, classified as

atypical MRKH syndrome [3, 4].

The etiology of the MRKH syndrome is unclear [5]. Embryological evidence supports
the hypothesis that this syndrome occurs as a result of failure of Mullerian duct
development. In the normal male embryo the Sertoli cells of the testes produce anti-
Mullerian hormone (AMH), resulting in regression of the Mullerian duct. This inhibitory
action of AMH on the Mullerian duct starts during the fifth week of pregnancy and
is progressive during the critical time window of uterine development [6]. Genetic
activation of AMH or its receptor has been implicated as a cause of MRKH syndrome

but without any supporting results [7, 8].

In cattle, a similar phenotypical syndrome to MRKH exists: a so-called freemartin.
In this infertile female calf, the absence of Mullerian structures occurs due to
intrauterine AMH exposure, originating from a male co-twin [9]. Vascular connections
in the placenta transport AMH from the male to the female calf [10]. As a result of
this intrauterine blood exchange via the placenta, the freemartins are ‘chimeras’,
in addition to the normal XX cells, they have an extra XY cell line, originating from
their co-twin. The term chimerism means that two genetically different cell lines are

present in one individual, originating fromm more than one zygote.

In humans, intrauterine cell trafficking between twins can also result in chimerism
[11,12]. It is unknown whether this has clinical consequences. Bogdanova et al. (2010)
reported a possible case of ‘human freemartinism'’in a female twin with aplasia of the
uterus. In this female, blood exchange via the placenta with her brother had resulted
in male chimerism (the presence of XY cells) [13]. In addition, a vanishing twin can
leave its traces in the form of microchimerism, in which a second cell population is

present at variable concentrations in the surviving fetus [14].
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It should also be mentioned that fetal-maternal exchange in a normal pregnancy
is a well-known source for chimeric cells [15]. Fetal microchimerism refers to the
phenomenon of fetal cells entering the maternal circulation during pregnancy. As
the exchange between fetus and mother is bidirectional, the presence of maternal
cellsin the circulation of their children is called maternal chimerism. Chimerism can

also occur following transplantation or blood transfusion [16].

There have been no studies to date which examined the presence of male chimerism
in women with the MRKH syndrome. The main purpose of the research reported here
was to study whether the etiology associated with freemartinism could be the cause
of the MRKH syndrome in humans. We hypothesized that a male — possibly vanished
— co twin was present during the early embryological development of women with
MRKH syndrome, resulting in exchange of AMH via placental vascular connections.
Therefore, we investigated the presence of male microchimerism (as a result of cell
trafficking from male twin to female twin) in MRKH patients and compared these

results with control women.

PATIENTS AND METHODS

Study subjects

This observational case-control study compared the presence of male
microchimerism in women diagnosed with the MRKH syndrome and control
women. Through recruitment via the Dutch patients’ association of women with
MRKH (‘Stichting MRK-vrouwen’) we enrolled 96 women diagnosed with the MRKH
syndrome (in total, the 300 members were informed by email or regular mail and
the participation rate was 32%). All participants were 18 years or older and provided
written informed consent prior to enroliment. Between January 2017 and July 2017
blood samples were obtained by venipuncture, by one researcher (H.E.P.). The blood
samples were collected in EDTA vacutainer® tubes. All participants completed a
guestionnaire, comprising questions about demographic information, medical

history, MRKH diagnosis, and family history.

The control group comprised of women who volunteered to participate in an earlier
study at our hospital. This study evaluated reproductive functioning in female

childhood cancer survivors (DCOG LATER-VEVO study, NL15106.029.06) [17,18]. For
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this study women who did not have a history of cancer in the past were included
as control subjects. Phenotypic data was collected between 2008 and 2014 by
questionnaires, and biological material was collected via blood sampling. Out of the
390 women who provided biological material for the study, we selected 100 women

who reported to have never been pregnant for the control group.

MRKH diagnosis

The MRKH diagnosis of the participants was confirmed by contacting the general
practitioner or gynecologist, to retrieve the detailed information about the diagnosis
based on physical examination, imaging or laparoscopy results. The patients were
identified as having typical MRKH syndrome (also referred to as type 1) in case of no
known other malformations and as atypical (type 2) MRKH syndrome when renal

and/or skeletal malformations were present (Oppelt, et al., 2006).

Preparation of samples

Genomic DNA was extracted from peripheral venous blood according to standard
procedures. The extracted DNA was stored at -80°C until further processing. The
DNA concentration ranged from 2.48 to 261 ng/uL (mean 77.47 ng/uL). The A260/
A280 ratio ranged from 1.33 — 2.46 (mean 1.85).

Analysis of male microchimerism

Real-time quantitative polymerase chain reaction (QPCR) was performed using a
QuantStudio™ 7 Flex system (Applied Biosystems, Waltham, MA, USA). The DNA
sequence utilized for detection of male genome targets a Y-chromosome specific
region, DYSi14. Amplification primers and probe sequences for DYST14 have been
described previously [19]. Also the rational for using this region as a Y-chromosome
target is detailed [19]. As a measure of the total input quantity of genomic mass per
reaction, gPCR of the B-globin gene was measured in parallel. Primers and probes for
B-globin are also previously described [20]. All genome equivalent (GEq) conversions
utilized a conversion factor of 6.6 pg DNA per cell [21]. Male GEq was reported per 1

million cells and calculated using the following equation:

_ Qpysia % 6.6pg x 10°
6'6pg QB—globin
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where C = concentration of male GEq per 1 million cells; Q, =mean mass of DYST14 (ng)

DYS14

determined by gPCR; and Qg ciopin = Mean mMass of B-globin (ng) determined by gqPCR.

Amplification measurement was accomplished using a dual labeled minor groove
binder (MGB) probe with a 5'-bound fluorescent dye reporter [6-carboxyfluorescein
(FAM)] and a 3-bound non-fluorescent quencher. While both are bound to the probe
the fluorescent signature of the reporter is quenched. Tag DNA polymerase 5-3’
exonuclease activity during the extension phase of PCR causes cleavage of the
probe, releasing the FAM reporter [22, 23]. Once separated from the quencher the
reporter will emit its fluorescence [19, 23]. This fluorescent emission is detected by
the Quantstudio™ 7 Flex system and analyzed by Quantstudio™ Real-Time PCR
software (v 1.1) (Applied Biosystems, Waltham, MA, USA).

Calibration standards for the DYST74 assay were produced diluting known male DNA
in female DNA to a total concentration of 66ng/mL, with subsequent 10-fold dilutions
ranging from 66ng to 0.0066ng male genome (mean r? = 0.994, n = 11). Calibration
standards for the B-globin assay were produced by ten-fold serial dilution of DNA,
ranging from 500ng - 0.5ng (mean r? = 0.997, n =11). All standards were measured in
triplicate on each reaction plate simultaneously with subject reactions. Also included
on each reaction plate were positive and negative control subjects for male genome
diluted in female DNA and a no template control (NTC) for each assay. The negative

controls and NTC tested consistently negative during all experiments.

Performance of the assay was measured for reproducibility and linearity by using female
samples spiked with male DNA. A series of 10-fold dilutions of male DNA in female DNA
demonstrated target specificity of the DYST4 assay. The measured male GEq of our
validation controls demonstrated excellent linear regression with a correlation coefficient
of 0.998. Reproducibility was measured using three samples with mean male GEqgs per
million of 1594.64 +137.41 (CV = 8.62),10.50 * 2.31 (CV=22.02), and 6.72 £ 1.82 (CV=27.14).

The gPCR reactions were set up in a 10uL reaction on 384-well reaction plates. The
target genome input of blood-extracted DNA was 66 ng per reaction, thus achieving
10 000 genomes per reaction. Each reaction also included 5.0 mL TagMan® Fast
Advanced Master Mix (Applied Biosystems, Waltham, MA, USA), 0.5 mL 20X custom
assay (Applied Biosystems, Waltham, MA, USA) including a dual labeled probe as
well as forward and reverse primers. Each sample simultaneously tested 12 aliquots

for DYST4 and in duplicate for 3-globin on the same reaction plate. The ampilification
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thermal cycling initiated with 50.0°C for 2 min then denaturation at 95.0°C for 2 min
then 46 cycles of 95.0°C for 15 s and 56.0°C for 1 min.

All gPCR reactions and analysis were performed by a scientist who was blinded to
MRKH status. Results were reported as male GEq per 1 million cells, calculated by using
the mean measure of DYS14 and 3-globin for each subject. Male microchimerism was

defined as a quantifiable measure of DYST4 in any of 12 aliquots tested per sample.

Precautions against contamination

We utilized strict precautions while handling these samples to prevent contamination.
Standard precautions for PCR reaction set up were followed [24]. Separate pre-
amplification and post-amplification areas were strictly adhered to. All handling of
samples was done inside a class Il biosafety cabinet which pulls contaminated air from
the work surface and exterior environment through a high efficiency particulate air
(HEPA) filter to sterilize before returning to the work surface. All pipetting was carried
out using aerosol-resistant filtered pipette tips. Each reaction plate included muiltiple
NTC wells for each assay. After each use and preparation of each plate, the biosafety
cabinet was thoroughly cleaned using a system of 10% bleach, cleaned with deionized
water, followed by DNAZap™ (Invitrogen, Waltham, MA, USA) as per manufacturer’s

directions, two cycles of deionized water cleaning and 1 h of an ultraviolet lamp.

Statistical analysis

For sample size calculation, we assumed 25% microchimerism in the control group
[according to results in previous studies [25]], and we assumed that in at least 50%
of the adult MRKH women male microchimerism would still be detectable in the
blood. With a significance level (alpha) of 5% and a power of 95%, we calculated a
sample size of 91 women in both groups. Anticipating a 5% margin of error, in total

192 women needed to be included.

Not normally distributed variables were compared using the Mann-Whitney U
test. For categorical variables the chi-squared (x?) or Fisher's exact test was used
as appropriate. We used logistic regression to examine the association between
microchimerism and MRKH syndrome by calculating the odds ratio. Age (years)
was included as covariate as it may affect the presence of microchimerism. P < 0.05
was considered statistically significant. The statistical analysis was performed using

SPSS 22.0 (SPSS, Chicago, IL, USA).
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Ethics

The study protocol has been approved by the Institutional Review Board of the
VU Medical Center, Amsterdam, the Netherlands, on 5 January 2017 (METC VUmc
2016.374). The trial was registered in the Dutch National Trial Registry (trial registration
number NTR5961).

RESULTS

For this study, 96 women were included in the MRKH group and 100 control women
were selected who reported to have never been pregnant. After collection of all
available information, we excluded one woman in the patient group because,
in retrospect, she did not have the MRKH syndrome. In the control group, one
subject was excluded due to the limited amount of extracted DNA available for the

microchimerism analysis. The final analysis included 194 women.

Patient characteristics

All women in the patient group reported having been diagnosed with the MRKH
syndrome, with a mean time since diagnosis of 25.5 years (range 2 - 64 years). The
mean age at the time of diagnosis was 16.5 years (range 6-26 years). In five women
(5.3%), confirmation of the MRKH diagnosis by medical records could not be achieved.
54 women (56.8%) were identified as having typical MRKH syndrome and 41 women
(43.2%) were identified as having atypical MRKH syndrome. For the women with
atypical MRKH syndrome 28 out of 41 (53.7%) had a renal malformation, 18 (24.4%)
had a skeletal malformation, and 9 (22.0%) had combined malformations (Table I). Of
the participants in the patient group, three (3.2%) reported a positive family history
for MRKH syndrome: two sisters were both participants in this study, and one woman
reported an affected cousin (daughter of sister of father of participant). Two women
with MRKH syndrome were part of dizygotic twin pairs, one with a twin brother and
one with a twin sister, the latter twin sister being unaffected for the MRKH syndrome.
All pregnancies resulting in the birth of a woman with MRKH syndrome were conceived
naturally. The mean age of the mother at the time of birth of the women with MRKH
syndrome was 28.7 years (range 18-42). All women in the control group reported having
reached menarche and had never been pregnant. No women in the control group

were part of a twin pair.
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Table | - Reported malformations in 41 women with atypical Mayer-Rokitansky-Klster-Hauser
syndrome

Renal malformations (28/41)*

Unilateral renal agenesis

Pelvic kidney

Hypoplastic kidney

Horse shoe kidney

Abnormal position

Malrotation

Cirrhotic kidney

Duplex kidney

Skeletal (18/41)*

Scoliosis 1

Scoliosis and fusion of vertebrae 1

Cervical ribs 1
1
1
1

—_—
(=)

— = = NN WKW

Arm agenesis

KFS, SD and scoliosis

Spina bifida, KFS, SD and scoliosis

Other malformations (4/41)*

Hearing loss 2
Scaphoid hypoplasia and hearing loss 1
Clubfoot 1

* Combined malformations in nine women. KFS Klippel-Feil syndrome (cervical vertebral fusion);
SD, Sprengel’s deformity (high scapula).

P =0.009

100-

75-

Detectable Male
c Genome Equivalent (GEq)

50- ElMale GEq Negative
M Male GEq Positive

25-

0-
Control MRKH
Group

Figure 1: Number of subjects with male microchimerism in blood in control women and women
with Mayer- Rokitansky—-Kuster-Hauser syndrome. MRKH, Mayer-Rokitansky-Kuster-Hauser;
statistical test used: chi-squared test.
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Male microchimerism

In total, 194 women were included in the analyses concerning male microchimerism
(Table 11). In the total group, 22 out of 194 (11.3%) women tested positive for male
microchimerism. The prevalence of male microchimerism was significantly higher in
the control group than in the MRKH group (17.2% versus 5.3%, P = 0.009) (Fig. ). After
correcting for age, women in the control group were 5.8 times more likely to have
male microchimerism (OR 5.84 (CI1.59 - 21.47), P = 0.008). The mean concentration of
male microchimerism in the positive samples was 56.0 male GEq per 1000 000 cells
(Fig. 2). The mean concentration of male microchimerism was significantly higher
in the control group than in the MRKH group (P = 0.007). The prevalence of male
microchimerism was similar in women with typical MRKH syndrome and atypical

MRKH syndrome (5.6% versus 4.9%, P > 0.999).

To account for a possible older brother as a source for chimerism [26], we made
a subgroup analysis. From the total group, 134 women (69.1%) had no older
brother (Table Il). Also in this subgroup, the prevalence and concentration of male

microchimerism were higher in the controls than in the MRKH group.

Table Il. Male microchimerism in study subjects.

Total group (n=194) MRKH Control P-value
(n=95) (n=99)

Age (years) 40.9 (15.5) 30.2 (6.6) -

BMI (kg/m?) 24.3(5.3) 22.8 (3.5) -

Presence of male microchimerism 5(5.3%) 17 (17.2%) 0.009°

OR*©:0.27 (Cl 0.10-0.76)
OR¢:0.17 (C 0.05-0.63)

Concentration male microchimerism (GEg*)

- Positive samples (n=22) 2.3(1.5) 71.8 (127.0) 0.055°

- Total group 0.1(0.6) 12.3 (58.1) 0.007°
Selection of study subjects with no older MRKH (n=63) control (n=71) P-value
brother (n =134)
Age (years) 38.1(12.9) 30.5 (6.5)

Presence of male 3 (4.8%) 10 (14.1%) 0.069 2
microchimerism OR*©:0.31(Cl 0.08-1.16)

OR?®: 0.18 (C1 0.03 - 0.90)

Concentration male microchimerism (GEg*)

- Positive samples (n=13) 1.3(0.3) 27.3 (67.1) 0.018°

- Total group 0.1(0.3) 3.9 (25.9) 0.053°
Data are mean (SD) or n (%). MRKH: Mayer-Rokitansky-Kuster-Hauser syndrome.
*Male genome equivalents per 1,000,000 female cells °Chi square test®Mann-Whitney U test ©
Unadjusted odds ratio (95% confidence interval), logistic regression °Odds ratio (95% confidence
interval), adjusted for age
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Figure 2: Calculated male genome equivalents (GEq) per 1 million cells in blood, for control
women and women with MRKH syndrome.

Table Il presents possible sources for male microchimerism. No significant difference
was found for the prevalence of male microchimerism in the group with an older
brother as opposed to the group without (P = 0.263). In the MRKH group, five
women reported having received a blood transfusion: these women all tested
negative for male microchimerism. The prevalence of male microchimerism was
similar when comparing the group with and without blood transfusion (P > 0.999).
In the control group, eight women reported never having had sexual intercourse; of
these women, one tested positive for male microchimerism. The prevalence of male
microchimerism was similar when comparing the group with and without sexual

intercourse (P > 0.999).
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Table Ill. /Identifying additional sources for male microchimerism

Male microchimerism Male microchimerism P-value
positive (n=22) negative (n=172)
Age, years 35.3(1.6)" 35.4(13]) -
Study group
- MRKH 5 (22.7%) 90 (52.3%) 0.009?
- Control 17 (77.3%) 82 (47.7%)
Older brother
-yes 9 (40.9%) 50 (29.1%) 0.263¢
-no 13 (59.1%) 121 (70.3%)*
Blood transfusion *
-yes 0 5 (5.6%) >0.999°
-no 5 (100%) 85 (94.4%)
Sexual intercourse **
-yes 16 (94.2%) 75 (91.5%) >0.999°
-no 1(5.9%) 7 (8.5%)

Data are mean (SD) or n (%).

*Data missing for control women, this question was only asked in questionnaire for MRKH women;
**Data missing for MRKH women, this question was only asked in questionnaire for control women;
*Mean (SD) age in women with MRKH syndrome who tested positive for microchimerism = 49.9
(10.9) years, age in control women = 31.0 (7.9) years; #One MRKH woman with a twin brother tested
negative for male microchimerism. Statistical analyses: °Chi square test; °Fisher’s exact test

DISCUSSION

MRKH is a condition that has been well characterized yet the etiology has remained
elusive [27]). Research of the phenotype analogous condition in cattle, freemartinism,
hasyielded the hypothesis that uterine development is inhibited by exposure to AMH
in utero [9]. In cattle, the male co-twin has been identified as the source for AMH,
which is transferred via placental blood exchange. In humans, a similar exchange
of cellular material has been documented between twins by detection of blood
chimerism [11, 12]. We sought to explain fetal exposure to blood and AMH from
a male (vanished) co-twin in women with MRKH by the measure of male blood

microchimerism.

The use of a male genome target has been previously implemented in other studies
of chimerism including fetal microchimerism [19]. However, to our knowledge, there
are no studies to date that have explored the presence of male microchimerism
in women with MRKH. Our approach utilized a gPCR technique that was able to
demonstrate exceptional target specificity and sensitivity for male genome. In

this study of 194 women, 5 of 95 women (5.3%) with MRKH demonstrated male
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microchimerism while the control group demonstrated male microchimerism in
17 of 99 (17.2%). This difference shows a significantly lower frequency in detection
of male microchimerism for women with MRKH (P=0.009). Similarly, when subjects
with older brothers are removed the percentage of male microchimerism in controls
and cases are 14.1% and 4.8%, respectively. Our results do not support increased
male microchimerism in adult women with MRKH as a consequence of intrauterine

blood exchange.

Although these results contradict our underlying hypothesis of inadvertent AMH
exposure in early pregnancy as the pathophysiological mechanism, it is too early to
definitively conclude that occurrence of AMH exchange during early embryologic
development in MRKH was not involved. There are several limitations to our
approach that must be considered. First, this method relies on the detection of
male genome in these subjects and is therefore contingent on the occurrence
of cell grafting as a consequence of this exchange. There are several factors that
are essential to effective grafting of cellular material in a host to evade immune
targeting and thrive [28]. It is possible for intrauterine cellular exchange to occur
passively between twins and not result in a persistent chimerism. Similarly, our
subject population includes all adult women and therefore is reliant on long term
prevalence of the male (XY) cell population to be detected at this stage of life. These
XY cells may be eliminated or never graft in the host body, thereby shortening the
timespan where detection is achievable. This technique exclusively examines the
blood-derived genome, resulting in a limited scope of microchimerism detection
and is not a global representation of chimerism throughout the individual. Owing to
the proposed transfusion mechanism, it is most plausible that a male cell population
may be localized in the blood; however, the cells may have grafted anywhere in the
body during development [29]. It must also be considered that the exchange of AMH
may occur without the transfusion of XY cells and therefore cannot be discovered

by chimerism detection.

Our finding of male microchimerism in a larger percentage of women (17.2%) in
the control group without a history of pregnancy is in line with findings from the
literature. Prior studies demonstrated male microchimerism being present in 13.6% of
adolescent girls [30] and 13.3% of healthy null gravid women [25]. Potential sources for
the male cells are considered to be transfusion [31], older brothers (or discontinued

male pregnancies from their mother) [26], unrecognized male miscarriages [25],
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vanishing twins [14], or possibly sexual intercourse without pregnancy [30]. The
significant difference in our study, in favour of the control group, suggests that a
substantial proportion of the microchimerism could be explained by unrecognized
pregnancies or the harbouring of microchimeric cells after sexual intercourse.
Moreover, the higher concentration in the control group could reflect a larger
transfusion of microchimeric cells by these sources. In our study, there were no
differences in occurrence of older brothers, previous blood transfusion or history
of sexual intercourse between women with or without microchimerism, both in
participants and controls. We are unable to rule out the potential for microchimerism

resulting from an unrecognized pregnancy or a vanishing twin.

The findings in women with MRKH illustrate that this population has a decreased
prevalence of male microchimerism relative to others. This significant difference
demonstrates that women with MRKH may serve as a suitable control group in
chimerism research, in part due to the certainty that they have no history of
pregnancy. Still, three women with MRKH and no older brother had detectable
microchimerism which may have been obtained through several mechanisms

including a vanishing twin or miscarriage in their mother.

Considering the several potential sources of XY cells, our results from the control
population demonstrate that there may be a larger prevalence of microchimerism
in the general population which requires further investigation. In general, there is
progressive interest in the clinical consequences of microchimerism [32, 33]. It has
been associated with various autoimmune disorders [34], but possible beneficial
conseguences have also been described. Microchimeric cells could replace injured
cells in diseased tissues [32]. Recently it has been suggested that naturally acquired

microchimerism has ‘protective effects in promoting success of future pregnancies’ [35].

In summary, we hypothesized that women with MRKH syndrome had an
unrecognized male co-twin that was lost early in gestation (a vanishing twin) and
have investigated possible fetal exposure to male blood by measurement of male
microchimerism. We are led to the conclusion that women with MRKH syndrome are
not evident (micro)chimeras. However, we are not able to draw definitive conclusions
regarding the occurrence of AMH exchange. Further research should involve the
presence of MRKH syndrome in a large cohort of girls with a twin brother and in

girls born after a pregnancy complicated by vanishing twin syndrome. Additional
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research on twin chimerism is needed to study the true prevalence of intrauterine

blood exchange between dizygotic twins.
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Chapter 4

ABSTRACT

Study question: Does having a male co-twin, older brothers, or sons lead to an increased

probability of persistent male microchimerism in females members of twin pedigrees?

Summary answer: The presence of a male co-twin did not increase risk of male
microchimerism and the prevalence of male microchimerism was not explained by

having male offspring or by having an older brother.

What is known already: Microchimerism describes the presence of cells within an
organism that originate from another zygote and is coommonly described as resulting
from pregnancy in placental mammals. It is associated with diseases with a female
predilection including autoimmune diseases and pregnancy-related complications.
However, microchimerism also occurs in nulliparous women; signifying gaps in the
understanding of risk factors contributing to persistent microchimerism and the origin

of the minor cell population.

Study design, size, duration: This cross-sectional study comprised of 446 adult female

participants of the Netherlands Twin Register (NTR).

Participants/materials, setting, methods: Participants included in the study were
female monozygotic (MZ) twins, female dizygotic same-sex twins and females of
dizygotic opposite-sex twin pairs, along with the mothers and sisters of these twins.
Peripheral blood samples collected from adult female participants underwent DNA
extraction and were biobanked prior to the study. To detect the presence of male-origin
microchimerism, DNA samples were tested for the relative quantity of male specific
Y chromosome gene DYST4 compared to the common S-globin gene using a highly

sensitive quantitative PCR assay.

Main results and the role of chance: We observed a large number of women (26.9%)
having detectable male microchimerism in their peripheral blood samples. The presence
of a male co-twin did not increase risk of male microchimerism (odds ratio (OR) = 1.23:
SE 0.40, P = 0.61) and the prevalence of male microchimerism was not explained by
having male offspring (OR 0.90: SE 0.19, P = 0.63) or by having an older brother (OR =
1.46:SE 0.32, P = 0.09). The resemblance (correlation) for the presence of microchimerism
was similar (P = 0.66) in monozygotic pairs (0.27; SE 0.37) and in first-degree relatives
(0.091; SE 0.092). However, age had a positive relationship with the presence of male

microchimerism (P = 0.02).
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Limitations, reasons for caution: After stratifying for variables of interest, some
participant groups resulted in a low numbers of subjects. We investigated micro-
chimerism in peripheral blood due to the proposed mechanism of cell acquisition via
transplacental blood exchange; however, this does not represent global chimerism in

the individual and microchimerism may localize to numerous other tissues.

Wider implications of the findings: Immune regulation during pregnancy is known
to mitigate allosensitization and support tolerance to non-inherited antigens found on
donor cells. While unable to identify a specific source that promotes microchimerism
prevalence within pedigrees, this study points to the underlying complexities of natural
microchimerism in the general population. These findings support previous studies
which have identified the presence of male microchimerism among women with no
history of pregnancy, suggesting alternative sources of microchimerism. The association
of detectable male microchimerism with age is suggestive of additional factors including
time, molecular characteristics and environment playing a critical role in the prevalence
of persistent microchimerism. The present study necessitates investigation into the
molecular underpinnings of natural chimerism to provide insight into women's health,

transplant medicine and immunology.

Study funding/competing interest(s): This work is funded by Royal Netherlands
Academy of Science Professor Award (PAH/6635) to DIB; Genotype / phenotype
database for behavior genetic and genetic epidemiological studies (ZonMw 911-09-
032); Biobanking and Biomolecular Research Infrastructure, (BBMRI-NL, 184.021.007;
184.033.111); Netherlands Twin Registry Repository (NWO-Groot 480-15-001/674);
The Rutgers University Cell and DNA Repository cooperative agreement (NIMH U24
MH068457-06); Grand Opportunity grants Integration of genomics and transcriptomics
in normal twins and major depression (NIMH TRC2MHO089951-01); Developmental
trajectories of psychopathology (NIMH TRC2 MH089995); and European Science Council
- Genetics of Mental lliness (ERC 230374).

CBL declares a competing interest as editor-in-chief of Human Reproduction and his
department receives unrestricted research grants from Ferring, Merck and Guerbet. All

remaining authors have no conflict-of-interest to declare in regards to this work.
Trial registration number: N/A

Keywords: Microchimerism, Chimerism, Twins, Female, Monozygotic Twins, Dizygotic

Twins, Pedigree
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INTRODUCTION

Microchimerism is defined as the presence of a small number of cells within an
organism that originate from another genetically distinct zygote. There is an interest
in microchimerism and its consequences for health, with a focus on bidirectional
feto-maternal exchange of blood cells during pregnancy [1]. Such intrauterine blood
exchange can result in long-term persistent microchimerism, suggested to be the
result of grafting and proliferation of ‘transfused’ stem cells in the tissues of the
recipient. Early exposure to foreign cells may teach the immune system to develop
a tolerance for these cells, supporting long-term persistence of microchimerism
[2, 3]. These examples of immune tolerance have exacerbated complications for
the traditional self versus non-self criterion of immunology [4]. Exposure to foreign
cells could contribute to human health and disease (for a review see Johnson et al,,
2020 [1]), as a contributing factor in the pathogenesis of autoimmune diseases [5].
Interestingly, chimerism has also been associated with paternal care in marmosets,

suggesting a role in behavior [6].

The presence of male cells in maternal circulation is indicative of microchimerism
and has been well documented in women following pregnancy with a male fetus
[7-9]. The method of delivery, presence of placental complications and hypertensive
disorders all can influence the amount of cell trafficking and therefore the exposure
to microchimerism [10, 11]. Foetal loss in early pregnancy may also result in
microchimerism [12]. However, several studies have reported male microchimerism
in women without any history of male pregnancy [13-15], leading to a search for
natural sources which may result in male microchimerism, such as having older
brothers, having a male co-twin, sexual intercourse or unrecognized pregnancies
[16]. It has even been proposed that every human is born as a microchimera, with a

yet undefined source of donor cells [17].

Intrauterine exchange of cells occurs between twins through foeto-maternal transfer
or direct transfer between the twin fetuses via placental transfusion. For many years,
twin chimerism was considered to be an exception in humans, with the 30-40
cases reported in literature discovered by coincidence, most commonly by blood
typing discrepencies [18]. In 1996, a systematic search by Van Dijk et al. showed
an 8% prevalence of blood group chimerism in a study of blood samples from 552

dizygotic twin pairs and 24 triplet sets for multiple red cell blood group antigens
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[19]. This finding placed the concept of twin chimerism in humans in a new light. A
recent study of 35 dizygotic twin pairs detected no ABO or D blood group chimerism
through serologic assays and additional short tandem repeat (STR) assays also did
not detect any blood chimerism [20]. Improvements in detecting microchimerism
by advanced molecular techniques now allows quantitative real-time polymerase

chain reaction (qQPCR) to quantify chimerism prevalence in DNA samples [15].

The presence of non-inherited maternal antigens via maternal microchimerism in
the offspring may be involved in the development of immune tolerance to both the
maternal antigens and future overlapping fetal antigen from their own offspring
[21]. With multiple associations between microchimerism and risk for disease [1], we
designed a study to look into the etiology of microchimerism. DNA samples from
twin pedigrees provide a unigque opportunity to investigate multiple mechanisms
for microchimerism, both within and across generations, providing an overview
of presence of male microchimerism in women. Here we document the patterns
and transmission of microchimerism in multi-generation families. We present rates
of male microchimerism as quantified by gPCR in mono- and dizygotic female
twins from same- and opposite-sex twin pairs, their singleton (non-twin) sisters
and their mothers. The women come from a general population sample and are
characterized for the presence of older brothers and male offspring. By studying
male microchimerism in female twins and their relatives, we can investigate the
effects of having a male co-twin, the prevalence of microchimerism in twins and their
non-twin sisters, generation differences, and the degree of shared microchimerism

among family members.

MATERIALS AND METHODS

Participants

The participants in this study are enrolled in the Netherlands Twin Register
(NTR) Biobank [22, 23]. We included females and identified families with female
monozygotic (MZ), female dizygotic same-sex (DZss) or dizygotic opposite-sex (DOS)
twins with blood derived DNA samples. Twins were included if a DNA sample was also
available from their mother and from at least one singleton sister. Due to the amount
of genomic material needed, an additional inclusion criterion was the quantity of

genomic material of the sample available in the biobank. The failure to meet this
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criterion resulted in some incomplete pedigrees. The study included 446 women
from 152 families: 62 females from DOS twin pairs, 80 females from MZ twin pairs,
68 females from DZss twin pairs, 106 mothers and 130 non-twin sisters. The median
age in the total study population was 34 years (range 18-83), with the mothers of
twins having a median age of 59 and their offspring of 32 years. Information on age,
the presence of older brothers and the presence of a son was retrieved from the

NTR database.

Quantitative real-time PCR

Blood derived DNA samples were tested for the presence of male microchimerism
via a gPCR approach for measuring male microchimerism. This approach targets
the Y-chromosome specific gene DYS14 as previously described [15]. In brief, each
sample was tested in parallel for DYSi14 in 12 replicates as a measure of male genome
mass and for B-globin in duplicate to obtain a measure of total genome mass. The
PCR cycling and fluorescent measurement was completed on a Quantstudio™ 7 Flex
instrument and analyzed by Quantstudio™ Real-Time PCR software (v1.1) (Applied
Biosystems, Waltham, MA, USA). Standards were produced using known male and
female extracted DNA samples. The -globin standard included 10-fold dilutions of
extracted DNA to produce standards from 500 ng to 0.5 ng (Figure 1A). The standards
for DYS14 were produced by simulating sample conditions by diluting known male
extracted DNA into female extracted DNA. The resulting standards maintained a
constant 66 ng/mL with ten-fold dilutions of male genome from 66 ng/mL to 0.0066
ng/mL (Figure 1A). The lower detection limit of the gPCR assay implied a minimum
threshold of detection for male microchimerism of one genome equivalent per

one million.

A number of precautions were implemented to prevent potential contamination of
the samples and gPCR reactions [15]. All samples from the NTR biobank and reaction
preparation were handled in a Class Il biosafety cabinet that was rigorously cleaned
by chemical and ultraviolet decontamination. Additionally, all pipetting utilized
previously established guidelines for PCR reaction preparation [24]. Each reaction
plate contained various quality control measures. Six no template control (NTC) wells
were included as a true negative for the DYS714 and B-globin assays. Negative control
was produced using a known female extracted DNA sample, whereas the positive

control was produced by spiking known male extracted DNA sample into female
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sample. The controls tested as expected for all experiments, such that negative
control tested negative for DYS14 (Figure 1B) while the NTC tested negative for both
assays consistently. The positive control demonstrated consistent detection of both

B-globin and DYS14 across reaction plates (Figure 1C).
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Figure 1: gPCR data for the analysis of male genome equivalents by measure of DYS14 and
B-globin targets. A) A plot of standard curves generated using known human genomic sam-
ples; B) An amplification plot for a negative control sample with measure of $-globin and
no detection of DYS14. C) An amplification plot for a positive control sample with detectable
measurement of both DYS14 and B-globin targets.

Statistical Analyses

Participant group male microchimerism status presented as categorical data were
compared by Chi-squared (c?) tests. Associations of male microchimerism status
with age and the presence of sons or older brothers were assessed by generalized
estimating equations (GEE) and logistic regression with a correction for family
clustering. Concordance for male microchimerism between pairs of relatives was
summarized in 2 x 2 contingency tables. Quantitative data for male microchimerism
burden were evaluated by a Kruskal-Wallis test. Data on presence of brothers (n =
18) or presence of son (n =19) were missing in some families; for analyses concerning
these variables, these families were excluded. Statistical analyses were performed
using SPSS 26.0 (SPSS, Chicago, IL, USA) and R programming language. P < 0.05 was

considered statistically significant.
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To quantify familial resemblance for presence of male microchimerism, we estimated
the tetrachoric correlations for 2 types of genetic relations: for MZ twin pairs, whose
genetic relatedness is ~100% as they derive from the same fertilized egg, and for all
others, who are first-degree relatives. All first-degree relatives share either exactly
50% of their segregating genes (mother and daughter), or 50% on average (DZ twin
and sister pairs). Tetrachoric correlations represent the relation between variables on
the underlying continuous liability scale. Tetrachoric correlations and their standard
errors (SE) between family members [25] were estimated and tested for significance

in OpenMx [26].

Ethics

The Netherlands Twin Register Biobank study was approved by the Central Ethics
Committee on Research Involving Human Subjects of the VU University Medical
Center, Amsterdam, an Institutional Review Board certified by the U.S. Office of
Human Research Protections (IRB number IRBO0002991 under Federal-wide
Assurance FWAO00017598; IRB/ institute codes, NTR 03-180) and informed consent

was obtained from all participants [23].

RESULTS

Prevalence

Male microchimerism was detected in 120 of the 446 participating women (26.9%).
Prevalence was 16.3% in MZ females and did not differ from the prevalence in DZss
twins (P = 0.27). In the group of females from DZss twin pairs 23.5% tested positive
for male microchimerism, compared to 27.4% of females from DOS twin pairs (P =
0.61); OR 1.23 (SE 0.40). Of all 130 singleton sisters included, 33 tested positive for
male microchimerism (25.4%). There were 106 mothers of twins, of whom 41 tested
positive for male microchimerism (38.7%). Figure 2 summarizes these results for all

members of each participant group.
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Status
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Figure 2: Prevalence of male microchimerism (MCH) in women, stratified by pedigree position:
MZ; monozygotic twins, DZss; dizygotic same-sex twins, DOS; dizygotic opposite-sex twins.

Associations with microchimerism

The prevalence of detectable male microchimerismm was compared among
females who have an older brother, male offspring or both as shown in Figure 3.
The prevalence of male microchimerism tended to be greater in females with an
older brother (31.4%) compared to those without (24.0%); OR 1.46 (SE 0.32), P =
0.09. Females with and without male offspring had a similar prevalence of male
microchimerism (26.0% and 28.0%, respectively); OR 0.90 (SE 0.19), P = 0.63. Further
assessment of an additive effect of having both an older brother and a male offspring
revealed no significant difference among all participants (P = 0.16) or in the mother

of twins group (P = 0.50).
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Figure 3: Prevalence of male microchimerism (MCH) in females with and without an older
brother, a son, or both an older brother and a son.

The mothers of twins group, which showed the largest proportion of detectable male
microchimerism, had similar prevalence with and without having male offspring
(38.9% and 38.5%); OR 1.018 (SE 0.34), P = 0.96. There was a positive relationship
between age at the time of biobanking and presence of microchimerism (P = 0.02;

Nagelkerke R? = 0.017).

Figure 4 summarizes conconcordances for DZss and MZ twin, twin-sister, twin-
mother and sister-mother pairs for male microchimerism. In the complete MZ twin
pairs and DZss twin pairs, twin-twin comparison reveals that 75% and 61% were
concordant for microchimerim status (P = 0.35). Male microchimerism was more
prevalent in mothers (P = 0.003 for mother-twin and P = 0.06 for mother-non twin
offspring comparison). There was no difference between the twins and their sisters

for male microchimerism (P = 0.71).
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50-
. Sister Only

Sister-Mother Twin-Mother Twin-Sister
Tw:n-Twm Twm-Twnn

Percent

Fanmily Pairs

Figure 4: Male microchimerism concordance within families. Data are presented for pairs of
relatives including: DZss (dizygotic same-sex) twins, MZ (monozygotic) twins, and mother with
singleton sister and twin, and twin-sister.

Familial resemblance

The offspring (data from twins and their sisters combined) of mothers with male
microchimerism presented with male microchimerism somewhat more frequently
than female offspring of male microchimerism negative mothers (26.8% and 17.6%,
respectively; P = 0.08). We investigated the family resemblance by calculating
tetrachoric correlations for microchimerism status separately in MZ twin pairs and
in all first degree relatives. The correlations were estimated at 0.27 (SE 0.37) for MZ
twin pairs and 0.091 (SE 0.092) for all first-degree relative pairs. The two correlations

can equated to be the same (P = 0.66) and did not differ from zero (P = 0.25).

Microchimerism concentration

After selection of the positive samples (i.e. 120 subjects with >1 male GEq per 1000 000
cells), the median concentration of male microchimerism is similar among twins, their
sisters and their mothers (P = 0.28) and is summarized in Figure 5. Outlier samples
with elevated levels of detectable male genome (>80 male GEq) were investigated

compared to the other participants with detectable male microchimerism revealing
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this group to have no male offspring or other distinguishing features and a lower

age at time of collection (P = 0.034) (Figure 6).
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Figure 5: Male genome equivalents (GEq) per one million cells by each participant with detect-
able male GEq. The data are stratified by participant group. Descriptive statistics presented
as Median (IQR). MZ; monozygotic twins, DZss,; dizygotic same-sex twins, DOS; dizygotic op-
posite-sex twins. Male GEgs;, male genome equivalents per million.
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Age of Participants with Detectable Male Microchimerism

801

70+

60+

501

Age at Time of Biobank
B
o

20

10

<80 Male GEq >80 Male GEq

Figure 6: Age distribution of individuals with detectable male microchimerism at a concen-
tration of <80 male genome equivalents per million (GEq) (n = 114) or outliers with >80 male
GEq (n =6).
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DISCUSSION

We investigated the presence of male chimerism in women and its etiology in
members of twin pedigrees. We found that about 27% of the adult women had
detectable male microchimerism. The highest prevalence of male microchimerism
was detected in the older participants, i.e. mothers of twins (38.7%) and we observed
a positive relation between age and presence of microchimerism. This observation
indicates that microchimeric cells may persist and stay detectable long-term after
they are acquired, although increased exposure to unexplored variables due to age

could also be involved in chimerism risk and persistence.

Previous research in twins looked at the presence of blood chimerism via red blood
cell antigens and discovered an 8% chimerism prevalence in twins [19]. We expanded
upon the previous work by investigating the source of male microchimerism and
the familial relationships in two generation twin pedigrees. We found that females
from a DOS twin pair do not present with male microchimerism more frequently
than females from a DZss twin pair, despite the adjacent in utero presence of the
male co-twin. This refutes our hypothesis that a male co-twin promotes persistent
male microchimerism. Our data also showed that rates between DZ twins are not

different from those among MZ twins and singleton siblings.

Male microchimerism could arise in women having an older brother, which has been
suggested in earlier studies [13, 16]. This would support trans-maternal cell flow as an
explanation and is supported by a higher prevalence of male microchimerism in female
offspring of mothers with male microchimerism. We observed only a tendency of a
higher prevalence of male microchimerism in women with an older brother. We also
saw no evidence that male microchimerism status was related to the presence of a son.
Further, among participants with an exceptionally high level of male microchimerism
(>80 male GEqg), none had a son at the time of sample collection. Thus, our study
inidicates that the origin of the microchimeric cells may not necessarily be a close
family member. One source is repeated sequential fetal-maternal exchanges across
generations [27]. Possible further sources are unreported or unrecognized interrupted
pregnancies [12], breastfeeding, placental structure, pregnancy complications including
preeclampsia [10, 12, 28, 29] and it has also been suggested that sexual intercourse
may play a role [13, 30]. We did not have these data available for a sufficient number of

participants for comprehensive analyses of these altenatives.
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There are several limitations that must be considered when interpreting our findings.
First, despite obtaining samples from a large register, after stratifying for various
analyses we had a relatively low number of subjects within some participant groups.
Furthermore, the data do not illustrate the source of the minor cell population
beyond that it is of male origin. Due to the suggested mechanism of chimerism
acquisition via blood exchange we exclusively investigated blood microchimerism
which may not represent global chimerism. Several studies have identified the
presence of allogeneic cells in various tissues throughout the body; some of which
include the skin [31], breast [32-35], pancreas [36] and brain [37,38] among others. It is
probable that cells obtained via blood exchange may localize to any variety of tissues
in the host where they may possibly persist, the so-called ‘adult stem cell plasticity
phenomenon’ [39, 40]. These findings help demonstrate that the temporality and
localization of microchimerism in the blood and other tissues may be a factor of
exposure, time and environmental influences such as tissue injury which may

partially explain the present findings in adult participants.

As with many other studies of microchimerism, the use of a Y-chromosome target
has been proven effective at identifying low levels of chimerism due to the target
specificity. However this technique is limited to the study of females. While other
targets, including RBC antigens and HLA typing have been developed, these have
a lower sensitivity or increased complexity that often require prior knowledge of
the donor's genotype [1]. As this work adds to the growing body of knowledge on
human chimerism, continued advancements in molecular technologies will provide
new opportunities to expand upon our findings presented here. We found that
microchimerism occurs frequently, in over one quarter of women. This necessitates

research into its etiology and significance.

Others have previously described that exposure to non-inherited maternal antigens
improves success of future pregnancies as well as mitigating allosensitization [21].
As many changes occur during pregnancy, the complication of immune tolerance
is balanced by interaction with non-inherited maternal antigens and is likely to
provide insight into other areas of immune sensitization and allotransplantation
[27]. Already, outcomes in cord blood transplantation have shown improvements
when mismatched HLA alleles between donor and recipient include a non-inherited
maternal antigen [41] and a beneficial effect against leukemia relapse when graft

and donor share inherited paternal HLA antigens, suggesting an effect of maternal
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microchimerism of T memory cells [42, 43]. Our findings provide further support
for the remarkable complexity of microchimerism and the challenge it may pose
the immune system both during and following pregnancy. Based on our findings
of elevated microchimerism concentrations in younger participants (Figure 6) and
a positive relationship between prevalence and age, it is possible that long term
conservation of microchimerism is best maintained with low levels of allogeneic
cells. These individual observations of persistent microchimerism may be due to
successful evasion of overt sensitization of the immune system. Maintaining balance
between microchimerism concentration and immune detection may be essential

to long term microchimerism persistence.

Further, there is a growing body of research that has suggested microchimerism
to be associated with the pathogenesis of disease. Recently, a study established
that women without a protective HLA allele are more likely to develop rheumatoid
arthritis when they have microchimerism carrying an HLA protective allele [44].
Similarly, maternal microchimerism has been identified to be associated with type
1 diabetes and contribute to islet b cells in the offspring [36]. Our findings provide
further support for the hypothesis that microchimerism sensitizes the immune
system. The inverse relationship between quantitative male microchimerism
outliers and age (Figure 6) may illustrate the pressures of age and future pregnancy
on maintenance of microchimerism, resulting in lower quantitative levels later in
life. Possible mechanisms producing these findings could include immune system
responses clearing allogeneic cells or an individual's own cells outcompeting the
donor cells over multiple generations of cellular replication. Such studies and
findings continue to amplify the need for researching microchimerism prevalence

within the general population.

Improvements in future research will require expanding upon current knowledge of
human chimerism with additional sample types to further explain chimerism tissue
localization and subsequent health implications. Such work will likely necessitate
larger consortia driven studies to achieve sample numbers to achieve significance
in understanding the underlying complexity of human chimerism. Expanding on
the findings presented here requires larger studies of microchimerism in mixed sex
populations to evaluate alternative sources of microchimerism and contribution in

health and disease. Further, due to the seemingly variable nature of microchimerism
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over time, longitudinal studies of chimerism presence and concentration are

warranted to further understand this phenomenon in human biology.
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ABSTRACT

Introduction: During the Coronavirus Disease 2019 (COVID-19) pandemic, real-time
reverse transcription polymerase chain reaction (RT-PCR) became an essential tool
for laboratories to provide high-sensitivity qualitative diagnostic testing for patients
and real-time data to public health officials. Here we explore the potential predictive
value of quantitative data from RT-PCR cycle threshold (Ct) values in epidemiological

measures, symptom presentation, and variant transition.

Methods: Data from 74479 patients referred to the Avera Institute for Human
Genetics (AIHG) for COVID-19 testing in 2020 were matched by calendar week
to epidemiological data reported by the South Dakota Department of Health to
examine correlation with state hospitalizations and deaths. Symptom data for 101
unique patients were reduced by exploratory factor analysis and investigated for
association with patient age and sample metrics. We also explore changes in Ct
values during variant transition detected by genomic surveillance sequencing within

the AIHG testing population during 2021.

Results: Measures from AIHG diagnostic testing strongly explain variance in the South
Dakota state positivity percentage (R? = 0.758), a two-week delay in hospitalizations (R?
=0.856), and a four-week delay in deaths (R? = 0.854). Patient symptoms produced three
groups by factor analysis and demonstrated variation in trends associated with age,
Ct value, and time from collection. Additionally, findings among SARS-CoV-2 variants

indicate that variant transition may influence community quantitative measures.

Conclusions: Together, these findings suggest that measures of Ct value in RT-PCR
diagnostic assays combined with routine screening have valuable applications in

monitoring the dynamics of SARS-CoV-2 within communities.
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1. INTRODUCTION

In December of 2019 the attention of the world turned to China as reports emerged
involving cases of acute respiratory distress of unknown origin at health facilities in
Wuhan, Hubei Province. The condition which has come to be known as Coronavirus
Disease 2019 (COVID-19), was discovered to be caused by a novel betacoronavirus
of the Coronaviridae family, Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) [1-3]. The sequence of the virus was published in January 2020 with
96.2% genetic similarity to a known SARS-related coronavirus found in bats, the
natural reservoir host [4, 5]. In March of 2020 the World Health Organization (WHO)
declared COVID-19 a pandemic, which led to the initiation of a series of federal and
local responses to prepare health care systems in the United States for testing,
tracing, and treating patients with COVID-19 [6]. Early in the pandemic, testing in the
United States (U.S.) was only conducted at the U.S. Centers for Disease Control and
Prevention (CDC) and public health laboratories [2, 7]. Due to the recognized potential
impact of the virus on public health, the U.S. department of Health and Human
Services enabled the Food and Drug Administration (FDA) to issue Emergency Use
Authorization (EUA) for medical products for the diagnosis and treatment of COVID-
19 [8, 9]. The EUA issued on March 31, 2020 included in vitro diagnostic laboratory
developed tests (LDT) for the detection and diagnosis of COVID-19, such as targeted
real-time reverse transcription polymerase chain reaction (RT-PCR) for detecting

the genomic material of SARS-CoV-2 in human upper respiratory samples [10, 11].

Based in Sioux Falls, South Dakota, the Avera Health system is a vertically integrated
health care delivery network providing health services at hospitals and clinics to a
population of nearly one million people in South Dakota and the surrounding region
including the states of Minnesota, lowa, Nebraska, and North Dakota. As a part of
an integrated health care system, the Avera Institute for Human Genetics (AIHG)
incorporates both clinical and research experience and was thus uniquely positioned
in the spring of 2020 to rapidly develop, validate, and operationalize an RT-PCR
assay for the detection of SARS-CoV-2 and diagnosis of COVID-19. The research
staff started the process of development of a diagnostic assay, leveraging their
experience and technical proficiency with low-concentration detection of genetic
material via quantitative PCR as obtained in studies of telomere repeat mass [12] and

quantification of male microchimerism [13, 14]. Simultaneously, the clinical staff at
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AIHG began preparing the laboratory space for workflow optimization and evaluating
the regulatory requirements to develop a comprehensive validation plan. Together,
the research and clinical teams successfully developed, tested, and validated a SARS-
CoV-2 diagnostic assay to address the needs of the community. Further, as SARS-
CoV-2 variants emerged, the genomic sequencing capabilities at AIHG supported
genomic surveillance through the available samples, technical proficiency, and on-

site sequencing instrumentation (see Figure 1for a timeline).

Avera Institite for Human Genetics SARS-CoV-2 Testing

First AIHG SARS-CoV-2
NGS Run

AIHG SARS-CoV-2 Assay AIHG LumiraDx RNA
Singleplex Go-Live SWR Complete Go-Live
FDA Issues EUA AIHG SARS-CoV-2 Asiay First Case of Omicron
Palicy for LOT Multiplex Go-Lve Wariant in U.S.
First COVID-19 first Case of Aipha ‘ AIHG NGS Surveillance
Case in U.5. Variant in U.S. | Go-Live
First COVID-19 AIHG Sanger Sequencing
Case in 5D Surveillance Go-Live
Qutbreak at Smithfield First Case of Delta
Foods Processing Plant Veriant in LS.
Shoux Falls, SD
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Figure 1: Key events for SARS-CoV-2 test development and surveillance programs at the Avera
Institute for Human Genetics (AIHG) are presented alongside major COVID-19 related events in
the state of South Dakota (SD) and United States (U.S.). Additional acronyms: Food and Drug
Administration (FDA), Emergency Use Authorization (EUA), Laboratory Developed Test (LDT),
Next Generation Sequencing (NGS).

Here we present studies to examine how population-level molecular genetic
testing data may be informative for evaluating dynamics of emerging pathogens
in a local population and the associated demand for healthcare services. We first
report the findings of a retrospective study investigating how changes in weekly
variance in diagnostic test positivity and future hospitalizations and deaths for
the local population of South Dakota (SD) and surrounding area (catchment area
of approximately one million persons) are reflected in real-time RT-PCR molecular
diagnostic assays. We further examine variation in clinical presentation among
patients tested in the year 2020 (23 March to 31 December) by clustering symptoms

and exploring how these are explained by age, timing of symptom documentation,
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and quantitative RT-PCR data. We investigate if SARS-CoV-2 variants present different
viral loads in the local patient population as measured by surveillance sequencing
and associated quantitative RT-PCR diagnostic assay data generated at AIHG during
times of SARS-CoV-2 variant transition in the spring and winter of 2021.

Box 1. Terms Frequently Used

Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Molecular genetic technique for transcribing RNA to DNA using a reverse transcriptase
enzyme, followed by PCR amplification of nucleic acids achieved by DNA replication
induced by a series of temperature changes, called thermocycling.

Primer
A short single-stranded nucleic acid complementary to 3’ end of DNA target. Used as
a starting point for polymerase to begin synthesis of complementary strand during
polymerase chain reaction.

Probe
Ashort single-stranded nucleic acid complementary to a specific target sequence labelled
with a fluorescent reporter molecule for measuring DNA amplification.

Singleplex PCR
A type of PCR assay used to detect and measure a single target in each reaction.

Multiplex PCR
A type of PCR assay used to detect and measure multiple different targets in each
reaction, accomplished through use of different fluorescent reporter molecules with
different emission spectra for each target.

Cycle Threshold (Ct)
A measure of real-time PCR indicating the cycle where the level of fluorescence crosses
the defined threshold to indicate a positive result for the assay target. This value is inversely
related to the amount of starting material.

Sanger Sequencing
Also called chain termination method, this sequencing is accomplished by adding labeled
di-deoxyribonucleotides to PCR which stops DNA replication. The fragments of various
lengths are separated by electrophoresis to read the order of nucleotides by fragment
size, shortest to longest.

Next-Generation Sequencing (NGS)
Also called massively parallel sequencing, this sequencing method is accomplished by
preparation of a DNA library of small fragments from the sample genome that are all
simultaneously sequenced on a NGS instrument. Bioinformatics are used to map the
fragments to the reference genome and piece together the original sample genome.
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2. METHODS

Sample collection and storage

Samples for testing were delivered to AIHG from facilities across the Avera Health
system throughout the course of the pandemic. Upper respiratory samples (e.g.
nasopharyngeal and nasal) were collected in Universal Transport Media (UTM), Viral
Transport Media (VTM), or phosphate buffered saline. Specimens were transported
to the AIHG in an appropriate media at ambient temperature or at 2°C to 8°C for
up to 72 hours after sample collections. Samples with delayed shipping time were
stored at -70°C and shipped on dry ice. Upon sample receipt at the AIHG, samples
were stored at 2°C to 8°C for up to 72 hours after sample collection or at -70 °C or

colder for longer term storage.

Upper respiratory samples collected and confirmed acceptable for testing were
processed by laboratory personnel in a Class Il biological safety cabinet. Samples
were extracted utilizing the QIAGEN RNeasy® Mini Kit (QIAGEN), RNAdvance Viral XP
kit (Beckman Coulter), or the QiaSymphony® DSP Virus/Pathogen Midi Kit according
to the manufacturer’s instructions. Automated extractions were validated for use
on the QIAsymphony (QIAGEN) and Biomek i7 (Beckman Coulter). Following RNA
extraction samples were either tested immediately or stored at -70 °C or colder until

samples could be processed for genetic testing.

Diagnostic testing for COVID-19

Real-time reverse transcription polymerase chain reaction (RT-PCR) diagnostic
testing for COVID-19

In March of 2020 AIHG produced a laboratory developed test (LDT) for use in the
diagnosis of patients with COVID-19. The Avera Institute for Human Genetics SARS-
CoV-2 Assay is a real-time RT-PCR assay which includes three separate primer/TagMan
probe sets; two sets targeting SARS-CoV-2 specific regions of the nucleocapsid (N)
gene, labeled NTand N2, in addition to a human RNase P (RP) gene target for sample
and extraction quality control. The sequences of the assay primers and probes
(Supplemental Table 1) were selected to match the Centers for Disease Control and
Prevention (CDC) 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic
Panel [15]. The Avera Institute for Human Genetics SARS-CoV-2 Assay was developed

as a singleplex assay validated for use on the following Applied Biosystems™ PCR
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instruments: 7500 Fast, ViiA™ 7, and QuantStudio™ 7 Flex. Each 96-well PCR reaction
plate could include a maximum of 32 tests (32 tests x 3 reactions = 96 wells) or 30
patient samples plus a positive and negative reaction control. Submission through
the FDA EUA process required a comprehensive comparison study of the assay. In
coordination with the South Dakota Public Health Laboratory, AIHG received samples
previously tested using an FDA EUA diagnostic test to conduct the comparison study.
Submission of the validation to the FDA was completed at the end of March 2020,
followed by official FDA authorization of the test under the EUA (EUA200410) (https://
www.fda.gov/media/138331/download). The singleplex Avera Institute for Human
Genetics SARS-CoV-2 Assay was implemented into AIHG clinical operations for
diagnostic testing and was used in testing over 35,000 samples from the end of

March 2020 to September 2020.

In response to a surge in testing demand, the assay was multiplexed in October 2020
to consolidate space on the 96-well PCR reaction plates to allow for up 94 patients
plus a positive and negative control to be run on each plate. This was accomplished
by including distinct reporter dyes containing unique emission spectra (see Table 2)
[16]. As part of the assay validation, the multiplex Avera Institute for Human Genetics
SARS-CoV-2 Assay was tested in a systematic panel including all assays in singleplex,
duplex, and triplex to assess for any inhibition or unexpected amplification in the
primer/TagMan probe pool. Subsequent validation and comparison studies were
successful, and the multiplex Avera Institute for Human Genetics SARS-CoV-2
Assay was submitted as an amendment to the FDA EUA. The multiplex assay was
validated for use on the following Applied Biosystems™ PCR instruments: ViiA™ 7,
QuantStudio™ 7 Flex, and QuantStudio™ 12K Flex. The decrease in plate space required
by each sample resulted in 313% (94/30 x 100% = 313%, excluding controls) increase
in sample throughput per 96-well PCR reaction plate compared to the singleplex
assay. AIHG completed over 42,000 diagnostic tests using the multiplex Avera

Institute for Human Genetics SARS-CoV-2 Assay from October 2020 to January 2021.

Qualitative result interpretation of the assay was conducted according to the
information provided in Supplemental Table 2. In brief, the RNase P target was
utilized as a measure of sample and extraction quality control which is required for
interpretation of a negative PCR result. Alternatively, the assay requires the detection
of both nucleocapsid targets (N1and N2) for confirmation of a SARS-CoV-2 positive

sample. As both nucleocapsid (N) gene targets must be detected for a positive test
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result, the mean of the N1 and N2 test results is used for analyses in this study.
Included on each test plate were two controls: a positive control and non-template
control (NTC) which is required to achieve the expected results (Supplemental Table
3) before confirmation of patient sample results. An additional extraction control was
tested for every extraction batch to evaluate the quality of the extraction procedure.
The cycle threshold (Ct) value of the test is a continuous variable defined as the
cycle of the RT-PCR reaction where signal intensity crosses the defined threshold of

detection, which is inversely correlated with the amount of starting material.

Patient selection for study of diagnostic testing in 2020

At Avera Health, SARS-CoV-2 diagnostic testing was completed for inpatients,
outpatients and as a part of standard screening (e.g. pre-surgical). When clinic
and hospital laboratories were challenged with testing supply shortages and the
immense community demand for testing services, samples were directed to AIHG as
a reference laboratory for SARS-CoV-2 testing. Patients were referred for diagnostic
testing via a physician based on standard of care clinical testing criteria, including

known close contact, exposure, symptoms, or mandatory screening.

To test variation in clinical presentation and state epidemiology explained by Ct values
and positivity of SARS-CoV-2 molecular diagnostic assays, we included patients who
had an Avera Institute for Human Genetics SARS-CoV-2 Assay RT-PCR diagnostic test
completed between 23 March 2020 and 31 December 2020 on either the original
singleplex Avera Institute for Human Genetics SARS-CoV-2 assay (N = 35524) or its
successor the multiplex assay (N = 38955). During this time the Avera Institute for
Human Genetics SARS-CoV-2 Assay was exclusively utilized for diagnostic testing at
AIHG. In addition, data from the year 2020 preceded prominent availability of FDA
EUA vaccines and SARS-CoV-2 variants that could confound findings. Samples that

returned an inconclusive result that was not resolved on follow-up tests were excluded.

Symptom information was obtained from the Avera Health system electronic
medical record (EMR) for all patients who had a test completed using the Avera
Institute for Human Genetics SARS-CoV-2 RT-PCR assay in the year 2020. Symptom
entries (N = 54883 entries; 9171 unigue patients) were matched to testing data and
included all data within a three-week interval of sample collection (>7 days before
and >14 days after sample collection), leaving 1703 individual entries for 101 unique

patients. Symptoms documented as text were manually interpreted for presentation
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of primary symptom categories including ageusia (loss of taste), anosmia (loss of
smell), body aches, chills, cough, diarrhea, fatigue, fever, headache, nausea/vomiting,
shortness of breath, and sinus congestion. The resulting binary classification
(presence =1 or absence = 0) of each primary symptom category was used for all
comparisons. To examine differences in presentation at different timepoints relative
to sample collection, the data were binned in 7-day windows relative to the date of
sample collection for each patient. This binning of categorical symptom data resulted
in one seven-day window (0-7 days) before sample collection and two seven-day
windows (0-7 days and 7-14 days) after the day of sample collection (N =101 unique
patients; 125 weekly symptom entries) (Table 1).

Table 1: Patient sex and age for entries from electronic medical record (EMR) included in the
analysis of symptomes.

Characteristic Total (unique 0-7 Days Prior to 0-7 Days Post- 7-14 Days Post-
patients) Sample Collection Sample Collection Sample Collection

Total 101 21 52 52

Male 52 10 29 27

Female 49 n 23 25

AgeRange  20-98 (61.8 +/-17.5) 20-98 (58.6 +/- 20.6) 26-96 (63.8 +/-181) 23-85 (63.1 +/-14.1)
(Mean +/- SD)

Sequencing for SARS-CoV-2 Genomic Surveillance

Sanger Sequencing

At the end of 2020 information from the United Kingdom indicated the emergence
of a SARS-CoV-2 variant, Pango lineage B.1.1.7 (WHO nomenclature: Alpha), that was
more transmissible and potentially more virulent than the original strain [17]. Soon
after, news of other emerging variants began to follow, including B.1.351 (Beta), P.1
(Gamma), and B.1.427/B.1.429 (Epsilon). [18,19] In response, AIHG developed a Sanger
sequencing test to selectively sequence the receptor binding domain (RBD) region
of the SARS-CoV-2 S gene, a region known to feature key mutations of early variants
of concern (VOC) and variants of interest (VOI). Beginning February 2021, each week
a selection of positive samples was processed for surveillance sequencing of the RBD
region to monitor changes in the prevalence of notable mutations associated with

SARS-CoV-2 VOC and VOI. The N501Y mutation (point substitution A23063T) of the
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spike protein was initially indicative of the first VOC Alpha and in combination with

other key mutations such as E484K could indicate VOCs such as Beta or P.1 Gamma.

The RBD region of interest is selectively amplified via a nested PCR reaction
(Supplemental Figure 1) using two primer sets specific to the target region of the
SARS-CoV-2 genome (Supplemental Table 4). The samples first underwent PCR for
reverse transcription to cDNA and to amplify a larger 746 base pair (bp) fragment
containing the target region. This step used the TagPath 1-Step RT-PCR master mix
(Applied Biosystems™) and pre-amplification primers. The PCR cleanup step was
accomplished by using ExoSAP-IT™ (Applied Biosystems™) to hydrolyze excess
primers and nucleotides. The product was transferred to another plate in either
one or two wells per samples for either unidirectional or bidirectional sequencing
respectively. Here, a second PCR reaction was prepared, using BigDye PCR master
mix (Applied Biosystems™) and M13-tailed primers, further amplifying the 443
bp target with added M13 tags for directional sequencing. Next the reagents for
cycle sequencing were added directly to the wells, including the BigDye Direct
seqguencing master mix (Applied Biosystems™) and M13 Forward or M13 Reverse
primer to the respective wells to control the direction of sequencing. After cycle
sequencing, sample clean-up was accomplished using BigDye XTerminator (Applied
Biosystems™) according to the manufacturer’s instructions and the samples were
analyzed using a 3500 Genetic Analyzer (Applied Biosystems™). Sequences were
interpreted for mutations using Variant Reporter Software (Applied Biosystems™).
Mutations were recorded and specific mutations for the key variant mutations
N501Y, E484K, L452R, and K417N/T were monitored based on the known mutation

combinations associated with the Alpha, Beta, Epsilon, and Gamma variants.

Next Generation Sequencing

In a natural progression from the Sanger sequencing surveillance method, AIHG
began development of a more comprehensive whole genome sequencing
surveillance strategy to monitor the evolution of SARS-CoV-2 variants in the Avera
Health footprint. This required the evaluation of a library preparation kit and
development of an in-house bioinformatic analysis pipeline. Using the expertise
and instrumentation for next-generation sequencing (NGS) available at AIHG, a
pilot study of seven samples was successfully processed through library preparation

and sequenced on the local MiSeq (lllumina) system. The output from the NGS
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instrument was processed through the custom analysis pipeline to produce quality
control metrics, consensus sequences, and Pango lineage calls for each sample.
As a part of the AIHG effort to provide the health system leaders with ongoing
genomic information on the changing presentation of SARS-CoV-2 variants in the
community, samples were similarly selected from the positive samples tested at

AIHG to sequence on a weekly basis when surveillance efforts were necessitated.

Similar to the Sanger sequencing method, NGS was conducted on a selection of
positive samples to generate whole genome sequences as a comprehensive method
of genomic surveillance. The library preparation kit used was the CleanPlex® SARS-
CoV-2 FLEX Panel (Paragon Genomics). The assay is an amplicon-based design
including two primer pools of 343 amplicons to cover the entire genome. Additional
Emerging Variant Panel add-on primer pools (Paragon Genomics) were spiked in
when available to address the effects of genomic mutations on sequence coverage
in SARS-CoV-2 variants. Samples were dual-indexed with i7 and i5 indexes for [llumina
platforms. Libraries were pooled and evaluated via electrophoresis for library size
and shape as well as the presence of non-specific product using a High Sensitivity
DNA Kit (Agilent) run on a 2100 Bioanalyzer (Agilent). The construction of the final
library pool was determined via the KAPA Library Quantification Kit (Roche) to
ensure an adequate quantity of genomic material is loaded on the NGS instrument
for sequencing. Sequences were produced via sequencing by synthesis on a MiSeq
(Mumina) instrument in 2x150 base-pair (bp) paired-end runs using a MiSeq reagent

kit v2 (Illumina).

Bioinformatic analysis of the resulting FASTQ files was handled on a local Linux
workstation by an in-house analysis pipeline - Surveillance Analysis of NGS Data
for SARS-CoV-2 Lineage And Sequence Homology (SANDSLASH). The pipeline was
developed to take user provided demultiplexed FASTQ files from the MiSeq (lllumina)
instrument as input and output QC metrics, consensus sequences, and Pango
lineage calls. The pipeline processed the input files through FASTQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqgc/) and MultiQC [20] to produce QC
metrics. FASTQ files were then converted to unaligned BAM (UBAM) files with Picard
(http://broadinstitute.github.io/picard/). The resulting pair of uBAM files per sample
were directed to viral-pipelines (https:/github.com/broadinstitute/viral-pipelines) for
reference-based assembly of the SARS-CoV-2 virus genome. The resulting consensus

sequence in FASTA format were subsequently processed via the Phylogenetic
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Assignment of Named Global Outbreak Lineages (Pangolin) [21] command line tool

to generate Pango lineage calls.

Patient selection for study of surveillance sequencing in 2021-2022

When AIHG initiated a genomic surveillance program in February 2021, diagnostic
testing operations had converted to a new diagnostic assay. Collaboration with
LumiraDx had resulted in the validation of their Lumira Dx SARS-CoV-2 RNA STAR
Complete EUA test for use on the QuantStudio™ 7 Flex (Applied Biosystems). The
Lumira Dx SARS-CoV-2 RNA STAR Complete EUA test eliminated the need for sample
extraction and introduced rapid amplification methods to AIHG. This alleviated
concerns of testing capacity and staffing burden for laboratory operations. Samples
continued to be collected for standard of care clinical diagnostic testing for inpatients
and outpatients as described above. Samples for genomic surveillance were
randomly selected from those samples that tested positive for SARS-CoV-2 using
an FDA EUA diagnostic test at AIHG. Assessment of sequencing result success led
to integration of minimum sample concentration measured by the AIHG multiplex
assay maximum Ct value as an additional selection criterion for each surveillance

method (Sanger: Ct max = 30, NGS: Ct max = 26).

South Dakota State Epidemiology Data

Avera Health is based in Sioux Falls, the largest city in SD, with a geographic
presence that encompasses the majority of the state making SD state data the
most appropriate for comparison to the larger population. Data from the South
Dakota Department of Health (SD-DOH) were collected and published by The COVID
Tracking Project at The Atlantic from 15 March 2020 to 7 March 2021. The data from
The COVID Tracking Project (https://covidtracking.com) includes information of
testing, cases, hospitalizations, and deaths within the state. These data were utilized
for all analyses examining the relationship with RT-PCR test data fromm March 2020 to
December 2020. To conduct analyses of epidemiological metrics including diagnostic
test positivity, hospitalizations, and deaths, the data were summarized by calendar
week (Sunday to Saturday) to correct for weekly trends in testing and reporting data.
Further, as AIHG data are reported to the SD-DOH, weekly SD state data used for
comparison were corrected by subtracting the weekly AIHG test results from the

reported weekly state summary data.
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Statistical Analyses

First, to explore diagnostic test positivity between AIHG and state of SD reported data
in 2020 (23 March to 31 December), the values were compared using the Wilcoxon
sign-ranked test. Simple linear regression was applied to assess explained variance
for the dependent variable SD weekly positivity using AIHG RT-PCR weekly positivity

as a predictor.

Next, to investigate weekly variance in hospitalization count and death count
explained by the Ct values produced by the Avera Institute for Human Genetics
SARS-CoV-2 Assay in 2020, the data for AIHG diagnostic test Ct values were matched
to the weekly count data for hospitalizations or deaths by fitting an exponential
model (Y = abX; where Y = dependent variable: hospitalization or death count, a =
y-intercept, b = constant factor, and X = independent variable: mean Ct value) to
the data. This was repeated for the hospitalization and death data corresponding
to a one-, two-, three-, and four-week delay from the reference week of RT-PCR test
data. The resulting series of coefficient of determination values were compared to
determine the optimal variance in hospitalization and death counts explained by

AIHG RT-PCR weekly mean Ct value.

We further investigated the combination of symptom presentation and testing data
within the population of patients tested at AIHG in 2020. To examine the similarities
in weekly summarized categorical symptom data we applied agglomerative
hierarchical clustering using Ward’s minimum variance method. Additionally, we
employed exploratory factor analysis with promax oblique rotation on symptom data
to identify symptom groups and proportion of variance for each factor. We compared
the Ct values, time of sample collection, and age, we compared these values within
each of the symptom groups explained by factor loadings using Welch's t-test. Each
of the factors were used to identify if a patient's symptom entry belongs to a given
symptom group. If the entry included any of the symptoms belonging to a symptom

group they were declared as belonging to that group.

To examine differences in the mean Ct values between different variant populations
during variant transition in the population, we applied the Welch's t-test between
samples confirmed by sequencing for the presence (presumably Alpha) and absence
of the N501Y mutation in the spring of 2021 or Delta and Omicron variants in the

winter of 2021.
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Analyses were conducted using the software packages NumPy (1.21.0), SciKit Learn
(v1.0.2), and SciPy (v 1.8.0) implemented in Python (v 3.8.2). All tests were two-sided

and statistical significance was considered for a P-value of less than 0.05.

Ethics

The study protocol including the aggregate use of RT-PCR testing measures, clinical
measures and patient demographics were approved by the Institutional Review
Board (IRB) of Avera, Sioux Falls, South Dakota, United States of America (Human
& Health Services Registration #/IRBO0001096), on 7 August 2021 (IRB protocol
#2021.056.HS).

3. RESULTS

AIHG Diagnostic Testing and South Dakota Epidemiology in 2020

The AIHG and corrected SD weekly diagnostic test positivity percentage paired data
(median:13.3% vs 9.4%, respectively) were significantly different as determined by the
Wilcoxon sign-ranked test (p = 6.16 x 107). A linear regression model demonstrates
that variance in SD positivity is greatly explained by AIHG positivity (R? = 0.758)
(Supplemental Figure 2).

Mean Ct compared to the SD hospitalization data of the same week (reference
week) and each of the following four weeks was investigated to determine the
strongest explained variance via exponential regression. The strongest variance in
SD hospitalizations explained by AIHG positivity was the hospitalizations data with a
two-week delay after the reference week with a R? of 0.856 (Figure 2). In order from
reference to four weeks after RT-PCR testing, the coefficients of determination (R?)

are 0.740, 0.829, 0.856, 0.795, and 0.758 (Supplemental Figure 3).
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AIHG PCR Mean CT and SD state COVID-19 Hospitalizations
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Figure 2: Weekly AIHG PCR Ct mean data and SD hospitalizations data with a two-week delay
after the PCR data were generated (R2 = 0.856).

Similar to the analysis of hospitalizations, the RT-PCR data from tests performed at
AIHG were investigated for correlation with the weekly COVID-19 related deaths in
SD. Likewise, the mean Ct value from SARS-CoV-2 RT-PCR testing was compared to
SD death data for the same week (reference week) and each subsequent week for
4 weeks. The strongest variance in SD COVID-19 related deaths explained by AIHG
positivity was observed with a four-week delay in weekly deaths following the PCR
testing (Figure 3). In order from reference to four weeks after PCR testing, the R?

values are 0.525, 0.616, 0.724, 0.797, and 0.854 (Supplemental Figure 4).
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AIHG PCR Mean CT and SD state COVID-19 Deaths

175 4 ® —— y=1454445.61*0.64"x
¢ ® Weekly Mean Ct vs Deaths

150 A

125 A

100 4

|
[%)]
1

Death Count (4 week delay)
un
(=]

(2]
un
1

0.

20 22 24 26 28
Mean Ct

Figure 3: Weekly AIHG PCR Ct mean data and SD deaths data with a four-week delay after
the PCR data were generated (R2 = 0.854).

AIHG Clinical Presentation in 2020

Data for each primary COVID-19 symptom were examined for changes in prevalence
at the various timepoints (Figure 4). Cough, fatigue, and shortness of breath were the
leading symptoms for individuals who had symptoms documented in the EMR, with
these becoming substantially more prevalent following sample collection. Symptoms
affecting the gastrointestinal tract (nausea and diarrhea) were more prevalent closest

to the time of testing.
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Symptom Prevalence Relative to Time of Sample Collection
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Figure 4: Prevalence of primary COVID-19 symptoms in patients (N = 101) with positive diag-
nostic PCR test results. Prevalence is binned into 3 different 7-day windows: -7 to O days, O to
7 days, and 7 to 14 days where day O is the day of sample collection.

Agglomerative hierarchical clustering of patient symptoms demonstrates that
primary clustering of patient symptoms differentiates relatively high and low
symptom prevalence (Figure 5A). In addition, hierarchical clustering reveals a
clustering of symptoms affecting similar systems, as supported by correlations
between the symptoms (Figure 5B) including anosmia and ageusia (0.87), nausea

and diarrhea (0.57), and cough and shortness of breath (0.52).
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Further examination through exploratory factor analysis with promax oblique rotation
revealed three relevant factors identified in this dataset (Table 2) and the symptoms
correlated closely with the three factors. Factor 1 explained the greatest proportion
of variance (0.228) by chills, cough, fatigue, fever, headache, shortness of breath, and
sinus symptoms. The factor 1 group also were older compared to participants that
did not present with factor 1symptoms (mean: 65.2 vs 52.7 years, p = 0.010). Factor 2
(proportion variance = 0.144) presented substantial factor loadings by anosmia (loss
of smell) and ageusia (loss of taste). Participants with weekly symptom entries that
included factor 2 symptoms trended towards both a lower age (mean: 56.7 vs 62.7
years, p = 0.165) and lower Ct value (mean: 19.9 vs 22.4, p = 0.111) at time of sample
collection. In addition, time from collection for the entry of COVID-19 symptoms in
the EMR was significantly longer for both factor 1 (mean: 7.9 vs 4.8 days: p = 0.026)
and factor 2 (mean 9.1 vs 6.7 days: p = 0.035). Lastly, factor 3 (proportion variance =
0.128) had substantial factor loadings for the gastrointestinal symptoms of nausea
and diarrhea. Together the three factors demonstrate variation in measures related
to the course of disease in the patient population, including Ct values, and explain

50.0% of the total variance among patient symptoms entered in the EMR.

Surveillance sequencing in 2021-2022

While RBD surveillance sequencing was in operation at AIHG from February to June
2021, 340 samples were successfully analyzed for key mutations and 175 presented
with genomic variation resulting in the N501Y substitution (point substitution
A23063T). The presence of N501Y in the sample population initially showed a
substantial rise in prevalence followed by a slow increase over several weeks before
establishing complete dominance (Figure 6). A portion of sequenced samples (n =
193) were processed on the multiplex Avera Institute for Human Genetics SARS-CoV-2
Assay resulting in an N501Y mean Ct of 20.892 (SE = 0.323) and non-N501Y mean Ct
of 20.638 (SE = 0.461) which is not significantly different (p = 0.652).
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Table 2: Factor analysis of symptom data for each patient (N = 101). The factor loadings for three
factors are provided for each symptom. Factor loadings highlighted in red indicate inclusion in
the symptoms defining the factor. Age (years), Ct value, and time of symptoms from collection
(days) present mean values and standard deviation (SD) of symptom entries featuring or not
featuring the factor defining symptoms. Welch's t-test was used to compare between entries
with or without symptoms for each factor for age, Ct value, and time from collection.

Value Description FACTOR1 FACTOR 2 FACTOR 3
Symptom
AGEUSIA Factor Loading 0.07630 0.84879 0.00741
ANOSMIA Factor Loading -0.07237 0.98144 0.14217
BODY ACHES Factor Loading 0.44289 0.00872 0.27408
CHILLS Factor Loading 0.64666 -0.05588 0.00520
COUGH Factor Loading 0.79605 -0.09785 -0.09405
DIARRHEA Factor Loading -0.11088 0.03941 0.72636
FATIGUE Factor Loading 0.58098 -0.07581 0.28421
FEVER Factor Loading 0.49645 011947 -0.12665
HEADACHE Factor Loading 0.42328 -0.00297 0.31913
NAUSEA Factor Loading -0.09410 0.05071 0.82634
SHORTNESS OF BREATH Factor Loading 0.62039 0.00230 0.02725
SINUS Factor Loading 0.55129 0.09970 -0.15811
Proportion Variance Proportion 0.228 0.144 0.128
Age (in years) P value 0.010 0.165 0.180
Entries featuring symptoms Mean (SD) 65.162 (14.3) 56.667 (14.6) 64.829 (14.7)
Entries without symptoms Mean (SD) 52704 (22.1) 62733 (17.9) 60.242(18.7)
Ct Value P value 0.893 om 0.392
Entries featuring symptoms Mean (SD) 22.089 (5.8) 19.942 (5.7) 21.337 (5.8)
Entries without symptoms Mean (SD) 21.890 (6.8) 22.401 (6.2) 22.406 (6.2)
Time From Collection for First P value 0.515 0.187 0.478
Entry (in days)
Entries featuring symptoms Mean (SD) 5162 (4.6) 6.267 (3.9) 4.457 (4.6)
Entries without symptoms Mean (SD) 4.296 (6.3) 4.698 (5.2) 5182 (5.3)
Time From Collection for Last P value 0.026 0.035 0.833
Entry (in days)
Entries featuring symptoms Mean (SD) 7.946 (4.8) 9133 (3.4) 6.943 (5.3)
Entries without symptoms Mean (SD) 4.778 (6.5) 6.744 (5.7) 7182 (5.6)
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After the Delta variant became the dominant variant of SARS-CoV-2 in the summer
of 2021, there were several months of no significant changes to variant prevalence.
The AIHG whole genome sequencing surveillance program was brought into routine
operation in November 2021 to begin testing a random selection of cases each week
to monitor the emerging Omicron variant. As expected, the first complete batches
of SARS-CoV-2 whole genome sequencing confirmed positive samples were entirely
comprised of the Delta variant. Following identification of the first Omicron variant
sample in mid-December, there was a dramatic shift to Omicron dominance over the
two subsequent weeks (Figure 7A). Samples from individuals who were confirmed to
carry Omicron have a similar distribution (Figure 7B) but a significantly lower mean
Ct value compared to Delta samples (20.834 vs 21.279 respectively; Welch's t-test
p = 0.0374) when tested using the multiplex Avera Institute for Human Genetics

SARS-CoV-2 RT-PCR assay.

4. DISCUSSION

Throughout the progression of the COVID-19 pandemic, there has been an increasing
demand for laboratory services to provide testing to not only patients in acute care,
but also large-scale screening efforts to mitigate spread of the virus. Laboratory
diagnostics have provided a valuable tool for both patient care and epidemiologic
monitoring of COVID-19. As a molecular genetics institute, AIHG laboratory operations
includes both clinical and research pillars, affectionately referred to as “cli-search”. As
a molecular genetics laboratory within a healthcare system, it was essential that the
available resources be implemented for genetic interrogation of biological samples
for the virus and its variants. As a result of the decision of the U.S. Department of
Health and Human Services to enable the FDA to provide EUA of diagnostic tests,
laboratories like AIHG were able to produce and validate LDTs in response to changes
in the testing demands of the communities they serve [8, 9]. Here we present findings
from retrospective analysis of SARS-CoV-2 diagnostic and surveillance testing
conducted at AIHG over the last two years and discuss applications of diagnostic

testing in response to future epidemics.

Findings from this retrospective analysis of COVID-19 diagnostic testing in 2020 have
demonstrated that changes in the presentation of Ct value for cases confirmed by

RT-PCR has a strong relationship with regional diagnostic positivity percentage
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and future demand for healthcare services. As presented in our analysis of weekly
diagnostic testing Ct values in our laboratory compared to state epidemiology data
in SD, decreases in the mean Ct value demonstrate a very strong relationship with
a two-week delay in hospitalization counts (R? = 0.856). Similarly, the weekly mean
Ct value also presents a strong exponential relationship with a four-week delay in
death data (R? = 0.854). This change indicates an increased prevalence of individuals
presenting to test collection closer to the time of peak infection with high viral loads

prior to a rise in demand for healthcare services.

Previous studies of the ancestral SARS-CoV-2 lineage have demonstrated a viral
shedding time of 10 to 30 days depending on several factors related to host immune
status including age, symptoms, comorbidities, and treatment [22]. Previous
reports have also indicated correlation between symptom onset and low Ct values,
presumably associated with increased viral load and infectiousness [23]. Our findings
showed that spread of viral particles during the incubation period was followed by
a rise in community infection over the following weeks. Cases identified through
routine screening are likely to be mild or asymptomatic at the time of sample
collection as the disease has not presented in a manner that necessitates seeking
out care. Consequently, asymptomatic cases at time of collection have previously
been shown to present with low viral loads and high Ct values [23]. This seemingly
indicates that consistent population screening serves as a baseline and increases
in testing of symptomatic cases, due to a rise in community infections, results in a
testing population shift toward lower Ct values. Therefore, we propose mean Ct value
may have important public health applications in evaluating if diagnostic screening

efforts are sufficient based on the current virus dynamics in the community.

Among the patients tested at AIHG in 2020, we examined clinical presentation
via COVID-19 symptoms documented in the electronic medical record (EMR). As
expected, co-presentation of symptoms was most prevalent in symptoms affecting
the same systems, such as sensory symptoms (ageusia and anosmia) as well as
gastrointestinal symptoms (diarrhea and nausea). This finding was recapitulated in
the factor analysis which grouped these symptoms into unique factors to explain
variation in the dataset. Symptoms common to respiratory viral infection such
as shortness of breath, cough, and fatigue were the most prevalent symptoms
reported following sample collection and present with a significantly increased

age demonstrated by factor 1. It is of interest that both factor 1 (respiratory viral
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infection symptoms) and factor 2 (sensory symptoms) present with a significantly
longer time of symptom documentation in the EMR compared to those without
these symptoms and may be indicative of a longer course of severe disease in these
patients. Examining patient population symptoms in relation to diagnostic RT-PCR
testing Ct values provides insight into the timing of severe symptoms relative to
the course of disease. For example, patients with ageusia or anosmia (factor 2)
in our sample population are generally younger, present with lower Ct values at
the time of testing and have a longer duration of symptom documentation in the
EMR. In contrast, patients with Gl symptoms (e.g. nausea and diarrhea) were more
prevalent the week prior to sample collection and present a tendency towards older
aged patients based on comparison of factor 3, warranting further investigation.
Applying these methods to a larger number of samples and access to additional
details regarding timing of symptoms and comorbidities would make this a useful
approach for further distinguishing different groups of symptoms and clinical
presentations among patients. Additional analysis including clinical outcomes and
treatments may also be able to indicate effective treatment strategies for different

clinical presentations of COVID-19.

SARS-CoV-2 variants of interest (VOI) and variants of concern (VOC) have since
diversified the presentation of SARS-CoV-2 across the globe, and genomic surveillance
has provided information on the trends of mutations and variants. The highly
transmissible SARS-CoV-2 VOC have presented with selective advantages resulting in
enhanced characteristics capable of outcompeting other circulating strains [24]. We
present findings from investigation of diagnostic real-time RT-PCR testing metrics
as they relate to the changes in SARS-CoV-2 variant prevalence over two critical
timepoints of variant transition. Among these is the N501Y mutation, specifically
located in the receptor binding domain of the spike protein, which increases the
affinity for the human angiotensin-converting enzyme-2 (ACE2) receptor [25, 26].
However, our study investigating the Ct values of sequenced samples during the
change from ancestral SARS-CoV-2 to N501Y (presumably Alpha) variants from
February to June 2021 does not indicate that this results in a significant change in
SARS-CoV-2 genomic material at time of collection. In contrast, the transition from
Delta to Omicron from November 2021 to January 2022 presents with a decline in
mean Ct values and a significant lower Ct among Omicron cases. This contradicts

findings from others indicating no difference in Omicron viral load compared to Delta
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[27, 28]. Interestingly, other studies have found symptomatic infection of Omicron
has a shorter incubation period than Delta, with less debilitating symptoms and a

shorter duration [29].

Based on these findings we propose that the community measure of Ct value
indicates changes in timing of sample collection relative to the course of disease
within the testing population. As samples in our study were collected from patients
for diagnostic testing, the patients first required a test order for sample collection.
Previous findings also indicate that symptomatic patients, especially with increased
symptom burden, are most likely to test positive via PCR [30]. An increased proportion
of individuals presenting to sample collection with symptoms or suspected infection
closer to peak infection would result in lowering the mean Ct value [31]. Noting the
decrease in cases in South Dakota during the time N501Y established dominance
in the summer of 2021 and substantial rise in cases during the transition to Omicron
at the beginning of 2022, the trajectory of case volumes in the community may
have significantly contributed to the presentation of Ct values. In this context, the
individual sample Ct values as a proxy for viral load may vary for a variety of reasons,
including sample timing or an increased risk of severe disease [32]; however, decrease
in aggregate Ct values may be caused by a population shift and necessitates further
investigation as a potential indicator of increasing case numbers. While genomic
surveillance to examine virus variants provides tangible evidence of virus changes in
response to selective pressures, the real-time data provided by diagnostic tests may
provide an early indicator that should be considered in monitoring the trajectory of

COVID-19 cases in a testing population.

While we were able to differentiate clinical presentations of COVID-19 and observe
trends in the community epidemiology data, there are still study limitations that
must be considered. First, AIHG testing for SARS-CoV-2 was initiated as the lone
provider of diagnostic testing within the Avera Health system but as resources
became available to provide testing in on-site clinical laboratories AIHG testing
became primarily used for routine testing due to the high-throughput platform. As
a result, few individuals who actively presented with severe disease as recorded in
the EMR had their samples processed at AIHG. The limited availability of records in
the EMR detailing specific symptoms and their timing further restricted the study
to a small number of individuals. We presume that small sample size and variation in

documentation practices of symptom data may have limited findings in our analysis
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of clinical presentation. For future emerging pathogens, we recommend strategic
planning to establish systematic documentation of clinical presentation to aid in
real-time investigation of trends in symptomology and relation with diagnostic
laboratory results. Another limitation is vaccination status at the time of collection.
In the U.S., the COVID-19 vaccines became widely available in 2021 and therefore
were not considered to influence the results of 2020 data. Vaccination status is not
considered to be a confounder in genomic surveillance results, but previous studies
have examined vaccination status in relation to clinical severity with SARS-CoV-2
variants [33]. Timing of infection relative to vaccination, the number of doses, and
effectiveness of the immune response to a specific variant may all influence the
viral load estimated by RT-PCR Ct values. Findings of significantly lower Ct values in
Omicron cases compared to Delta may be due to reduced vaccine efficacy in this
SARS-CoV-2 variant. Epidemiologic study of vaccination status and novel variant

transmission within a community is an area for further investigation.

The availability of a diverse portfolio of advanced molecular genetics techniques,
technical proficiency, and “cli-search” experience provided the tools needed for
AIHG to rapidly respond to the needs of the community through development of
SARS-CoV-2 diagnostic testing and genomic surveillance. Further study of trends
in the diverse symptom presentation of COVID-19 will provide valuable information
to aid in triage strategies and follow-up care for patients. In addition, while there
is insufficient evidence to support use of Ct values for individual clinical decisions
regarding COVID-19 [34], these findings provide support for further applications of
real-time RT-PCR diagnostic testing in public health monitoring during epidemics

of highly transmissible respiratory viruses such as SARS-CoV-2.
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SUPPLEMENTARY MATERIALS

22621 gaacaggaag agaatcagfElicEUboEEaCHECaEEaEECoeoEaEEEs attccgeate
22681 attttccact tttaagtgtt atggagtgtc tcctactaaa ttaaatgetc tctgctttac
22741 taatgtctat gcagattcat ttgtaattag ag

22801
22861
22921
22981
23041
23101
23161
23221 tgagtctaac aaaaagtttc tgecctttcca acaatttgge agagacattg ctgacactac
23281 tgatgctgtc cgtgatccac agacacttga gattcttgac attacaccat gttcttttgg
23341 tggtgtcagt gttataafEClcasdeacaaaTacEECraacIcagoEEgeEg ttctttatca
23401 ggatgttaac tgcacagaag tccctgttgc tattcatgca gatcaactta ctcctacttg

Supplemental Figure 1: Sanger sequencing nested PCR annotation on SARS-CoV-2 virus
genome, base positions 22621 - 23460. The binding sites for the initial PCR reaction are high-
lighted in pink, and similarly highlighted in blue are the sequences corresponding to the prim-
ers of the second PCR reaction. Highlighted in green is the sequenced region of interest.
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Supplemental Figure 2: Scatter plot and linear regression of the AIHG and SD state weekly
positivity (R? = 0.758).
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Supplemental Figure 3: Weekly AIHG PCR Ct mean data and SD hospitalizations data with a
zero-, one-, three-, and four-week delay after the PCR data were generated (R? = 0.740, 0.829,
0.795, and 0.758, respectively).
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Supplemental Figure 4: Weekly AIHG PCR Ct mean data and SD deaths data with a zero-,
one-, two-, and three-week delay after the PCR data were generated (R? = 0.0.525, 0.616, 0.724,
and 0.797, respectively).

Supplemental Table 1: Details pertaining to the components and reporter dyes of the probes
included in the AIHG SARS-CoV-2 multiplex PCR assay.

Manufacturer Component Oligonucleotide Sequence
N1 (FAM) Probe 5-FAM-ACC CCG CAT TAC GTT TGG ACC-BHQ1-3’
N1 Forward Primer 5-GAC CCC AAA ATC AGC GAA AT-3'
N1 Reverse Primer 5'-TCT GGT TAC TGC CAG TTG AAT CTG-3'
Integrated N2 (SUN) Probe 5-SUN-ACA ATT TGC CCC CAG CGC TTC AG-BHQI1-3'
DNA N2 Forward Primer 5-TTA CAAACATTG GCC GCA AA-3'
Technologies 5 peverse Primer 5'-GCG CGA CAT TCC GAA GAA-3’

RNase P (ATTO 647) Probe 5-ATTO647-TTC TGA CCT GAA GGC TCT GCG CG-BHQ-1-3'

RNase P Forward Primer 5-AGATTT GGA CCT GCG AGC G-3'

RNase P Reverse Primer 5-GAG CGG CTG TCT CCA CAAGT-3'
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Supplemental Table 2: This table details the possible outcomes from the AIHG SARS-CoV-2
Assay and the corresponding interpretation.

N1 N2 RP Result Interpretation

+ +

I+

SARS-CoV-2 detected

I+

If only one of the two targets is positive Inconclusive Result

- - + SARS-CoV-2 not detected

- - - Invalid Result

Supplemental Table 3: Quality control materials and the expected results. Failure in a control
is an indicator of a problem in the process described under the header “Used to Monitor”.

Control Type Used to Monitor N1 N2 RP Expected Ct Values

Substantial reagent failure
Positive including primer and + + + < 40.00 Ct
probe integrity

Reagent and/
Negative or environmental - - - None detected
contamination

Failure in lysis and
. extraction procedure,
Extraction X P . . - - + <40.00Ct
potential contamination

during extraction

Supplemental Table 4: Primers for Sanger sequencing of the SARS-CoV-2 spike protein receptor
binding domain located on the S gene. Note: M13 sequence tags are highlighted in red text.

Sequence PCR Reaction Direction
CAACTGTGTTGCTGATTATTCTGTC PCR1 Forward
CCTGGTTAGAAGTATTTGTTCCTGGTG PCR1 Reverse
TCTAAAACCACCCCCAGCTGTGATCGAAGTCACACAAATCGCTCC PCR2 Forward
CAGCCAAACACCTATCACCAACACCTGTGCCTGTTAAACCATTG PCR2 Reverse
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SUMMARY AND DISCUSSION

The central objective of this thesis is to investigate exposures to genetically
foreign material through quantitative measures of low concentration genomic
material in biological samples. | begin with examining the current knowledge on
the human health implications of natural chimerism, a biological manifestation
resulting in an individual with genetically distinct cell populations originating from
two or more unique zygotes. To further examine the chimerism phenomenon, |
conduct two studies in which | implement a high-sensitivity assay for the relative
quantification of Y chromosome through quantitative polymerase chain reaction
(PCR) in blood samples collected from females. First, | investigate the prevalence
of male microchimerism in a case-control study of Mayer-Rokitansky-Kuster-
Hauser syndrome. This is followed by a study of female members of twin families to
investigate the presentation of microchimerism both within and across generations.
During my Ph.D. trajectory, research projects were interrupted due to the emergence
of the Coronavirus Disease 2019 (COVID-19) pandemic, but new opportunities also
arose. The prior development and implementation of a high sensitivity gPCR assay
for detection of unique molecular genetic biomarkers for microchimerism proved
to be of great value for the design of molecular diagnostic tests necessary to rapidly
address the growing public health needs. Applying previous research and clinical
laboratory experience, | was able to translate this methodology for application in
the development, validation, and operationalization of a diagnostic real-time reverse
transcription PCR (RT-PCR) assay to detect severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2).

The studies described in this thesis collectively explore quantitative methods to
detect low concentrations of foreign genomic material and provide valuable details

about the biological implications concerning the larger population.

In this chapter, | present a summary of the findings for my research which are
described in detail in each of the preceding chapters. This is followed by a general
discussion of human chimerism, applications of nucleic acid quantitation, and
future perspectives on quantitative measures of genomic material in research and

healthcare.
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CHAPTER 2: CHIMERISM AND IMPLICATIONS ON HEALTH AND BEHAVIOR

The general understanding of human heritability is centered on the knowledge
of human reproduction, where the fusion of haploid gametes produces a diploid
zygote resulting in offspring that share one set of alleles with each parent. An
individual embryo will proceed to develop a diverse array of tissues and organs,
generally assumed to be comprised of cell populations that all originate from the
same common zygote. Some individuals, however, do not meet this assumption
as some of their tissues are composed of two genetically distinct cell populations.
While there are three primary forms of chimerism, the exchange of cells via the
placental vasculature has been suggested as the leading cause of natural chimerism
and commonly results in < 1% concentration of donor cells within the host, termed

microchimerism.

Chapter 2 provides an overview of chimerism through a systematic review of the
literature to date of publication. The primary purpose of this chapter is to provide a
comprehensive examination of chimerism literature, from which | compile findings
related to health implications and also derive observations for future investigation.
| begin by summarizing the various methodologies described in the literature and
examining the relative merits for the application of each method in the detection
and study of chimerism. Historically, chimerism had been discovered accidentally
due to discrepancies in clinical testing. Heterogeneous cell populations in collected
samples were first determined through less sensitive methodologies like routine
blood antigen typing in clinical laboratories when the sample contained a relatively
high concentration of the minor cell population (e.g. >10% in blood antisera testing)
[1]. More recent studies on chimerism were able to achieve detection of lower
concentrations of foreign DNA by applying molecular testing methodologies such as
fluorescent labeling and nucleic acid amplification to enhance sensitivity. Techniques
like real-time quantitative PCR and flow cytometry have provided essential tools to

better examine this phenomenon in low concentrations of heterogenous samples.

To understand chimerism in the context of disease or other associated health
disorders, studies applying the techniques for detection of chimerism have
investigated this phenomenon in both animals and humans. Developmental
disorders have been a consideration for chimerism research due to timing of
transplacental exposure to foreign cells and sensitive nature of fetal development.

Studies in humans as well as studies of nonhuman mammals including primates
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and murids, have provided evidence to support the occurrence of pregnancy-related
microchimerism in both the mother and offspring. Furthermore, chimerism between
twins can be found in the peripheral blood of cattle with freemartin syndrome, a
disorder resulting in an infertile female [2]. The freemartin phenotype in cattle has
been described as the result of anastomoses of placental vasculature resulting in
intrauterine transfusion between dizygotic opposite-sex twins [3]. Peripheral blood
exchange between the developing twins also results in female exposure to male
anti-Mullerian hormone during early development contributing to the pathogenesis
of freemartinism. In addition, the female co-twin is exposed to male cells resulting
in XX/XY (two cell populations with different sex chromosomes) chimerism [4].
Interestingly, disorders of sexual development with similarity to the freemartin
phenotype have also been described in several other mammalian species [5]. In
addition, reports of human disorders of sexual development have revealed XX/XY
karyotypes in cases of true hermaphroditism. | conclude that despite numerous
hypotheses presented, there is still much unknown about the mechanisms of mixed
cell populations in the etiology of true hermaphroditism in humans, partially due to

the rarity of the condition.

Further studies have examined chimerism in relation to complex disease such as
autoimmune disease and cancer. The evidence of transplacental chimerism as a
consequence of pregnancy in females suggests that the chimerism may contribute
to diseases found to be more prevalent in women. Numerous autoimmune diseases
have a female predilection, in addition autoimmune conditions including systemic
sclerosis and Sjogren’s syndrome have a similar clinical presentation to chronic
graft versus host disease [6-8]. These observations have supported the hypothesis
that exposure to foreign cells in chimerism, primarily as a result of pregnancy, is
a component of autoimmune disease etiology. Studies reported in the literature
have detailed detectable chimerism in association with several rheumatic and
thyroid autoimmune diseases. Similarly, juvenile autoimmune conditions including
juvenile idiopathic inflammatory myopathies and type 1 diabetes also demonstrate
associations with detectable maternal microchimerism. | outline how the
commonality of chimerism prevalence in several studies of diverse autoimmune
conditions continues to encourage further investigation of this pathogenic
hypothesis for chimerism in health. However, in my review | also found that there

are observations from other studies which contradict this pathogenic theory of

158



Summary and discussion

allogeneic cell populations in chimerism, primarily in studies of chimerism in cancer
diagnoses. Studies investigating prevalence of male microchimerism in the tissues
of women with papillary thyroid cancer have indicated a more attenuated disease
and better outcomes when compared to women with the disease but without male
microchimerism [9]. Similarly, findings from studies of breast cancer reveal reduced
prevalence of chimerism in the normal breast tissue of women with invasive breast
cancer diagnosis [10] and in peripheral blood of breast cancer cases. As a result, |
conclude that these findings in cancer patients with chimerism suggests that these
cells could also serve as sentinels mitigating tumor progression, thereby improving

prognoses and clinical outcomes.

The outcomes of the review in Chapter 2 demonstrate that the implications of
chimerism for human health may be remarkably complex. This underlying complexity
is illustrated by the diverse presentation of acquired allogenic cells in unique clinical
scenarios which are ostensibly mediated by the tissue microenvironment and host
immune response to foreign cellular material. It also shows that there is a need
to better understand the cellular mechanisms and interactions between the cell
populations which are involved in producing the protective and pathogenic effects
implicated in studies of chimerism. Furthermore, longitudinal studies of chimerism
are needed to better understand the timing of chimerism onset, changes to
microchimerism burden over the lifetime, and dynamics of chimerism concentration

during critical times of biological, developmental, and behavioral change.

CHAPTER 3: MALE MICROCHIMERISM AND MAYER-ROKITANSKY-
KUSTER-HAUSER SYNDROME

Mayer-Rokitansky-Kuster-Hauser (MRKH) syndrome is a disorder of sexual
development defined by failure of Mullerian structure development, resulting
in vaginal and uterine agenesis. MRKH syndrome is considered rare, affecting
approximately 1 in 5000 females [11], presents clinically with a normal female
(46,XX) karyotype and occasionally may present with additional renal or skeletal
malformations [12]. The MRKH syndrome presents an analogous clinical picture to
the freemartin phenotype described in cattle and other mammals. Indeed, human
twins can also exhibit intrauterine cell trafficking [13, 14] and a case report indicated
XY cells from a male co-twin in the blood of a girl with aplasia of the uterus [15].

Based on the similarity between these biological conditions, we proposed that a
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similar mechanism of intrauterine exposure to anti-Mullerian hormone (AMH) results
in the pathogenesis of MRKH syndrome and that this would be detectable through

persistent male microchimerism in adult patients.

A study is presented in Chapter 3 with the purpose of examining the prevalence
of male microchimerism as an indicator of prior exposure to male blood during
development in females with MRKH syndrome. For this observational case-
control study we recruited women diagnosed with MRKH from the Dutch patients’
association of women with MRKH and included controls with no history of cancer or
pregnancy from the Amsterdam University Medical Center. For both qualitative and
guantitative assessment of male microchimerism, | developed and implemented a
real-time gPCR assay to measure the total genome mass and male genome mass
using assays which target the B-globin (cellular control) and DYS14 (male target)

genes respectively.

Among the women tested, 11.3% had quantifiable measure of DYS14, indicative
of male microchimerism. However, the prevalence of male microchimerism was
significantly greater in the control group compared to the MRKH. Similarly, the
mean concentration in male genome equivalents (GEq) was significantly higher
in the control group compared to MRKH cases. Contrary to our hypothesis, these
findings do not lend support to male blood exposure as a source of AMH during early
embryological development and as a factor promoting MRKH pathogenesis. As the
significant difference favors the control group, this presents an intriguing finding in
relation to the prevalence of human microchimerism. A 17.2% prevalence of male
microchimerism among control participants with no history of pregnancy is in line
with previous findings of 13.6% in adolescent girls [16] and 13.3% in healthy null gravid

women (that is, women who were never pregnant) [17].

To investigate these findings of male microchimerism in more detail, | also explored
additional sources of chimerism that have been proposed, which include older male
siblings [16, 18], sexual intercourse [16], and blood transfusions [16, 19]. To consider
these additional sources, we performed post-hoc analysis of male microchimerism
status relative to having an older brother, blood transfusion, and reported history
of sexual intercourse. None of these proposed sources of male microchimerism

explained the difference in the distribution of individuals based on detectable male
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microchimerism, although there was a small proportion of individuals who tested

positive for male microchimerism in each group.

A significantly lower prevalence of measurable male genome in women with MRKH
syndrome in comparison to a healthy control population refutes the hypothesis of
increased male microchimerism in women with MRKH as a result of exposure to male
blood in early gestation. The significantly greater prevalence of male microchimerism
in the control group may imply that there were differences in exposure to male
cells through unrecognized pregnancies or additional environmental exposures in
this group. This study examined male microchimerism in a cohort of adult women
who may have been exposed to several other sources of male cells throughout their
lifetime. Itis likely that microchimerism is a consequence of several unique exposures
to sources of male genome including transfusion history, sexual intercourse, and older
male siblings in this population. The fact that | could detect male microchimerism
in my study populations provides additional support for male genome prevalence
in null gravid women and emphasizes the need for future studies to continue

unraveling the conditions that promote persistent chimerism in humans.

CHAPTER 4: MALE MICROCHIMERISM PREVALENCE IN TWIN FAMILIES
The bi-directional exposure to allogeneic cells during pregnancy for both the mother
and fetus has invoked many questions regarding exposures promoting persistent
chimerism. There is potential for all humans to have early life exposures in utero that
facilitate the onset of chimerism, while pregnancy in women is an additional known
source later in life [20-22]. This chimerism between generations has been supported
by measures of male cells in studies of maternal blood following pregnancy with
a male fetus [23, 24]. Multiples also present a unique potential for intrauterine
exposures with their co-twin, resulting in chimerism of cell populations within the
same generation. In a seminal study, van Dijk et al. reported 8% prevalence of blood
chimerism in 552 dizygotic twin pairs via detection of red blood cell antigens [14].
These findings have indicated several potential sources for donor cells within families,
including mothers, children and siblings as well as co-twins in cases of dizygotic
twins. There is interest in exploring transmission patterns of chimerism in families

to understand the most substantial contributors to persistent chimerism.

In Chapter 4, | expanded upon the study of twins introduced by van Dijk et al. [14] by

investigating patterns of microchimerism prevalence in two generations with a twin-
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family study design. Selection criteria for inclusion in this study were Netherlands
Twin Register adult female participants who had donated peripheral blood samples
and included monozygotic twins (MZ), dizygotic same-sex twins (DZss), dizygotic
opposite-sex twins (DOS), in addition to the mother and a non-twin sister of the twins.
The resulting 446 participants from 152 families were tested for male microchimerism
using the B-globin and DYS14 gPCR assay | developed and also applied in the study
described in Chapter 3.

In the samples tested, | measured detectable male microchimerism in 120 out of
the 446 women (26.9%). We first examined the findings in groups of participants
based on their relationship to the twins of the pedigree. In the subset of samples that
revealed detectable male microchimerism, participant groups presented with similar
median concentrations of male genome. Similar findings of male microchimerism
prevalence were found for females from same sex DZ (23.5%) and opposite sex twins
(27.4%), and singleton sisters (25.4%), while MZ twins (16.3%) presented with the
lowest overall prevalence. Our primary hypothesis for this study was that the shared
environment of DOS twins in utero would be related to increased prevalence of male
microchimerism in the female co-twins, but there was not a significant difference in
detectable male microchimerism in females of DOS twins compared to DZss twins.
Notably, the mothers of twins group presented with the greatest prevalence of
male microchimerism (38.7%). Further investigation revealed a positive relationship

between age and microchimerism.

Our study also aimed to understand how additional potential sources of male
microchimerism may influence the occurence of detectable male genome in the
study participants. | examined participants with male offspring, an older brother, or
both which did not reveal any significant differences compared to other women for
prevalence of male microchimerism. | investigated the influence of microchimerism
across generations and found that offspring fromm mothers with detectable male
microchimerism generally have a greater prevalence of male microchimerism (26.8%)
compared to the offspring of mothers with no detectable chimerism (17.6%). | also
examined the correlation between MZ twin pairs and first-degree relatives which did

not reveal any significant differences based on familial resemblance.

The findings from this study provide important context to the current understanding

of chimerism transmission within families. Microchimerism appears with notable
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frequency since just over a quarter of females in this population had detectable male
microchimerism in their peripheral blood samples. Despite our hypothesis due to the
shared timing and proximity to their male sibling in utero, female co-twins of DOS
twins are not at any greater risk of presenting with male microchimerism. The study
of several pedigrees has resulted in an examination of two generations for chimerism
to understand the role that age, time, and additional life experiences may play in
the occurrence of microchimerism. Comparison of participants in this twin pedigree
study revealed age as a significant factor in microchimerism prevalence. Additionally,
outliers with increased male microchimerism concentration revealed a significantly
lower age compared to other male microchimerism positive participants. These
findings suggest that persistent male microchimerism may be optimally preserved
at a low concentration, as | observed in the majority of microchimerism positive
samples. The outcomes of this study may be extended to further extrapolate
how additional experience and changes in biological homeostasis with increasing
age may facilitate long-term risks associated with prolonged exposure to foreign

allogeneic cell populations.

CHAPTER 5: DETECTION AND SURVEILLANCE OF SARS-COV-2

When the coronavirus disease 2019 (COVID-19) pandemic became a concern for
local public health, my experience with developing the assay for the detection of
male microchimerism in female samples directly informed the development and
methodology of a molecular diagnostic assay for direct detection of SARS-CoV-2
in upper respiratory samples. The Covid-19 test which we thus developed in the
laboratory at the Avera Institute for Human Genetics (AIHG) was implemented in
routine clinical diagnostics for the Avera Health system as samples were delivered

to AIHG from across the region for analysis.

In Chapter 5, | utilized the results for nearly 75000 patients tested at AIHG in 2020
using the diagnostic real-time reverse transcription PCR (RT-PCR) assay to determine
the additional epidemiological value for the monitoring of local dynamics and

community transmission.

While the test results for clinical diagnostic application were reported as exclusively
qualitative results (e.g. detected or not detected) the real-time RT-PCR test also
produces cycle threshold (Ct) values, a measure inversely proportional to the amount

of template material introduced into the reaction. Our primary aim here was to
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investigate how demand for healthcare services can be predicted by changes in
Ct value in the community over time. We found that the mean weekly Ct values
produced at AIHG were not highly predictive of epidemiological measures during
the reference week (that is, the week in which the samples were tested) but were
most predictive for hospitalization count two weeks following testing. Similarly, the
AIHG mean Ct values per week optimally predicted patient death count in South

Dakota with a four-week delay after testing.

In general, the symptoms of COVID-19 are similar to other respiratory diseases
which includes symptoms like cough and fever along with more unique symptoms
including ageusia (loss of taste) and anosmia (loss of smell). However, there is
significant variation in both the clinical presentation and severity of COVID-19
between individual patients, from asymptomatic infection to severe disease and
death. To contribute to the understanding of clinical variation between patients,
we investigated variation in symptom presentation over a three-week span around
the testing date. The symptoms reported by each patient were partially explained
(total variance explained = 50.0%) by three factors which could be categorized based
on symptom groups, including symptoms common to respiratory viral infection,
sensory symptoms, and gastrointestinal symptoms. Patients displaying each of
the symptom groups were examined for differences in age, Ct value, and timing of
symptom relative to collection. Interestingly, individuals who present with sensory

symptoms were generally younger with samples producing a lower Ct value.

The emergence of SARS-CoV-2 variants of concern (VOC) in late 2021 prompted AIHG
to develop and integrate a genomic surveillance program to monitor the variants
present in the testing population. | further inquired if Ct values of unique variants
differed in the population due to biological differences in transmissibility or virulence.
The transition from the ancestral strain of SARS-CoV-2 to strains presenting with
N5O01Y (presumably Alpha) in the spring of 2021 did not reveal any significant variation
in mean Ct value. In contrast, the Omicron VOC had a significantly lower mean Ct
compared to Delta during transition in the winter of 2021. These findings imply
that observed differences in Ct values of SARS-CoV-2 variants within a community
spanning a short window of variant transition may be reflective of viral dynamics
within the community, in contrast to exclusively a product of biological differences

of SARS-CoV-2 variants.
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In conclusion, Chapter 6 illustrates how low-level detection of genomic biomarkers
facilitated the development of a diagnostic assay in response to the COVID-
19 pandemic. Changes in the Ct values of a community reflect changes in the
transmission of the virus in the testing population and has implications in associated
hospitalizations and deaths associated with infection. The findings described in
this chapter further support the examination of real-time PCR data from routine
screening for highly transmissible viruses to provide real-time data on the dynamics

of local community transmission.

GENERAL DISCUSSION

This thesis details investigations on the exposure and presentation of small
populations of non-inherited genetic material from foreign sources. First, | examine
the chimerism phenomenon as a naturally occurring persistent exposure to foreign
genetic material in humans, discussing current details on the prevalence and clinical
implications. Next, | detail the diverse and growing applications of molecular testing
and nucleic acid quantification. Lastly, | conclude by providing insight into the future

of molecular quantitative measures in biomedical research and healthcare.

CHIMERISM AND HUMAN HEALTH

The occurrence of chimerism in humans has been under investigation for several
decades to better understand the etiology of the condition as well as the pathological
implications. A product of exposure to cells derived from another unique zygote,
the chimera has presented a conundrum for health sciences. Cases of chimerism
continue to go unnoticed and are only detected through investigation of testing
discrepancies. While blood type discrepancies in both animals and humans provided
the first indication of chimerism as a biological phenomenon, further discrepancies
observed in forensics and parental (paternity/maternity) testing have illuminated the
relevance of this condition in examining biological relationships. In one reported case,
a baby was born with an incongruent blood type (AB+) compared to the parents (A+
and A-) and the baby shared 25% DNA homology with the father, consistent with
an uncle relationship [25]. Humans are diploid organisms, thus genetic similarity
between parent and offspring is expected to be 50% as half of the alleles are inherited

by each parent. Further investigation confirmed the father to be a chimera with a

165



Chapter 6

minor genome of a vanishing twin. Other cases have investigated women whose
genetic profile did not correlate with that of their children, only to later discover that
they are tetragametic chimeras who gave birth to children with half of their genetics

obtained from the mother’'s vanishing twin [26, 27].

Nonetheless, these extreme cases of tetragametic chimerism are generally rare and
the most prevalent cases of chimerism have been found to present in the recipient
with a small concentration of the acquired allogeneic minor cell population. Exchange
of cell populations across the placenta during pregnancy can result in both fetal and
maternal microchimerism. Furthermore, studies in twins have revealed chimerism
to be a generally commmon occurrence. Pivotal research revealed 8% chimerism
in dizygotic (DZ) twins [14] and several reported cases of DZ twins as a result of
artificial reproductive technology presenting with monochorionic placentas [13]. This
emphasizes the growing need to further understand the biological implications
of this condition both in twins and the general population. Studies of both null
gravid and adolescent females have continued to provide evidence that history of
pregnancy is not fundamental to becoming a carrier of male microchimerism [16,
17]. As | have shown, further evidence of this comes from study of adult females
with no history of pregnancy who present with a significantly greater prevalence of
male microchimerism compared to MRKH cases. The mystery behind the source of
these foreign cell populations continues to plague researchers seeking to understand
the mechanisms of chimerism epidemiology and associated clinical implications.
Despite efforts to distinguish the different possible sources of male microchimerism
in female participants there has been challenges in tracing a clear common pattern

of inheritance.

Without a clear pattern of inheritance, the variance of natural microchimerism in
the population may have similarities to variance observed in complex diseases. The
field of genomics research includes untangling the complex relationship between
genetics and environment in complex human diseases, often by considering
the relative contributions of genetics and environment in the explanation of trait
variation. By examining concordance in twins, assuming equal environments, a
trait with greater similarity measured between MZ twins in relation to DZ twins
implies that there is a proportion of the overall variance for the trait that is heritable.
Additionally, both MZ and DZ twin pairs often share very similar environmental

conditions during development as they are commonly reared in the same living
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conditions referred to as common environment, making DZ twins the ideal ‘control’
group when interpreting the resemblance of MZ twin pairs for a trait. Individual
twins will also have experiences and exposures unique to each co-twin. These unique
environments are observed within the classical twin study by observing differences

within MZ twin pairs.

Microchimerism as a condition resides at a unique intersection of the genetic and
environment categories of variance, the condition itself may be dependent on both
the genetic relationship between two cell populations as well as the environment
which initiated the initial exposure and promoted persistence. Examining twin
and their family members across two generations, | did not discover a significant
difference in chimerism prevalence or concordance among MZ and same-sex DZ
twins. Although this suggests at best a limited heritability for chimerism, the more
complex relationship of the genetics between host and donor cells requires further
study and larger sample size to establish the genetic contribution to the development
and maintenance of persistent chimerism. Considering a possible liability threshold
model for persistent chimerism, these genetic and environmental factors may
collectively contribute to the individual’s liability for allogeneic cell populations to
graft and persist. Similarly, exposure to small concentrations of donor cell populations
in the host may induce a multitude of different biological responses with diverse
implications on disease liability, contributing to the complexities around associations

with various pathological manifestations and diversity in their clinical presentation.

Prior to the pedigree study in Chapter 4, researchers had yet to examine this
variance in chimerism as a phenotype. Interestingly, a study examining survival
in Danish women aged 50-64 years found a remarkably high 70% prevalence of
male microchimerism [28], compared to 38.7% | observed among the mothers of
twins with a median age of 59. Studies of population structure examine genetic
variation to explain genetic differences among a population and one such study in
Denmark found substantial homogeneity among the Danish population irrespective
of geographic location [29]. Reduced population structure as measured by genetic
variation may provide an advantage for persistent microchimerism within a
population if it promotes increased allele sharing between host and donor or reduces
allosensitization, thus reducing the potential for inducing an alloimmune response. In
this light, specific combinations of alleles, most likely related to the immune system

and immunoregulation, may facilitate persistent microchimerism. This is supported
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by evidence of transplantation success in HLA matching of host and donor for organ
transplantation. Indeed, comparison of shared and non-shared alleles between host
and donor may provide the most informative evaluation of chimerism, similar to

studies of non-inherited genetics [30].

As | have summarized from the literature of chimerism in Chapter 2, there is a
predominant interest in establishing the role of chimerism in disease etiology. Many
studies of complex diseases have used genome-wide association studies (GWAS)
as a study design to identify genes associated with particular traits. This design has
been used extensively in over 5800 publications producing over 390000 associations
to date (https://www.ebi.ac.uk/gwas/). In some studies, with very large sample
sizes, genome-wide association studies (CGWAS) and meta-analyses for complex
phenotypes have been able to establish numerous significantly associated variants
across the genome. Only recently, the largest GWAS meta-analysis on height found
12111 significantly associated genetic variants in 7209 associated loci which were
able to recover the entire heritability [31]. While the heritability for height could be
completely recovered, the heritability of complex diseases may have additional
underlying complexities contributing to variance. It Is possible that examining
the relationship between host and donor genetics may help explain some of the
missing heritability in complex diseases. | propose that the interaction between
allogeneic cells with different genotypes will result in host and donor dynamics
which contribute to disease pathogenesis. While the effects of chimerism on the
individual are environmental as they reside outside of an individual host's genome,
there are indeed genetic and host-donor genetic interactions which may contribute
to lasting effects in individuals with pathological implications as observed in studies
of chimerism in human disease. Similar to the GWAS hypothesis of “common disease,
common variant” [32], | hypothesize that the seemingly high frequency of chimerism

would also behave as a common environmental variable in complex diseases.

In Chapter 4, the study of chimerismn among twin pedigrees revealed an incomplete
concordance of male microchimerism between MZ twins. The observation of
incomplete concordance in MZ twin pairs is a common phenomenon in disorders
studied in MZ twins, rarely demonstrating a concordance greater than 50% [33].
As such, environmental differences as a result of prior exposure to allogeneic cell
populations in chimerism may further contribute to the variation observed in

some complex diseases via either pathogenic or protective mechanisms. If male
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microchimerism is transferred through the mother from another distant male
relative, such as an older male sibling, the offspring would require initial exposure
to these male cells to facilitate microchimerism onset. With the small population
of cells exchanged, it is likely that it is not a universal occurrence for offspring to be
exposed to the same cell populations. In addition, further studies of transplantations
have observed better outcomes in recipients when they receive tissues with
HLA incompatibility matching their non-inherited maternal HLA antigens for
transplantation compared to matching the recipient’'s non-inherited paternal HLA
antigens [34, 35]. As HLA genes encoding the HLA antigens are polymorphic and
comprised of many alleles, tolerance of non-inherited maternal antigens further
expands the potential alleles that one may be exposed to that may successfully
graft and persist. This could further explain how a homogeneous population may
increase prevalence of microchimerism. Immune tolerance may be a key regulator
of microchimerism prevalence within a population, largely dictated by the amount

of genetic variation.

Chimerism is a condition which has a long history of being induced via medical
interventions where tissues and even entire organs that are diseased or failing
can be replaced via the tissues or organs of another individual. These processes
of transplantation and transfusion have been well studied for implementation in
clinical practice since the early 20 century. In response to the challenge of transplant
rejection, a pioneer in transplantation, Erwin Payr, presented the theory that
transplantation could be improved “by artificially reducing the biochemical difference
between individuals” [36]. This laid the groundwork for the study of the complex
interaction between host and donor biology which enhanced transplantation
success and led to the practice becoming established as a treatment option in the

1960s.

During Georg Schéne's research into immunology to treat cancer in the early 20"
century, he first described “transplantation immunity” which caused the rejection
of transplants via the body's own immune system [36]. Indeed, it has also been
investigated if donor cells constituting chimerism are involved in the biology
surrounding cancer [37]. Studies in women have found chimerism to be less prevalent
in both the peripheral blood and breast tissue of breast cancer patients compared to
healthy controls, which has supported the theory that chimerism may be protective

[10, 38]. In addition, women with pregnancies complicated by preeclampsia, which
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increases cell trafficking between mother and fetus, were found to be at a reduced
risk of cancer mortality but had an increase in cardiovascular mortality [39]. Breast
cancer risk has also been demonstrated to be reduced in mothers of twins [40, 41]
which may be a consequence of high prevalence of microchimerism in mothers of
twins as shown in the study described in Chapter 4, though a definitive mechanism
has yet to be determined. This duality in relation to health and disease suggests
that chimerism may play the role of a biological double agent. These cells appear
to instigate a response from the host immune system resulting in autoimmune
disease and provide protection through suppression of cancerous cell proliferation.
My conjecture is that the protective effect of chimerism on cancer in certain tissues
may be maintained by keeping the immune system at a heighted state of activity
by low levels of foreign donor cells inadvertently interacting with the host immune
system. As such, the immunosurveillance activity of the immune system may aid in

the culling of pre-cancerous cells before the onset of disease.

This theory would further support the pathological hypothesis of chimerism as a
contributor to the etiology of autoimmune disease. A recent study found that women
with microchimerism containing a rheumatoid arthritis protective 5-amino acid motif
(DERAA) were 17.1 times more likely to develop rheumatoid arthritis, indicating a
pathogenic role for exposure to the foreign antigen [32]. By maintaining a persistent
low-level of chimerism in the host, it is likely that continued environmental exposures
to pathogens as well as biological changes associated with time and aging may
indeed contribute to a change in tolerance to the graft cell population. Perhaps when
the cell population crosses a theoretical threshold of prevalence, the host immune
system becomes actively responsive to the interlopers and mounts an adaptive
immune response against these allogeneic human cells. Due to the structural
similarity to other host cells, particularly with cells obtained from close family
members, this may induce an autoimmune response to eliminate the threat of the
donor cells in the host. Further investigation of the longitudinal change in chimerism
prevalence before and after the onset of autoimmune disease is needed to examine
if this is indeed a response targeting the foreign donor cells and to understand the

underlying mechanisms of this relationship.
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Examination of male cells presents limitations in this context as chimerism is not
sex specific but rather defined based on the zygote from which the cells derived.
It is of note that the H-Y antigen is a minor histocompatibility antigen present on
the nucleated cells of males but not that of females as the gene encoding the
antigen is located on the Y chromosome [42]. While this antigen is classified as a
minor histocompatibility antigen, it is possible that it may have implications in the
triggering of the immune system in cases of autoimmune disease in women. Hence,
the detection of male microchimerism in females may provide a stronger indicator
for disease risk based on an immune response, despite not measuring all instances
of human chimerism in these patients, including XX/XX chimerism. Many studies
have utilized the Y chrommosome as a unique indicator of chimerism in both humans
and animals. The Y chromosome has inherent value as a unique marker capable of
distinguishing between cell populations native to the host and those which originate
from another zygote. However, this also is a limitation as it only indicates if the cells
identified are of male origin and does not provide further context to whom these cells
may have originated from. There is need for future work to distinguish the specific
source of the donor cells found in a chimera. Development and implementation of
such methods will facilitate future investigation of the relationship between host and

donor genotypes as well as mechanisms of cell exposure, grafting, and persistence.

MOLECULAR DIAGNOSTICS AND NUCLEIC ACID QUANTIFICATION

Like the bond between twins portrayed in literature and film, clinical and research
laboratories present a duality, each serving a unique purpose in delivering scientific
data. A research laboratory is rich with the knowledge of and experience in using
modern tools for deriving innovative solutions to address complex questions,
producing new assays and techniques relevant to specific studies. Meanwhile, clinical
laboratories assist in patient assessment and diagnosis of clinical pathology by
specializing in the application of reliable high complexity test methods and delivery
of patient test results. While the fundamental principles behind the molecular
methodologies used in both clinical and research laboratories remain consistent,
there are substantial differences related to the application in unique laboratory
environments. Research laboratories apply molecular testing methods to investigate
the trends and characterization of associated biological mechanisms in research
populations for various traits. In clinical laboratories, molecular test data is valued

for aiding in disease diagnosis and informing treatment plans for individual patients
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based on associations derived from research. In addition, the services provided by
healthcare professionals in clinical laboratories are time-sensitive and necessitate
optimization of methods developed in research laboratories to meet the high-
throughput workflow requirements in the clinical laboratory environment. Together,
these two categories of laboratories have a symbiotic relationship, dependent on

each other for advancing science in healthcare.

Throughout my career, | have applied molecular methods in both a clinical laboratory
setting as a Medical Laboratory Scientist and in a research laboratory setting at the
Avera Institute for Human Genetics (AIHG) during my Ph.D. trajectory. | have observed
how these scientific tools provide immeasurable value to our understanding
of genetics while also inspiring new and diverse applications in the detection of
clinically relevant genetic variants and biomarkers. Molecular diagnostics has been
fundamental to facilitating modern clinical decisions through increased sensitivity
and throughput of advanced testing methodologies to detect biomarkers in the
genetic code of various organisms [43, 44]. The development of diagnostic tests to
detect infectious diseases has revolutionized the landscape of clinical microbiology
by streamlining testing workflows, enhancing sensitivity, and reducing time to
diagnosis. As clinically relevant microbes are often found at low concentrations
in samples collected from patients, these tests rely on the detection of unique
biomarkers specific to the genome of the organism of interest. The ability to rapidly
detect as little as a single copy of nucleic acid material from a pathogenic organism
in a background of human material within a sample has had profound implications

on healthcare quality when early detection is vital.

During my Ph.D. training, | was able to contribute directly to the relationship between
research and clinical laboratories. After | developed and implemented PCR assays
for the study of male microchimerism in females, there was growing demand for
molecular diagnostic solutions for the detection of SARS-CoV-2 infection for clinical
diagnosis and to assist public health officials in controlling spread of the virus
within the surrounding communities. The knowledge of highly specific tests for the
detection of low concentrations of biomarkers in the study of microchimerism was
directly translatable to the detection of the SARS-CoV-2 genome. In a coordinated
effort, the research staff at AIHG applied this prior experience to develop a RT-PCR
test method for the detection of low concentrations of viral genome in patient upper

respiratory samples. In addition, clinical laboratory personnel provided insight for

172



Summary and discussion

validation plans, optimized the testing workflow for high throughput testing, and
coordinated logistics for delivery of both testing samples and results. As a result
of this combined effort, the AIHG laboratory produced molecular diagnostic tests
that resulted in delivery of hundreds of thousands of test results for patients. Having
previous experience with PCR molecular genetic tests for low concentrations of
minor genomic populations was essential for the rapid development, validation, and
integration of this diagnostic test when patients and physicians needed a solution

to reduce time to diagnosis.

Similarly, clinical laboratories are specially focused on the timely delivery of clinically
relevant patient results and are generally not equipped to address additional inquiries
into the genomic surveillance of emerging pathogens. Epidemiologists rely on available
data to produce meaningful information to trace the dynamics of pathogens within
communities. When this information relies on the test data from molecular diagnostics
to evaluate changes over time, the use of test positivity as a single dimension of the
data provides limited perspective. Extensive expertise in sequencing techniques for
research applications and samples available on-site for SARS-CoV-2 testing made
it possible for AIHG to evaluate samples for virus variants and examine population
changes in variant prevalence while minimizing the delay in data availability. This
produced clear and timely evidence of genetic changes to the virus biology within
the community. Having sequencing capabilities available as a part of the research
repertoire at Avera Health provided a further advantage for the healthcare system to
monitor the changes in local SARS-CoV-2 variant composition in the testing population.
Without timely insight into the trends and dynamics of transmissible pathogens within
a community, it is increasingly challenging to both adequately manage policy changes
to address public health and manage the resources needed for testing and treatment.
However, there is inequal access to genomic surveillance across the globe, leaving
some with significant lag time in data to anticipate changes in the virus dynamics and
associated healthcare needs [45]. By increasing the availability of real-time measures
of viral dynamics in communities with limited resources, it likely possible to improve

mitigation practices and public health management.

There have been several hypotheses which consider that the measure of SARS-
CoV-2 virus particle burden (i.e. viral load, the concentration of viral particles) in an
individual may be closely linked to their disease severity [46, 47]. This is reasonable

given that other viruses such as influenza and HIV have frequently demonstrated an
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association between viral load and disease severity [48-52]. Furthermore, others have
suggested that differences in the biology of virus variants may result in changing viral
loads, with the viral load increasing as a product of improved virus transmissibility
[53, 54]. However, recent evidence has suggested that transitions in SARS-CoV-2
variant prevalence may not be linked to clear changes in the concentration of virus
present in collected samples [55]. Amplification of the material of interest via real-
time PCR not only provides a qualitative test of the virus genome in the sample
but also can provides quantitative insight into the relative concentration of foreign
genomic material in the original sample. This information has been applied in
diagnostic tests of blood-borne viruses such as hepatitis and HIV viruses collected
in blood specimens [51,52, 56, 57]. Quantitative measures have greater considerations
compared to qualitative tests including pre-analytic (e.g. collection quality) and
analytic (e.g. test performance) variables [58]. Variation in these categories may
produce erroneous results and inconsistency in clinical utility of the data generated
for individual patients. For example, homogenized liquid samples such as peripheral
blood will provide a generally consistent sample whereas swab collections may have
substantial variation in collection quality (e.g. difference in deep nasopharyngeal
and anterior nares collections as well as differences in the vigor and tenacity of the
collection). However, despite variation that may present in individual samples, |
detail in Chapter 5 that when quantitative measures derived during routine testing
in the population are taken together and examined for a cumulative change in
virus magnitude it is possible to observe changes related to the testing population.
Adding quantitative measures as an additional dimension to assess data available
from clinical laboratories may provide insight into changes in community disease

burden and associated public health needs.

The guantitative data produced by real-time PCR assays for SARS-CoV-2 has yet
to support their use in clinical decision-making. However, despite the caveats to
these measures due to collection method and analytical variation, Ct value has been
applied as a criterion for informing return to work policies. The findings | present in
this thesis provide a basis for examining magnitude of change in a population as a
measure for laboratories to monitor local change in transmission dynamics. Given the
location of South Dakota in the Midwest and a lower population density compared
to the coastal states, the timing of surges in case volume did not always reflect

the rest of the nation likely due to spatiotemporal variation between geographic
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regions of the nation [59]. However, despite the substantial variation in symptoms
among the patients diagnosed with COVID-19, examination of variance in symptom
presentation was able to reveal remarkable commonalities among patients with
different symptom groups in the patient population. Further studies examining
larger numbers of patients may be able to provide valuable information about the
symptom presentation and population specific variation in clinical presentation
among patients, better equipping public health agencies to address the specific
needs of the community. Thus, by examining data as it relates to specific testing
populations, we can produce more precise observations on virus transmission
and reduce reliance on generalizations by adequately accounting for variation in
environment and population characteristics. The means to examine this information
at the local level would be valuable for providing specific targeted information to

leaders in public health as it relates to their immediate jurisdiction.

FUTURE PERSPECTIVES

The knowledge and application of genetics in both health and disease continues
to expand at an appreciable rate. Through continued advancements in the
understanding of human genetic diversity and complex traits, the field of genomics
now extends beyond the detection of monogenic Mendelian diseases. Further
applications of genomic techniques have produced opportunities to better address
healthcare needs by developing sensitive diagnostics for the identification of
pathogens, and by improving time to diagnosis and treatment strategies. While the
field of genomics has found its place as a gold standard in many clinical applications,

innovation in the field continues to pursue opportunities to improve clinical care.

An emerging field of clinical application for genetics in clinical care is the use of a
patient’s unique genetic composition to make informed decisions, aptly labeled as
personalized medicine. Two recent innovations to enhance personalized medicine
include pharmacogenomics and polygenic risk scores. Through pharmacogenomics
a patient’s genotype can be used to establish their molecular proficiency for
metabolizing specific medications to determine which medication and dose may be
most appropriate for their care [60]. This is expediting the process for getting patients
on the most appropriate medication, reducing unnecessary stress and suffering for
the patient. In addition, there is growing interest in the application of genotypes to

provide a predictive measure of an individual's genetic predisposition to a given trait
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through polygenic risk scores. This quantitative measure of genetic risk combines the
effect size of associated alleles with an individuals inherited genotype to establish
the individual's risk for developing the condition relative to the population [61]. As
a natural progression to discussing family history alone, polygenic risk scores may
provide physicians with an objective measure of genetic risk for complex diseases
including cancer and heart disease and encourage increased preventative screening
for those at increased risk [62]. This provides a particular advantage for individuals
who may not have knowledge of predispositions from their biological ancestors, with
polygenic risk scores providing a valuable means of understanding their genetic
risks [63]. Integration of additional genomics test methods into routine practice will

provide tools to be able to provide the best care specific to the needs of the patient.

However, as studies in numerous traits and diseases have illustrated, genomics alone
does not provide a comprehensive explanation of variation in clinical presentation
and outcomes among patients. My work in this dissertation contributes new
observations of the chimerism phenomenon, supports findings of microchimerism
in null gravid women, and illustrates microchimerism persistence related to age.
| highlight in this thesis the importance of exposures to foreign genomes in our
environment, presenting another layer of complexity to our understanding of health
and disease. Both the principal exposure and specific combinations of major and
minor cell populations in an individual may have broad implications for a variety
of health-related traits. As previously demonstrated by observed significance in a
study of non-inherited parental alleles, genetics can also contribute to environment
variance [30] which in chimerism may present as non-shared alleles in the allogeneic
minor cell population. The genetic composition of both the host and pathogen may
be able to explain variation in disease pathology between individuals. Likewise,
exposure to foreign genetic material in the environment may facilitate diverse
biological implications in complex traits as a result of persistent exposure to non-
inherited alleles in chimerism. Future investigation of exposure to foreign genetics
in complex traits should examine associations of both non-inherited maternal
alleles in offspring and non-shared partner alleles in women to provide insight
into regions of genetic discordance contributing to disease variance. | perceive the
isolation of allogeneic minor cell populations and examination of donor genetic
characteristics in cases of chimerism as a critical step for investigations of non-shared

alleles across the genome and defining the mechanisms associated with health
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and disease. The added information by small populations of allogeneic cells may be
able to provide additional information on the complexities of allograft tolerance or
rejection. One such study examining host and donor pairs in hematopoietic stem cell
transplantation determined that a female sibling donor with a history of pregnancy
is at a lower risk for graft versus host disease compared to male unrelated donors
[64]. With added information pertaining to minor histocompatibility antigens and
triggers resulting in immune responses we may be able to further improve patient
health care through transplantation medicine and evaluation of microchimerism

associated pathologies.

The dynamics of SARS-CoV-2 and chimerism may display similar common relationships
regarding characteristics of transmission and time. Both of these phenomena are
of interest for understanding implications in individual health and transmission in
a population. Such studies of health and transmission require examination through
different levels of magnification, including both the study of cell concentration in an
individual as well as groups of affected people in a population. A common observation
through these studies of genomic concentrations is that timing of sample collection
is of critical importance and must be considered for future investigation of these
phenomenon to derive underlying complexities. Current studies of chimerism rely
on implied persistence associated with disease pathology which induces complexities
when using detection of chimerism as a biomarker for prior exposures. Utilization of
microchimerism as a biomarker, as applied in Chapter 3, is valuable as a long-term
marker of prior exposures; however, this only provides an examination of persistent
chimerism and does not account for effects from chimerism exposures which may
have been transient. In study of two generation twin families, | was able to observe
age-related association in chimerism prevalence but no discernable common source
for male cells. | believe that longitudinal studies examining changes in allogeneic minor
genomic concentrations over time will provide insight into biological changes related
to populations of foreign genetic materials. This introduces an inherent challenge
for researchers to devise studies to address these outstanding questions. Studies
in younger cohorts are needed to illustrate the implications and dynamics of host
response in early life, especially in chimerism as it relates to the juvenile autoimmune
diseases described in Chapter 2 and developmental disorders as in Chapter 3. Increased
importance in well-organized research programs with meticulously kept demographic

and phenotypic records with longitudinal specimen collection and biobanking will
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provide invaluable tools for understanding contributors to human health across the
lifespan. For this reason, future studies of chimerism in established twin registers will
be valuable as these have often carefully collected biological samples from twins and
their family members as well as curated datasets of phenotype data from follow-up
guestionnaires which can be used to investigate potential sources of chimerism and

association with future disease pathogenesis.

The landscape of scientific inquiry into human genetics continues to shift as more
information and knowledge become attainable. Quantitative measures of genetic
variation have become a primary focus of many scientists and clinicians to provide
better tools for understanding progression of human health and disease. Through
the collective study of the general population, disease cohorts, and nuclear families
it is possible for researchers to extrapolate meaningful conclusions on health and
disease from the complexities of the human genome and further understand the
implications of our unique environments. Future studies will rely on multi-omics
approaches to investigate the vast network of relationships driving human health,
including genomics, transcriptomics, metabolomics, and proteomics. Investigation
of these high-dimensional studies between genetically different cell populations
will be fundamentally complex but potentially rich with information pertaining to
underlying cellular mechanisms between host and donor. This may provide insight
into the variation observed in these studies of chimerism as well as the differences
in disease presentation found in COVID-19. Furthermore, epigenome studies will be
instrumental in understanding the lasting effect of these exposures. Recent discovery
of a unique MZ twin epigenetic signature highlights that events in fetal life can have a
lasting influence [65]. Future studies may be able to extrapolate if there are significant

epigenetic implications to genetic exposures across an individual's lifespan.

Finding answers to the complexities of human disease will depend on identifying
the diverse contributors to disease pathogenesis including the contribution of
non-inherited genetics to an individual's environment. The observations made
throughout this dissertation further illustrate the prevalence of exposures to foreign
genetic material and the potential of quantitation via molecular genomics tools to
help understand the characteristics of transmission in the population. Like polygenic
risk scores, the potential of quantitative measures includes additional insight which
may contribute to developing better screening tools and interventions to improve

patient care and overall health.
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Chapter 7

GENERAL SUMMARY

In this thesis, | outline my work describing exposures to low concentrations of
genetically foreign material via measures in biological samples. | begin by presenting
a systematic review of the literature as it relates to investigation of naturally occurring
chimerism including methods used to study the condition in health and disease
of both humans and animals. Next, | conduct two studies to examine natural
chimerism in human biology. The first study examines if chimerism as a biomarker
of prior exposure to male blood in utero can provide insight into the etiology of
Mayer-Rokitansky-Kuster-Hauser (MRKH) syndrome. The second study expands on
prior research on microchimerism in dizygotic twins and aims at elucidating the
prevalence and patterns of microchimerism acquisition in female family members
of twin pedigrees. This is followed by a study examining how quantitative measures
of a virus in samples collected for diagnostic testing can provide insight into the

epidemiology of Coronavirus Disease 2019 (COVID-19) in the population.
The following provides succinct summaries of the principal chapters of this thesis.

Chapter 2 presents a systematic review of literature related to investigation of
natural chimerism in both human and animal conditions. This chapter begins with
examination of several of the most prominent methods applied in the detection of
microchimerism, including blood antigen typing, karyotyping, polymerase chain
reaction (PCR) and fluorescent in situ hybridization (FISH). Each method presents
advantages and disadvantages due to the characteristics of the technique, although
the availability and sensitivity of PCR has made it one of the most prominent choices
for chimerism studies. Research of chimerism in the etiology of health and disease
has included studies in both humans and animals. Developmental disorders have
been implied to be influenced by chimerism exposure due to in utero transplacental
exchange. In cattle and other mammals, freemartin syndrome is a developmental
disorder that affects the female co-twin of opposite-sex dizygotic twins, and XX/
XY chimerism (two cell populations with different sex chromosomes) has been
observed as a result of the associated exposure to the blood of the male co-twin.
Studies in humans have been primarily focused on elucidating the role of chimerism
in common complex diseases such as autoimmune disease and cancer. Several
studies of autoimmune diseases which have a female predilection have discovered

an increased prevalence among cases, including rheumatic and thyroid autoimmune
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diseases. In contrast, studies in cancer have indicated chimerism to be reduced
in some types of cancer cases with chimerism associated with generally better
prognoses. Such contradictory findings for chimerism in disease suggest a complex
relationship between chimerism and disease pathology. Additional studies have
implicated chimerism in female-specific diseases including pregnancy related
complications. Further research into chimerism will necessitate identifying the origin
of donor cells in chimerism, examining the prevalence of chimerism in a population
and monitoring the longitudinal changes to chimerism burden to establish patterns
in health and disease. Addressing these outstanding questions will provide insight
into the understanding of chimerism risk in the population and intricacies of complex

diseases.

Chapter 3 focuses on a study of male microchimerism in relation to MRKH syndrome.
The MRKH syndrome phenotype has been known to share similarity to freemartinisim
in other mammals. The principal factor contributing to the etiology of freemartinism
in cattle has been determined to be exposure to hormones of a male co-twin via
the placental vasculature, also inadvertently producing XX/XY chimerism in the
fermale. This study investigates if a similar pathophysiological mechanism would
explain the pathology observed in women with MRKH. To investigate this, a case-
control study was conducted to examine the prevalence of male microchimerism
as a persistent biomarker in women with MRKH and a control population of women
with no history of pregnancy or cancer. A high sensitivity quantitative PCR assay was
developed for relative quantification of male genome mass by Y chromosome gene
DYST14 compared to total genome mass through measure of B-globin. The samples
tested revealed a greater prevalence of male microchimerism in the control group
compared to MRKH cases (17.2% vs. 5.3%) as well as a larger mean concentration of
male microchimerism in the control group (71.8 vs. 2.3 male genome equivalents
per one million cells). While the results do not support the hypothesis of exposure to
male blood in the pathogenesis of MRKH syndrome, these results derived from adult
participants do not definitively exclude this explanation. In addition, the findings of
this study present an interesting observation of a large proportion of women in the
control group with detectable male microchimerism suggesting the need for further

research into the source and mechanisms of persistent microchimerism.

Chapter 4 details a study to investigate how male microchimerism permeates

within two generations of twin pedigrees. As observed in the previous chapter,
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women with no history of pregnancy still present with a notable prevalence of male
microchimerism. This study examined if characteristics within a family increase the
prevalence of male microchimerism, including having a male co-twin, older brothers,
or sons. Participants from the Netherlands Twin Register (NTR) were selected if
peripheral blood samples were collected for female twins, a non-twin sister and their
mother for each pedigree. The extracted DNA from 446 females was tested using
the male microchimerism assay for relative quantification of male genome described
in Chapter 3. In total, 26.9% of women in the study presented with detectable male
microchimerism with the greatest prevalence in the older generation, that is the
mothers of twins (38.7%). This finding also coincided with a positive relationship
between age and detectable male microchimerism. Additionally, monozygotic
twins and same sex dizygotic twins had similar concordance in detectable male
microchimerism. There was no significant difference in the concentration of
chimerism for each type of family member relative to the twins. However, outlier
samples with >80 male genome equivalents per one million cells were related to
patients with a significantly lower age compared to others with detectable male
microchimerism. There was no significant difference in male microchimerism
prevalence related to individuals having male family members in the pedigree
including male co-twins, sons or an older brother. These results contradict our
primary hypothesis but emphasize additional underlying complexities in variance
in the chimerism phenomenon. Overall, the findings of this study illustrate that
microchimerism is a coommon phenomenon with substantial complexity in variation
between individuals. Understanding these mechanisms may provide valuable insight

into the contribution of microchimerism to other common complex diseases.

Chapter 5 evaluates the application of quantitative measures of minor genome
concentration in examining the epidemiology of a respiratory virus during the
COVID-19 pandemic. The microchimerism assay applied in the preceding chapters
provided valuable insight for the development of a diagnostic assay for the detection
of low concentration of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) viral genome against the background of human genetic material. The assay
developed and implemented in clinical diagnostic testing at the Avera Institute for
Human Genetics was a real-time reverse transcription PCR (RT-PCR) assay including
detection of two viral genome targets in addition to a human control target. This

diagnostic assay received Emergency Use Authorization from the United States
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Food and Drug Administration early in the pandemic response and results from
74479 tests conducted between March and December 2020 were included in
our study of epidemiological characteristics. Weekly mean Cycle threshold (Ct)
values strongly correlated with weekly hospitalizations in South Dakota (SD) with a
two-week delay and with deaths four weeks after testing. Further examination of
patient symptom data for 101 patients showed symptoms could be reduced to three
factors which described groups of symptoms including respiratory virus symptoms,
nervous symptoms, and gastrointestinal symptoms. Patients with documented
symptoms related to the three symptom groups also revealed variation in additional
characteristics such as lower age and lower Ct values in patients with nervous system
symptoms (ageusia and anosmia). With the emergence of SARS-CoV-2 variants of
concern, | worked with the team at the Avera Institute for Human Genetics to develop
and integrate a genetic surveillance program for detecting newly emerging SARS-
CoV-2 mutations and variants. Investigation of diagnostic testing quantitative data
as Ct values with SARS-CoV-2 variants presented no significant difference between
non-N501Y (ancesteral SARS-CoV-2) and N501Y (presumably Alpha) but Ct values did
differ significantly between Delta and Omicron. These findings provide real-world
data to examine how population measures in a clinical laboratory may change as a
result of changing viral dynamics within the community which may be able to inform

public health in preparing for changing demands in health care services.

Chapter 6 provides a comprehensive summary of the preceding chapters, followed
by a discussion of the central themes and overarching topics described throughout.
| present perspectives on chimerism as a condition, the factors contributing to
variance in chimerism presentation in the population, and a discussion of the
ways in which mechanisms of host and donor immunotolerance may inform our
understanding of disease pathophysiology. Following this, | examine how research
applications of molecular testing methods are able to inform clinical applications
for molecular diagnostics and provide insights for monitoring pathogen dynamics
through quantitative measures across a testing population. Finally, | present my
thoughts on the future landscape of genetics and associated quantitative measures
for improving overall health. Here | highlight emerging applications of genetics in
clinical care, opportunities presented by study of host-donor cellular interactions
and discuss the need for both longitudinal and multi-omics studies to evaluate the

broad implications of biological exposures.
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