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ABSTRACT

Pregnancy imposes unique physiological challenges, requiring the maternal body to undergo
substantial immunological, hormonal, and metabolic adaptations. While these changes are
essential to support a successful pregnancy, their underlying molecular mechanisms remain
incompletely understood. Pregnancy zone protein (PZP) is a large plasma glycoprotein whose
concentration markedly increases during pregnancy, yet its biological importance remains
largely undefined. Although PZP is closely related to well-characterised alpha-2-macroglobulin
(a2M), emerging evidence suggests that differences in their quaternary structures and bait
region underlie distinct functional roles. Unlike a;M, PZP has been largely overlooked in the
literature. However, a small body of research suggests that PZP may contribute to pregnancy-
associated maternal adaptations, including processes that are dysfunctional in preeclampsia
(PE), a leading cause of maternal and neonatal morbidity and mortality. A consensus on the

relationship between circulating PZP levels and PE risk remains elusive.

This thesis aimed to characterise the putative functions of PZP in pregnancy by performing in
vitro analyses of PZP-protease interactions and their functional consequences (Chapter 2).
Additionally, maternal plasma PZP concentration was assessed in relation to maternal and
neonatal characteristics, including pregnancy outcome, across multiple independent cohorts
of pregnant women (Chapters 3 & 4). PZP was first purified from human pregnancy plasma - a
technically challenging and time-intensive process. Subsequent in vitro analyses
demonstrated, for the first time, that PZP forms a stable complex with chymase and that their
interaction does not inhibit the ability of chymase to cleave its endogenous substrate,
angiotensin | (Angl), to generate angiotensin Il (Ang 1), a peptide implicated in the pathogenesis
of hypertension. Flow cytometry analysis showed that co-incubation of PZP with chymase
promoted the binding of putative PZP-chymase complexes to lipoprotein receptors on BeWo
and SH-SY5Y cells, suggesting that receptor-mediated endocytosis is important for PZP’s ability
to modulate chymase activity. Comparative analysis with a;M highlighted mechanistic
differences in their effects on chymase, consistent with their divergent quaternary structures

and ability to sterically hinder protease access.

To explore the biological importance of PZP in a physiological setting, maternal plasma PZP
concentrations were quantified in three independent late pregnancy cohorts (Chapter 3). The

novel finding that parity significantly affects PZP concentration prompted further analysis in

v



two large, independent nulliparous cohorts (Chapter 4). Among nulliparous women, plasma
PZP concentration was associated several maternal characteristics, including age, ethnicity,
gestational age, smoking status, and BMI. Notably, higher circulating maternal PZP
concentration was associated with hypertensive disorders of pregnancy, particularly in women

with a BMI <25 kg/m?.

Collectively, the findings presented in this thesis support a distinct, context-dependent role for
PZP in modulating protease activity during pregnancy. The functional divergence between PZP
and a;M underscores the need to recognise PZP as a distinct biological entity, rather than a
redundant analogue. By providing new knowledge regarding this enigmatic protein, this thesis

offers new insight into the molecular systems that underpin maternal adaptation to pregnancy.
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CHAPTER 1:

INTRODUCTION



1.1 Overview

Proteins are complex macromolecules that play essential roles in nearly all biological
processes. Secreted proteins (also known as extracellular proteins) are those released into the
peripheral blood circulation or the local extracellular environment, where they perform diverse
functions (Uhlén et al., 2015). Compared to the cytosol, which contains a highly complex
mixture of proteins, extracellular fluids have a relatively simple composition. Despite this, the

secretome, and the functional roles of its constituent proteins, remain poorly defined.

Secreted proteins play a role in maintaining systemic homeostasis, transporting nutrients, and
coordinating immune responses, among many other functions. Constitutively expressed
proteins are typically involved in processes essential for normal function and tissue
maintenance. Conversely, the concentrations of other proteins fluctuate in response to
biological stimuli. For example, tissue injury and/or infection triggers increased acute phase
protein concentrations in blood plasma. Additionally, the composition of biological fluids
varies with age, and during pregnancy (Romero et al., 2017, Tarca et al., 2022, Labbadia and
Morimoto, 2015). In part, this may be explained by the low grade, systemic inflammation that is
present in the elderly and in those who are pregnant (Franceschi et al., 2000, Jarmund et al.,
2021, Dutta et al., 2024). However, we currently lack a complete understanding of the

underlying mechanisms by which major changes to the plasma proteome occur.

A pertinent example is pregnancy zone protein (PZP), a component of blood plasma and other
biological fluids that is markedly upregulated in humans during pregnancy. Maternal plasma
PZP levels are reported to increase from trace amounts under non-pregnant conditions to
become one of the most abundant plasma proteins by the third trimester of pregnancy (Ekelund
and Laurell, 1994). Despite this tremendous investment by the maternal body, the underlying
reasons for the upregulation of PZP during pregnancy remain elusive. Due to the limited number
of in vitro studies characterising the functions of PZP, clues about its potential biological role
have been inferred from the highly studied, closely related protein alpha-2-macroglobulin
(a2M). This chapter provides an overview of the structure and function of the aM protein family,
with additional detail provided regarding a;M and PZP. A summary of major pregnancy-induced
physiological changes is then given, followed by the introduction of preeclampsia (PE), a
pregnancy complication in which maternal PZP has previously been studied, although its

contribution to disease pathology is yet to be defined (Ekelund and Laurell, 1994, Fosheim et



al., 2023, Horne et al., 1972, Griffin, 1983, Armstrong et al., 1986, Blumenstein et al., 2009, Liu
etal., 2011).

1.2 oM protein family

aMs are large multidomain plasma proteins that have diverse functions but are predominantly
known as protease inhibitors. In part, their functions are determined by the quaternary
structure of the protein which may be tetrameric, dimeric or monomeric (Rubenstein et al.,
1993, Devriendt et al., 1989). For example, the quaternary structure of a:M, a tetramer, enables
it to efficiently trap protease substrates and sterically hinder their access to larger substrates
(Sottrup-Jensen, 1989). On the other hand, despite sharing the key feature of a reactive
thioester bond, dimeric and monomeric aM proteins are less effective as protease inhibitors
(Nielsen et al., 2022, Jensen and Stigbrand, 1992, Rubenstein et al., 1993). Additionally, the
functions of aM proteins are influenced by conformational changes that are triggered by
reaction of the liable thioester bond with proteases or small amine containing compounds

(Reddy et al., 1994, Bjork and Fish, 1982).

Proteins from the aM family have ancient origins and are found in a wide range of organisms,
including mammals, reptiles, amphibians, chondrocytes, fish, birds (Rubenstein et al., 1993),
cephalopods (Thggersen et al., 1992), and arthropods, (Spycher et al., 1987, Armstrong et al.,
1991, Sottrup-Jensen et al., 1990, Sekiguchi et al., 2012). These proteins are even found in
bacteria, hypothesised to have been captured from metazoan host genes and subsequently
spread by horizontal gene transfer (Budd et al., 2004). The existence of aM family proteins in
such a broad range of organisms supports the conclusion that they are important components
of the innate immune system and share a common evolutionary origin with the C3 and C4

complement proteins (Sottrup-Jensen et al., 1985).

Though aM proteins are widely conserved across many organisms, care must be taken when
interpreting results from animal studies in the context of human biology. This is particularly true
for studies in rodents. For example, in humans a;M is a tetramer, whilst PZP is a dimer (Sottrup-
Jensen, 1989), whereas murine a;M and PZP are both tetrameric and the predominant aM is
monomeric murinoglobulin-1 (MUG-1) (Bernhard et al., 2007). Expression patterns also vary,
with human a;M constitutively expressed and PZP typically undetectable in blood plasma
under normal conditions (Sottrup-Jensen, 1989, Ekelund and Laurell, 1994). Conversely, mice

have high plasma PZP concentrations and barely detectable a:M (Bernhard et al., 2007). This



may be attributed to the fact that, in mice, PZP is the broad-spectrum protease inhibitor, whilst
in humans this role is performed by a;M (Krause et al., 2019). This suggests that a,M and PZP
may have opposing functions in mice compared to humans. As another example, in
marmosets, a;M-like protein 1 (aoML1) is significantly upregulated during pregnancy, rather
than PZP - as observed in humans (Kashiwagi et al., 2020). This highlights the need for caution

when generalising data from animal models to the human context.

The following section provides relevant background information on the structure and function
of a;M and PZP, beginning with a,M - the most extensively characterised aM family member —
to contextualise the current structural and functional models of PZP. Considering the centrality
of PZP to this thesis, a more detailed review of the literature relevant to PZP is subsequently

presented.

1.2.1 ozM

a:M is the foremost representative of the aM protein family and has been highly studied since
its discovery. As the largest major non-immunoglobulin plasma protein, a:M is constitutively
abundant in human biological fluids. It can be purified from human blood plasma via a
straightforward chromatography process with relatively high yield, a feature that has facilitated

the ability to extensively characterise its functions in vitro.

1.2.1.1 Structure

In humans, a;Mis a 720 kDa protein comprised of four identical subunits. Each 180 kDa subunit
contains 1,451 amino acid residues and during post-translational modification eight
asparagine residues are glycosylated via the addition of glucosamine-based oligosaccharide
groups that vary in charge and size (Sottrup-Jensen et al., 1984). The amino acid sequence
encodes several distinct domains, including seven macroglobulin-like (MG) domains, a
C1r/C1s, Uegf, Bmp1 (CUB) domain, a receptor binding domain (RBD), thioester domain (TED),
and bait region domain (BRD) (Marrero et al., 2012) (Figure 1.2.1A).

The intricate native fold of a;M is stabilised by eleven intrachain disulfide bridges (Jensen and
Sottrup-Jensen, 1986) (Figure 1.2.1B). MG1-6 create a compact, ellipsoidal right-handed super-
helix, with the extended and flexible RBD inserted into MG6. The C-terminal portion consists of
domains downstream of MG6, with MG7 acting as a hinge to close the MG1-6 super-helix and
connectitto the CUB domain (Marrero et al., 2012, Luque et al., 2022). The TED, situated within

the CUB domain, forms a six-fold a-propeller structure, creating a thick disk-like shape. The
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reactive B-cysteinyl-y-glutamyl thioester bond within the TED is formed between cysteine and
glutamine side chains (Luque et al., 2022). Finally, the C-terminal domain is the RBD, which
contains a cryptic receptor binding site (Huang et al., 2022, Luque et al., 2022, Marrero et al.,

2012).

To attain its quaternary structure, a,M monomers are covalently linked via two interchain
disulfide bridges in the MG3 and MG4 domains to form dimers (Jensen and Sottrup-Jensen,
1986, Marrero et al., 2012). These dimers then non-covalently associate to complete the 720
kDa native tetramer. In this tetrameric structure, each monomer has a disulfide-linked, vicinal,
and opposite monomer (Figure 1.2.1C), resulting in a unique cage-like structure with four large
openings (Luque et al., 2022). Notably, the thioester bond, which is critical to a:M’s function as
a protease inhibitor, is shielded by large hydrophobic side chains within the native tetramer to
prevent premature proteolytic hydrolysis. The RBD is also buried in the native tetramer,
surrounded by the CUB domain, TED, and MG7, thereby regulating its interaction with receptors
(Marrero et al., 2012, Luque et al., 2022) (Figure 1.2.1B).

In biological fluids, a;M is predominantly present in its native tetrameric conformation,
however, its diverse functions are linked to its ability to adopt alternate conformations. Firstly,
a;M may exist in a more compact, electrophoretically fast form, known as transformed,
activated, or ‘fast’” a:M (Figure 1.2.1D) (Bjérk and Fish, 1982, Luque et al., 2022). This
conformation exposes the previously buried thioester and RBD which allows a;M to trap
proteases and interact with receptors for clearance (see Section 1.2.1.2 for a detailed
description of this process; Feldman et al., 1985a, Huang et al., 2022). a;M can also take a
dimeric form, which is induced by molecules such as hypochlorite (OCL) that rapidly oxidises
the methionine residues situated at the interface of the non-covalently linked dimers causing
them to dissociate (Reddy et al., 1994, Reddy et al., 1989). Hypochlorite-modified human a;M
dimers exhibit increased exposed surface hydrophobicity (Wyatt et al., 2014), which likely
underpins the distinct functionality of dimeric a,M compared to tetrameric a;M. As immune
cells are known to produce large amounts of hypochlorite, this has been suggested as an
important regulator of a;M function during inflammation, though further in vivo studies are

needed to confirm the biological relevance of the findings generated by in vitro approaches.
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Figure 1.2.1: Models of human a,M structure derived using cryo-electron microscopy.

(A) Known functional domains, with flanking residues and disulfide bonds shown, for one a;M subunit. Thioester and bait-region insertion sites are also shown, with N-linked
glycosylation sites (arginine residues) depicted by black triangles. Reproduced with permission from Huang et al. 2022, licensed via RightsLink (licence number 5987900893168).
(B) Illustration of domain organisation within one subunit of native a,M (adapted with permission from Dr. JR Castdn, corresponding author, and licenced under Creative
Commons CC BY-NC-ND 4.0). (C & D) Density map of the (C) native and (D) transformed a,M tetramers. Colour coding aligns with (A). Monomer 1 has a disulfide-linked (2), vicinal
(3), and opposite (4) monomer. Reproduced with permission from Huang et al. 2022, licensed via RightsLink (licence number 5987900893168).
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1.2.1.2 Function

A contemporary view is that a;M is a highly multifunctional protein that plays a role in many
biological processes, including participating in innate immunity. Nonetheless, a;M is
predominantly known for its ability to bind to a wide range of proteases, regardless of their
structure, source, or catalytic mechanism. Each a;M tetramer can bind up to two proteases,
highlighting its efficiency as an inhibitor (Sottrup-Jensen, 1989, Travis and Salvesen, 1983). The
mechanism by which a;M inhibits proteases does not involve direct inactivation of the
protease, rather binding to a,M traps proteases within a steric cage that is inaccessible to large
substrates. This process begins when a protease cleaves the flexible, solvent exposed bait
region of a:M, contained within the BRD. Proteolytic cleavage of the bait region triggers a
conformational change in the corresponding a:M monomer subunit, thereby exposing the
thioester bond which is typically buried within a hydrophobic pocket (Huang et al., 2022, Luque
etal., 2022). Exposure of the a;M thioester allows it to react with a nucleophile-containing side
chain on the protease substrate, thereby forming a transformed a,M-protease complex

(Sottrup-Jensen et al., 1980, Luque et al., 2022, Huang et al., 2022).

In addition to trapping proteases, the conformational change associated with reaction of the
a;M thioester also exposes a receptor recognition site for the multifunctional cell-surface
receptor low density lipoprotein related receptor 1 (LRP1) (Luque et al., 2022, Huang et al.,
2022). Once the receptor binding site is exposed, LRP1 facilitates rapid clearance of the
transformed a;M-protease complex Interestingly, the LRP1 binding site may also be exposed
by small nucleophiles, such as methylamine or ammonium chloride, which can react with the
a;M thioester bond independent of bait region proteolysis and induce a similar compact
transformed conformation (Bjork and Fish, 1982, Sottrup-Jensen, 1989). Thus, a;M can
efficiently regulate extracellular proteolytic activity and control many other biological
processes by facilitating clearance of non-covalently bound ligands (discussed further below).
Following internalisation by LRP1, transformed a.M-protease complexes are delivered to
lysosomes for degradation (Hanover et al., 1983, Maxfield et al., 1981, Tycko and Maxfield,
1982).

Beyond its role as a protease inhibitor, a,M noncovalently binds to a wide range of structurally
diverse ligands. This characteristic of a;M is reflective of its ancient origins, which preceded the
evolution of many specialised proteins. For example, a,M has been shown to bind growth

factors (Asplin et al., 2001, Crookston et al., 1994, Arandjelovic et al., 2007), cytokines (Gonias



et al., 2000, LaMarre et al., 1991), misfolded proteins (Wyatt and Wilson, 2013, Yerbury et al.,
2009, Hughes et al., 1998), hepcidin (Peslova et al., 2009), and apolipoprotein E (Krimbou et al.,
1998). In many cases, these ligands preferentially bind transformed a,M (Wyatt et al., 2013a,
Frenchetal., 2008, Narita et al., 1997, LaMarre et al., 1991, Wollenberg et al., 1991), suggesting
that a;M regulates their activity by facilitating their clearance from biological fluids via an LRP1

mediated pathway.

While the clearance of transformed a,M and its bound ligands via LRP1 is well characterised,
less is known about the ability of hypochlorite-modified dimeric a:M to act via a similar
mechanism in vivo. In vitro studies suggest that hypochlorite-modified a,M dimers also bind
LRP1, albeit with reduced affinity (Wyatt et al., 2014, Wu et al., 1997). This alternative clearance
pathway may be particularly important during inflammation, when levels of hypochlorite are
markedly elevated. Interestingly, although reaction with hypochlorite can induce the formation
of adimeric LRP1-recognised form of a;M, it concomitantly reduces the binding of transformed
tetrameric a;M to LRP1 (Wu et al., 1997). This supports the idea that during inflammation
hypochlorite-induced modification plays a key role in regulating the functions of a:M. The

complexity of this system is yet to be fully elucidated.

The distinct ligand binding preferences of transformed and dimeric a;M have important
implications for the molecular cargo that is being cleared from circulation. In vitro studies show
that hypochlorite-modified a:M dimers are unable to trap proteases (Reddy et al., 1994, Reddy
et al., 1989) and, compared to the native tetramer, have reduced binding affinity for certain
growth factors including B-nerve growth factor, platelet-derived growth factor-BB, and
transforming growth factor p1 (TGF-B1) and B2 (TGF-B2) (Wu et al.,, 1998). Conversely,
hypochlorite-modified a;M tetramers show increased affinity for the acute phase, pro-
inflammatory cytokines tumor necrosis factor alpha (TNF-a), interleukin (IL) -2, and IL-6 (Wu et
al., 1998). This suggests that during inflammation, hypochlorite-induced dissociation of a;M
into dimers may aid in the transition from tissue damage to repair by enhancing the clearance
of pro-inflammatory molecules, and concomitantly reducing the binding of a,M to molecules
needed for tissue repair. Furthermore, hypochlorite-modified dimeric a;M has been shown to
possess greater chaperone activity in vitro compared to the native a,M tetramer (Wyatt et al.,
2014). Given the increased likelihood of protein misfolding during inflammation, a,M may also
act as animportant hypochlorite-activated chaperone, helping to mitigate the accumulation of

misfolded proteins in the extracellular space under conditions of exacerbated physiological
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stress. Overall, these findings highlight the versatile and multi-functional nature of a;M, and its

importance in a wide range of biological processes.

1.2.1.3 Regulation and expression

Firstisolated in 1946, the gene for human a;Mis located on chromosome 12p12-13 (Matthijs et
al., 1992), clustered with a number of a,M-related genes, including PZP (Devriendt et al., 1989).
Major and minor transcription sites have been identified downstream of a possible TATA-box in
the liver, lung, and uterus. Notably, the liver appears to possess an additional minor
transcription initiation site, and multiple hepatic promoter 1 sequences, suggesting a liver-
specific mechanism of expression (Matthijs et al., 1992). The 5’ flanking region also contains

putative IL-6 and dexamethasone responsive elements (Matthijs et al., 1992).

Work done as part of the Human Protein Atlas revealed the major tissue types expressing a,M
(normalised as fragments per kilobase of exon per million mapped fragments) include the lung,
bladder, liver, smooth muscle, and gallbladder (Uhlén et al., 2015). In terms of single cell
expression (transcripts per million), hepatocytes, endothelial cells, and adipocytes are major
sources of a;M (Karlsson et al., 2021). As a secreted protein, a:M is predominantly found in
blood plasma, where concentrations in healthy adults typically range from 1 — 4 mg/mL and
remain relatively stable under normal physiological conditions (Petersen, 1993, Sottrup-
Jensen, 1989, Wang et al., 2014). a;M is also found in other biological fluids, such as synovial
fluid and cerebrospinal fluid, however, this is at much lower concentrations than those in blood
plasma/serum (Wang et al., 2014, Gupta et al., 2019). The rate of clearance of a;M from
biological fluids differs depending on whether it’s in the native (not receptor recognised) or
transformed (receptor recognised) conformation. In both mice and baboons, it has been shown
that transformed a;M is rapidly cleared following injection into the bloodstream, with a half-life
of 2-4 min for mice (Imber and Pizzo, 1981) and 30 min for baboons (Martos et al., 2018). In
mice, native a;M remains in circulation much longer, with a half-life of several hours (Imber and
Pizzo, 1981). The half-life of native a;M was not assessed in baboons but it is intuitive that

transformed a,M is cleared more rapidly than native a;M in primates too, including humans.

In humans, lifestyle and demographic characteristics have been shown to influence the
concentration of a:M in biological fluids. It has been reported that plasma a;M concentration
negatively correlates with age in Caucasian (Birkenmeier et al., 2003) and Thai (Rugsarash et
al., 2006) populations. This finding is consistent with an earlier study that reported 212 times
higher serum a;M concentration in infants compared to adults (Ganrot and Scherstén, 1967).
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Sex also impacts a;M levels, with females consistently reported to have significantly higher
plasma a:M compared to males (Ganrot and Scherstén, 1967, Birkenmeier et al., 2003). Dietis
another factor reported to influence a;M concentration (Pongpaew et al., 1994, Pongpaew et

al., 1991, Rugsarash et al., 2006).

The role of a:M in various disease states has been widely studied and is comprehensively
reviewed by Lagrange et al. (2022), Vandooren and Itoh (2021), Rehman et al. (2013). Perhaps
the most extensively researched area is the relationship between a;M and Alzheimer’s disease
(AD). The amyloid beta peptide (AB), a major constituent of brain plaques in AD, co-localises
with a;M (Chen et al., 2017, Van Gool et al., 1993). a;M can inhibit AB aggregation and facilitate
its clearance, attenuating the neurotoxicity of AB (Wyatt et al., 2013a, Yerbury and Wilson, 2010,
Fabrizietal., 2001, Laueretal., 2001, Kang et al., 2000), and elevated plasma levels of a;M have
also been reported in AD (Varma et al., 2017, Shi et al., 2021). These findings reflect potential
disease-induced changes in a;M concentration and support a mechanistic link between a:M
and AD pathology. However, the genetic link between a,M and AD risk remains a subject of
debate. Some studies indicate polymorphisms in the A2M gene are associated with AD risk
(Mariani et al., 2006, Saunders et al., 2003, Qiu et al., 2023), while others report no association
(Blennow et al., 2000, Chen et al., 1999, Wavrant-DeVrieze et al., 1999, Chen et al., 2014). Meta-
analyses suggest a complex relationship, providing evidence that polymorphisms may be
associated with AD risk but only in certain sub-populations (Xu et al., 2013, Zhang et al., 2023a).

Further research is needed to fully elucidate the role a:M may play in AD aetiology.

Alterations in a;M concentration have been reported in several other disease states. For
example, increased levels of a;M have been reported in the saliva and serum of patients with
diabetes (Feng et al., 2015, Yoshino et al., 2019). Elevated serum a;M has also been associated
with greater severity of cirrhosis and fibrosis (Naveau et al., 1994) and increased intra-articular
inflammation in osteo arthritis (Zhu et al., 2021). These associations suggest that upregulation
of a;:M could be a compensatory response to decrease extracellular protease activity or
modulate signalling pathways in these disease contexts. Supporting this idea, a,M variants
engineered to target specific proteases have been shown to have a chondroprotective effect
and reduce degeneration of cartilage when injected into the synovial fluid of the knee (Zhang et
al., 2017). On the other hand, a;M is reportedly decreased in inflammatory bowel disease and
pancreatitis (Brown et al., 1980, McMahon et al., 1984). A negative correlation between serum

a:;M levels and flow-mediated vascular dilation has also been reported which may reflect an
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association between serum a;M levels and endothelial dysfunction in patients with

cardiovascular and chronic stroke risk factors (Shimomura et al., 2018).

Pertinent to the focus of this research on pregnancy, recent reports indicate that a,M
concentrations are elevated in maternal serum during the second and third trimesters of
pregnancies complicated by early onset PE (EO-PE) (Wang et al., 2023). However, the more than
50% decline in a;M levels over the course of uncomplicated pregnancies has not been reported
previously in longitudinal analyses of the human pregnancy proteome (Romero et al., 2017,
Tarca et al., 2022). Although the specificity of the ELISA used to measure serum a:M could not
be confirmed, the use of polyclonal antibodies for other assays within the same paper raises
concerns about ELISA specificity and potential cross-reactivity with PZP. In a subsequent
manuscript by the same authors, overexpression of a,M in smooth muscle cells of uterine spiral
artery walls in patients with PE was posited to promote its pathology. This effect was reportedly
alleviated in a rat model of PE by inhibiting LRP1 (Huang et al., 2025). While a monoclonal
antibody was used for flow cytometry and immunohistochemistry, the forward and reverse
primers used to detect a,M mRNA were reportedly identical and complementary to a sequence
in the PZP gene, raising serious concerns regarding the specificity of this analysis and the

validity of the conclusions drawn.

1.2.2 PZP

PZP is a quantitatively important pregnancy-associated plasma protein in humans. Despite its
abundance in maternal plasma during pregnancy, few in vitro studies have focussed on
characterising the activities of PZP, which has historically been considered less important than
its closely related counterpart, a;M. This assumption is largely because, compared to a,M, the
protease trapping action of PZP is more restricted, less effective, and less efficient. Highlighting
the marked discrepancy in the amount of research focussed on these proteins, a database
search of the title and abstract of English papers for PZP (“PZP” OR “pregnancy zone protein”
OR “pregnancy-associated alpha2-glycoprotein” OR “pregnancy-associated alpha 2 globulin”
OR“pregnancy associated alpha 2 macroglobulin”) returned 906 and 434 results between 1967
and 2025, from the SCOPUS and PubMed databases respectively. In stark contrast, a search
for a,M with similar parameters ("alpha-2-macroglobulin” OR “a2M” OR “alpha-2M” OR “alpha
2 macroglobulin") returned 8,052 results between 1957 and 2025 in SCOPUS, and 5,632 results
from 1958 to 2025 in PubMed. Although PZP was first identified in 1959 (Smithies, 1959), 13
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years after the first identification of a:M in 1946 (Cohn et al., 1946), there remains a striking

disparity in the volume of research conducted on these two proteins.

The discovery that dissociation of the native a;M tetramer into dimers yields a functionally
distinct molecular species prompted researchers to reconsider the importance and potential
functions of PZP, which exists natively as a dimer (Wyatt et al., 2014, Wu et al., 1998). Current
literature supports the view that, while retaining protease inhibitory activity, PZP is a highly
multifunctional protein whose properties more closely resemble those of the a,M dimer.
Emerging evidence supports the idea that PZP fulfills important roles not only in pregnancy but
also during pregnancy-independent inflammation. This section summarises existing
knowledge on the structure, functions (pregnancy-dependent and -independent), regulation,

and expression of PZP.

1.2.2.1 Structure

In humans, PZP is a 360 kDa homodimer, comprised of two identical 180 kDa subunits that are
covalently linked by interchain disulfide bridges. Each subunit of PZP contains 1,482 amino
acids residues and is glycosylated at eight conserved asparagine residues, with an additional
two potential glycosylation sites identified (Devriendt et al., 1991). Initial studies demonstrated
that there was a high degree of homology between partial sequences of PZP and a;M (Sottrup-
Jensen et al., 1984). This was later confirmed by cloning full length human PZP cDNA, which
revealed that PZP and a;M share 71% identical amino acid residues, with complete
conservation of cysteine residues (Devriendt et al., 1991). Notably, the bait region sequences
of PZP and a;M are non-homologous. The PZP bait region is 10 amino acids longer than that of
a:M (39 versus 49 residues, respectively) and contains more proline and glycine repetition. The
bait region of PZP contains 13 unique residues, compared to 15 in a;M, and is less charged,
with only 3 charged residues versus 9 in a;M (Sottrup-Jensen et al., 1989). The shorter, more
charged, and diverse nature of a,M’s bait region allows for versatile interactions and a greater
number of potential protease cleavage sites, giving it a broader protease substrate spectrum

compared to PZP.

Although the structure of PZP is not as well characterised as the structure of a,M, they are
known to share many characteristics including MG domains, an RBD containing an LRP1
recognition site, a BRD, a thioester group, and a signal sequence (Sand et al., 1985) (Figure
1.2.2A). The highly conserved domain structure between PZP and a,M suggests that the overall
structures of their individual subunits are likely very similar and our best estimate of PZP’s
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tertiary structure is based on cryo-EM images of native a;M (Luque et al., 2022) (Figure 1.2.2B).
Despite the high degree of similarity between PZP and a;M, it is important to note that their
native quaternary structures differ in humans. Predictions of the PZP tertiary and quaternary
structures using AlphaFold (Varadi et al., 2021, Jumper et al., 2021) and AlphaFold Multimer
(Evans et al., 2022) support the conclusion that PZP’s quaternary structure is very similar to

that of an axM dimer (Figure 1.2.2B-E).
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Figure 1.2.2: Structure of human PZP based on in silico modelling.

(A) Schematic of known functional domains of PZP predicted by InterPro (EMBL-EBI) with bait region domain (BRD), bait region, thioester domain (TED), thioester, and receptor
binding domain (RBD) amino acid residue positions indicated. Black inverted triangles and amino acid residue positions indicate sites of glycosylation. MG indicate the
macroglobulin-like domains. (B) Cryo-EM structure of native a,M, with disulfide linked dimers shown in red and green, is the current best estimate of PZP quaternary structure.
Reproduced from Luque et al., (2022), licensed under Creative Commons CC BY-NC-ND 4.0. (C) Structure of a PZP monomer predicted by AlphaFold with per-residue model
confidence scores (pLDDT). Regions below 50 pLDDT may be unstructured in isolation. (D & E) Structure of the PZP dimer predicted by AlphaFold Multimer from two different
angles as indicated by axes at left of each structure.
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1.2.2.2 Function

Consistent with acting as a protease inhibitor, cleavage of PZP within the bait region exposes a
reactive thioester bond that forms a covalent link between PZP and the protease via reaction
with a nucleophilic sidechain. During this process PZP adopts an electrophoretically fast
conformation that can bind to LRP1 (Chiabrando et al., 2002, Sanchez et al., 2001). While small
nucleophiles such as methylamine can react directly with the thioester bond and induce the
electrophoretically fast conformation of PZP (Christensen et al., 1989), cleavage of the bait
region is required to expose the receptor-binding site and cannot be achieved by methylamine
treatment alone (Jensen and Stigbrand, 1992, Carlsson-Bosted et al., 1988). Furthermore,
compared to a;M, treatment with the same concentration of methylamine generates a smaller

proportion of the electrophoretically fast PZP species (Jensen and Stigbrand, 1992).

While tetrameric a:M can bind two proteases per molecule and form an effective cage-like
structure for steric hinderance, dimeric PZP forms a far less effective steric cage and can only
bind one protease (Sand et al., 1985, Christensen et al., 1989). In vitro, a second PZP molecule
may be recruited to a PZP-protease complex to form a tetrameric cage resembling a:M
(Christensen et al., 1989, Sand et al., 1985). Whilst this increases steric hinderance of the
protease, it is not an efficient process (Figure 1.2.3). Furthermore, while a handful of human
protease substrates have been identified for PZP in vitro (Table 1.2.1), its bait region differences
confer a narrower specificity, relative to a:M (Devriendt et al., 1991, Sand et al., 1985, Sottrup-
Jensen et al., 1989). Porcine elastase (Sand et al., 1985), bovine trypsin, and bovine a-
chymotrypsin (Sand et al., 1985, Christensen et al., 1989) have also been identified as
substrates for PZP. However, considering these proteases are primarily found in the digestive
tract, their spatial separation from fluids containing high concentrations of PZP makes them

unlikely in vivo substrates.
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to that of a;M.

Native a,M (720 kDa)

Native PZP (360 kDa)
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Figure 1.2.3: Simplified diagram showing the differences in protease trapping activity of o.M and PZP.

(A) Native tetrameric a;M can bind 2 proteases and form an effective cage-like structure around them to sterically
hinder protease activity. (B) Native dimeric PZP can bind one protease, with a less effective steric cage compared to
oM. (C) If available, a free PZP dimer may be recruited to a PZP/protease complex to form a tetrameric cage, similar

Table 1.2.1: Human protease substrates for a;M and PZP based on the results of in vitro studies.

Protease aM PzpP Location References

Tissue kallikrein v v Pancreas, kidney, urine, saliva (Arbelaez et al., 1995)

Tssve plasminogen || L endothelial clls (sinchez ctal, 2001,

Matrix ‘ v v Primarily ECM but can be found throughout (Arbeldez et al,, 1997)

metalloproteinase 2 the body

Matrix . v v Primarily ECM but can be found throughout (Arbeldez et al,, 1997)

metalloproteinase 9 the body

Plasma kallikrein v x Plasma (Arbelaez et al., 1995)

Plasmin v x Serum (Arbelaez et al., 1995)
(Arbelaez et al., 1995,

Thrombin v x Serum Steiner et al., 1985,
Sand et al., 1985)

Urokinase v x Urine, blood, ECM (Arbelaez et al., 1995)

Mannose-binding

lectin-associated v x Serum (Paréj et al., 2013)

serine protease

ECM — extracellular matrix.
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Pregnancy-associated functions

During pregnancy, PZP is significantly upregulated (Ekelund and Laurell, 1994) but the reasons
for this remain unclear. A small number of pregnancy-relevant protease substrates for PZP have
been identified, such as tissue plasminogen activator (tPA) and tissue kallikrein (Arbelaez et al.,
1995, Sanchez et al., 2001, Sanchez et al., 1998). However, there are more efficient inhibitors
for these proteases which suggests that protease inhibition is unlikely to be the sole
explanation for PZP’s upregulation. Considering that constitutively abundant a,M (Petersen,
1993, Sottrup-Jensen, 1989, Wang et al., 2014) efficiently inhibits all known classes of human
proteases, the importance of PZP’s marked upregulation remains enigmatic. Supporting the
notion that a;M and PZP are functionally distinct, pregnant women with low PZP levels do not

compensate by upregulating a,M (Cater et al., 2019).

A possible role for PZP could involve the stabilisation and disposal of misfolded proteins.
Consistent with this idea, in vitro results demonstrate that human PZP has more efficient
holdase chaperone activity compared to native a:M (Cater et al., 2019). Furthermore, it has
been shown that PZP forms stable complexes with the AD- and PE-associated AB peptide in
vitro, thereby preventing fibril formation (Cater et al., 2019). Considering that pregnancy is a
life-stage that involves chronically elevated physiological stresses that can promote protein
misfolding, intuitively, maternal adaptations, such as PZP upregulation, may have evolved to
mitigate this challenge. However, further research is needed to determine whether the
chaperone activity of PZP is cytoprotective, and to elucidate the importance of this function in

the context of pregnancy.

PZP is also suggested to have importantimmunomodulatory functions and has been shown to
bind CD3 on T-cells, thereby inhibiting their activation and reducing IL-2 production, a pro-
inflammatory T-helper 1 (Th1) cytokine (Saito et al., 1990). Greater inhibition of activation-
induced T-cell proliferation has been observed when PZP acts synergistically with glycodelin A
(GdA, also known as placental protein 14), for which it is a non-covalent carrier. Furthermore,
PZP-GdA complexes inhibited the production of IL-2 to a greater extent than PZP alone, whilst
having minimal effect on IL-4, an anti-inflammatory Th2 cytokine (Skornicka et al., 2004).
Further, a negative correlation between GdA and PZP in the decidual stroma between 9 and 13
weeks of gestation has been reported in women with recurrent miscarriage (Lob et al., 2021), a
condition characterised by elevated Th1 cytokine expression compared to healthy controls

(Kwak-Kim et al., 2003, Lim et al., 2000). Together, these findings suggest that the synergistic
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action of PZP and GdA may be important for attenuating the Th1 response in early pregnancy

and preventing adverse pregnancy outcomes.

Pregnancy-independent functions

Independent of pregnancy, PZP is reportedly associated with a wide range of disease states,
suggesting a generalised role in stress response and immunomodulation. For example,
knockout of PZP in breast cancer cell lines results in enhanced cell proliferation, colony
formation, and migration (Kumar et al., 2021). Upregulation of the TGF-B/SMAD signalling
pathway is implicated in this process. Whilst the mechanism by which PZP knockout leads to
increased TGF-B/SMAD signalling is currently unknown, TGF-B is a reported ligand for both PZP
(Philip et al., 1994) and a;M (LaMarre et al., 1990, O'Connor-McCourt and Wakefield, 1987). It
is possible that the normal role of PZP is to control TGF-f signalling by facilitating its clearance.
Also supporting a role for PZP in controlling cancer progression, overexpression of PZP in
hepatocellular carcinoma cell lines significantly inhibited cell proliferation, invasion and
migration (Wu et al., 2021). Furthermore, positive correlations between PZP expression, and
neutrophil and macrophage levels in hepatocellular carcinoma (Su et al., 2020) and lung
adenocarcinoma (LAC; Chen et al., 2023a) have also been reported. In this scenario, it is
plausible that PZP is upregulated in response to the pro-inflammatory environment and is being

synthesised locally by immune cells.

Supporting localised production of PZP by immune cells, the sputum from patients with
bronchiectasis reportedly contains concentrations of PZP that exceed those of serum by at
least 10-fold (Finch et al., 2019). This suggests that inflammatory cells including neutrophils,
monocytes, and eosinophils, are major sources of PZP during inflammation (Finch et al., 2019).
Whilst PZP has not been directly shown to possess antimicrobial activity there was a strong
positive correlation between bacterial load and PZP in sputum from bronchiectasis patients
(Finch et al., 2019). One explanation for the importance of PZP in neutrophil extracellular traps
(NETs) could be that PZP promotes the antibacterial action of T-cells, further supporting the
idea that PZP regulates T-cell function in pregnancy. Alternatively, subtilisin (from Bacillus
subtilis) has been demonstrated as a protease substrate for PZP (Sand et al., 1985) so it is
plausible that PZP may attenuate bacterial infection by directly inhibiting the activity of

bacterial proteases.
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Whilst most studies suggest a protective role for PZP in innate immunity, it is postulated that
PZP may exert detrimental effects in specific pathological contexts. For example, double
knockout (DKO) of PZP and MUG-1 in mice protected them against mortality induced by West
Nile Virus (WNV) infection (Krause et al., 2019). DKO mice had lower levels of inflammatory
mediators and a reduced interferon (IFN) response (Krause et al., 2019). Interestingly,
transformed a;M has been shown to bind dengue virus (similar to WNV), enhancing infectivity
and preventing heat damage to the virion in vitro (Huerta et al., 2014). It could be speculated
that PZP may also enhance infectivity by facilitating endocytosis of WNV via LRP1. However, as
previously noted, differences between murine and human aMs necessitate further human-

specific studies to investigate this hypothesis.

Another potential role for PZP is in regulating cellular senescence. In a study of human
fibroblasts, PZP transcription was significantly upregulated in response to DNA damage or
upon entry into senescence (Hu et al., 2023). While cellular PZP levels in senescent fibroblasts
were ~10-fold lower than in non-senescent cells, the conditioned media surrounding the
senescent cells contained around 5-fold higher levels of PZP compared to growing cells,
suggesting that PZP is actively secreted during senescence (Hu et al., 2023). Additionally, PZP-
depleted pregnancy serum was shown to inhibit senescence, whereas immunoprecipitated
PZP reduced cell proliferation and promoted spontaneous senescence. Although the
mechanisms underlying the association between PZP and senescence remain unclear, several
pathways have been implicated. One potential mechanism involves TNF-a, which induces
senescence and upregulates IFN response genes in human umbilical vein endothelial cells
(HUVECSs) (Kandhaya-Pillai et al., 2017). PZP reportedly contains an IFN response element
(Tayade et al., 2005), suggesting that its expression may be regulated by IFN signalling.
Additionally, PZP has been shown to induce P38 MAPK signalling in BAT (Lin et al., 2021), a
pathway known to induce senescence in fibroblasts (Wajapeyee et al., 2010). These findings
suggest that PZP may contribute to senescence through multiple mechanisms but further

research is necessary to fully elucidate these pathways.

1.2.2.3 Regulation and expression

In humans, the PZP gene encodes a 4,609 base pair cDNA sequence with a single open reading
frame (Devriendt et al., 1991) and can be found mapped to chromosome 12 (12p12-13), along
with a;M and a;ML1 (Devriendt et al., 1989). Human PZP is presentin biological fluids including

synovial fluid, cerebral spinal fluid, and blood plasma (Gobezie et al., 2007, Glzel et al., 2020).
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Whilst PZP is expressed by a range of tissues including the uterus, brain, kidney, ovary, and
placenta, the liver is considered the main site of PZP synthesis (Tayade et al., 2005), except
during inflammation where high levels of PZP are synthesised by immune cells (Finch et al.,
2019). PZP expression has been reported in several placental structures, including the villous
endothelium and mesenchyme, syncytiotrophoblasts, blood vessel walls (Lin and Halbert,
1976), extra villous trophoblasts and some decidual cells (Lob et al., 2022, Lob et al.,
2021).Furthermore, fibrous and/or agglomerate forms of PZP have been detected in the villous
mesenchymal capillaries and intervillous space (Kashiwagi et al., 2020). It remains unclear
whether placental PZP synthesis significantly increases maternal plasma PZP concentration or
primarily functions locally. PZP has also been detected in microglial cells, glial cells, and senile

plaques in AD patients (ljsselstijn et al., 2011, Nijholt et al., 2015).

Although PZP is broadly distributed in biological fluids, plasma concentrations are typically very
low in males and non-pregnant females (0.01 - 0.03 mg/mL) (Ekelund and Laurell, 1994).
However, PZP levels rise markedly during pregnancy and in other inflammatory states,
prompting suggestions that it may act as an acute phase protein. In uncomplicated human
pregnancy, maternal plasma PZP concentrations have been reported to range from 0.25 to 3
mg/mL, with notable inter-individual variability observed among women of the same
gestational age (Ekelund and Laurell, 1994). Characterisation of maternal plasma PZP
concentration over the duration of pregnancy is limited to a single study involving a relatively
small number of mothers. The results from this study show that maternal plasma PZP
concentration appears to increase proportionally, rather than absolutely (Ekelund and Laurell,
1994). The reasons for such high inter-individual variability are not known. During the first two
trimesters of pregnancy, maternal plasma PZP concentration can increase by ~25-fold in some
women, peaking at around 30 weeks’ gestation before declining during the last trimester and
returning to baseline by 10 weeks post-delivery (Ekelund and Laurell, 1994). The pronounced
pregnancy-associated increase in PZP expression is believed to be primarily regulated by
maternal estrogen levels (Damber et al., 1976) but given that estrogen levels rise steadily
throughout gestation until parturition, while PZP peaks earlier and subsequently declines, there
are likely additional regulatory mechanisms involved. The upregulation of PZP in pregnancy-
independent inflammatory states provides further evidence that non-hormonal promoters of

PZP expression are important.
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Wide variation in PZP blood levels may indicate that its function is context-dependent — playing
a more important role in certain physiological states or subgroups. While high levels of PZP do
not appear essential to successful pregnancy, several studies have investigated the
association between PZP expression and pregnancy outcome. For example, it has been
reported that PZP levels are reduced in maternal plasma of mothers who experience
spontaneous preterm birth (sPTB) (Than et al., 1976) and in first trimester plasma or serum of
mothers with gestational diabetes mellitus (GDM), compared to healthy controls (Liu et al.,
2020, Shen et al., 2019, Zhao et al., 2017). Interestingly, by the second trimester of GDM
pregnancy serum PZP concentration increases nearly 3-fold, relative to first trimester (Shen et
al., 2019), and term placental tissue from GDM patients exhibits an almost 5-fold increase in
placental PZP concentration compared to controls (Wei et al., 2022). This suggests that in GDM
the maternal body may upregulate PZP expression later in pregnancy as a compensatory
response to earlier deficits. However, this does not appear to be the case for other pregnancy
complications, with PZP significantly downregulated in term placenta of HELLP patients (L6b
et al., 2022). Additionally, mRNA expression of PZP is increased by ~14- and ~11-fold in early
placenta from spontaneous and recurrent abortion (Lob et al., 2021) which suggests that it may

play a context-dependent role in pregnancy complications.

In the context of PE, inconsistent results have been reported regarding maternal plasma PZP
concentrations (Table 1.2.2). Interpretation of these results is further complicated by the
different approaches used to classify PE (e.g., late versus early onset, severe versus mild), and
the technical challenges associated with the accurate measurement of PZP in biological fluids.
Apart from maternal plasma, PZP concentration is also reportedly reduced in maternal serum
exosomes (Navajas et al., 2022) and downregulated in the placenta (L6b et al., 2022) of women
with EO-PE. A genome wide association study (GWAS) identified PZP as a novel risk locus for
maternal hypertensive disorders, including PE, suggesting that genetic predisposition may

contribute to the observed variability in PZP levels (Tyrmi et al., 2023).

A recent study identified a likely causal missense mutation in PZP that was positively
associated with increased serum levels of a disintegrin and metalloproteinase domain-
containing protein 12 (ADAM12) during early pregnancy, with the strength of the association
increasing as pregnancy progressed (Yan et al., 2024). Furthermore, higher ADAM12 levels were
associated with reduced odds of a woman having gestational hypertension (Odds Ratio [OR]

0.78, p =8.6x10%), and were significantly reduced in patients with PE compared to controls (El-

21



Sherbiny et al., 2012), suggesting a protective role for ADAM12 in preghancy-related
hypertensive disorders (Yan et al., 2024). ADAM12S, a placenta-secreted form of ADAM12, has
been shown to cleave insulin-like growth factor (IGF) binding proteins-3 and -5, thereby
increasing the bioavailability of IGF during pregnancy (Loechel et al., 2000). ADAM12S has also
been posited to play a role in healthy placental development by promoting trophoblast
migration and invasion (Biadasiewicz et al., 2014, Aghababaei et al., 2014). It is possible that
the association between PZP and ADAM12 is circumstantial, arising from independent
responses to shared regulatory pathways in placental development. However, considering that
PZP has been shown to interact with matrix metalloproteinases (MMPs) 1, 2, and 9 (Arbelaez et
al., 1997), it is plausible that PZP may influence ADAM12 function. The potential role of PZP in
regulating ADAM12 dynamics warrants further investigation, especially considering the

implications for placental health and hypertensive disorders of pregnancy.
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Table 1.2.2: Summary of studies reporting PZP concentration in maternal blood from patients with uncom

plicated and preeclamptic pregnancies.

Gestational t
Year Sample size esta ona. agea Method used to measure PZP Key findings Reference
sampling
37 PE - e . (Horne et al.,
1972 37 healthy Not reported Radial immunodiffusion PZP lower in PE women 1972)
15 PE . . er . (Griffin,
1983 18 controls Term Single radial immunodiffusion PZP lower in PE women 1983)
14 PE 1. A
1986 1:f1\ci_:fhy 3315 Electro immunoassay No significant difference ((et ;T,S;g)SnGg)
27 PE-AGA Multiple DIGE experiments, followed by . . e ey .
2009 12 PE-SGA 20 identification via LC-MS/MS PZP higher in PE "c‘j":z’te;f"‘\; ‘:)r:apbzls to verify if this is (zl“a’:’e;;g;')”
57 controls *a,M & PZP classed together* 2 v
Preclinical PE
30 developed mild PE 10.6 PZP lower in women who developed mild PE
40 developed severe PE 11.4 PZP higher in women who developed severe PE
79 controls 12.1 Serum of 6-8 patients from each group
. (Rasanen et
2010 pooled and analysed via 2D-LC-MS/MS and
L al., 2010)
label free quantification
Clinical PE
30 mild PE 36 . . .
30 severe PE 341 PZP lower in women with mild and severe PE
58 controls 354
5 severe PE 36.4 Sera pooled and analysed via . (Liu et al.,
2011 5 controls 38.6 1D-Gel-LC-MS/MS PZP lower in PE women 2011)
71 early onset PE 34.4 . . .
PZP | h ly- PE Fosh
2023 98 late onset PE ELISA (R&D Systems) lower in women with early-onset (Fosheim et
No significant difference for late-onset PE al., 2023)
258 controls 39

AGA — appropriate for gestational age; SGA — small for gestational age; DIGE — difference gel electrophoresis; LC-MS/MS — liquid chromatography with tandem mass spectrometry.

23




Although PZP is a pregnancy-associated protein, it is also upregulated in pregnancy-
independent inflammatory states such as psoriasis (Beckman et al., 1977), pre-symptomatic
AD (particularly in females; Nijholt et al., 2015, ljsselstijn et al., 2011), bronchiectasis
(particularly in females; Smith et al., 2017), HIV-1 infected men (Sarcione and Biddle, 2001),
inflammatory bowel disease (Shao et al., 2021), and in paediatric chronic kidney disease
patients (Chen et al., 2023b). In relation to cancer, early studies reported no correlation
between plasma PZP concentrations and metastatic burden or treatment response in a range
of cancer patients (Mduller et al., 1982; Petersen et al., 1990). However, more recent studies
support that PZP expression is dysregulated in several cancers and may impact survival
measures (Table 1.2.3). Interestingly, PZP expression has been associated with both
favourable and unfavourable survival outcomes, depending on the cancer type and context
(Table 1.2.3). This suggests a context-dependent role for PZP, which may act as an
immunosuppressive factor in some cancers, helping tumour cells evade immune detection
by promoting a more tolerant immune environment. Conversely, in other cases, PZP may
enhance the recognition of tumour cells by interacting with immune checkpoints or immune
cells. The precise role of PZP in cancer remains unclear and likely depends on the specific
immune evasion strategies employed by different cancers. PZP has been reported to
positively correlate with various immune checkpoints, including CD274, CTLA4, LAG3, TIGIT,
PDL1, and PDL2, across multiple cancer types. Additionally, increased PZP expression or
plasma concentration has been associated with increased infiltration of immune cell
populations including regulatory T cells (Tregs), macrophages, and neutrophils, suggesting
that PZP may play a role in modulating the tumour immune microenvironment (Huang et al.,

2024, Su et al., 2020).
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Table 1.2.3: PZP mRNA expression in various cancers and its association with prognostic measures.

PzP Survival
Cancer types . urviva Hazard ratio [95% CI] p-value n References
expressiont | outcome
Gastric Increased 0s 1.984 [1.307, 3.012] 0.0003 253 (2%;'2;"3 etal,
Glioblastoma (Huang et al.,
multiforme Increased NS 2024)
Kidney renal clear cell | |\ o 2ced 0s 0.92 [0.85, 0.99] 0.03 515 | (Huangetal,
carcinoma 2024)
Stomach Increased (N 1.13[1.05, 1.22] 0.0015 372 (Huang et al.,
adenocarcinoma PFS 1.11[1.03, 1.19] 0.0045 375 2024)
Bladder urothelial (Huang et al.,
carcinoma Decreased NS 2024)
Breast invasive Decreased PFS 0.94 [0.88, 1.00] 0.04 1043 | (Huangetal,
carcinoma 2024)
Cervical squamous
cell carcinoma and Decreased NS (Huang et al.,
endocervical 2024)
carcinoma
Cholangiocarcinoma Decreased NS (Huang et al,
g 2024)
Colon (Huang et al.,
adenocarcinoma Decreased NS 2024)
. (Huang et al.,
Kidney chromophobe Decreased NS 2024)
Kidney r?nal papillary Decreased NS (Huang et al.,
cell carcinoma 2024)
, oS 0.93 [0.88, 0.99] 0.02 341 | (Huangetal.,
t;"rec?nhoerﬁztoce””'ar Decreased PFS 0.95 [0.88, 1.00] 0.04 340 | 2024)
Decreased RFS 0.87[0.78,0.97] 0.013 363 (Su et al., 2020)
Lung (Huang et al.,
adenocarcinoma Decreased NS 2024)
Lung squamous cell Decreased NS (Huang et al.,
carcinoma 2024)
Rectum (Huang et al.,
adenocarcinoma Decreased NS 2024)
Uterine corpus
. (Huang et al.,
end(?metrlal Decreased NS 2024)
carcinoma
St h and
Es‘;m;: e:‘ Not revorted 0s 1.07 [1.01, 1.13] 0.02 547 | (Huangetal.,
phag P PFS 1.08 [1.02, 1.14] 0.01 548 | 2024)
carcinoma
Sarcoma Increased” 0s 0.93 [0.86, 1.00] 0.04 254 | (Huangetal,
2024)
Thymoma Decreased” 0s 2.22[1.20, 4.13] 0.0075 117 (Zl-(!);ir)]g etal,
Skin cutaneous Decreased” 0s 0.95 [0.90, 1.00] 0.03 aagq | (Huangetal,
melanoma 2024)

OS - overall survival; PFS — progression-free survival; RFS — relapse-free survival; NS — not significant; Tfcompared to
peritumor normal tissue; Anot statistically significant. Hazard ratio determined by Cox regression analyses which indicate
the relationship between PZP expression and the risk of an event over time; hazard ratio >1 is increased risk; <1 is
decreased risk. Sample size and survival outcome not reported for non-significant results.
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Serum PZP levels were significantly elevated in patients with early-onset myocardial infarction
and demonstrated strong diagnostic potential, distinguishing patients from controls with an
area under the curve (AUC) of 0.874 (Xuan et al., 2019). A similar AUC of 0.861 was reported for
identifying poor ovarian responders (POR) during fertility treatment, who exhibited higher PZP
levels in their follicular fluid compared to controls (Oh et al., 2017). These findings align with
the idea that PZP may be upregulated in response to inflammation. In POR, the ratio of IFN-y
and TNF-a producing Th1 cells to IL-10 producing Th2 cells is reportedly higher, suggesting a
pro-inflammatory environment (Huang et al., 2023). Additionally, promising results have been
published regarding PZP as a potential biomarker for colorectal cancer (CRC) (Yang et al.,
2021a) and LAC (Yang et al., 2021b) in patients with type 2 diabetes mellitus (T2DM). PZP
concentration was significantly higher in patients with both T2DM, and CRC or LAC compared
to those with T2DM alone, with AUC’s 0.713 and 0.742, respectively. For CRC, the combination
of PZP with known markers like carcinoembryonic antigen (CEA) and carbohydrate antigen
(CA19-9) improved the diagnostic accuracy, increasing the AUC to 0.916 and highlighting the

potential for multiplexed biomarkers (Yang et al., 2021a).

A GWAS of patients with non-alcoholic fatty liver disease (NAFLD) identified a significant
positive association between a single nucleotide polymorphism in PZP and increased blood
levels of aspartate aminotransferase (AST), a marker of liver damage (Chalasani et al., 2010).
Since TGF-B plays a key role in fibrogenesis, leading to tissue damage and increased AST levels,
a deficiencyin functional PZP may impair the regulation of TGF-3, potentially promoting fibrosis
and elevated AST. Supporting this idea, PZP was found to be downregulated in idiopathic
pulmonary fibrosis (IPF) (Giriyappagoudar et al., 2023) and is central to a fibrosis-related
network module identified in IPF-specific Bayesian analysis (Tomoto et al., 2024). Together

these findings highlight PZP as a potential modulator of TGF- activity and fibrosis in humans.

1.3 Physiological changes in uncomplicated and complicated pregnancy

Pregnancy is a unique life-stage during which physiological stresses are elevated, and the
mother endures a chronic, systemic inflammatory response (Dutta et al., 2024, Jarmund et al.,
2021). This is largely due to the significant physiological adaptations required to meet the
nutrient and metabolic demands of the growing fetus. The biological changes that occur during
pregnancy are highly complex, and despite advances inresearch, significant gaps remain in our

understanding of these processes.
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1.3.1 Maternal adaptations in uncomplicated pregnancy
Anatomic, metabolic, and physiological adaptations are essential to ensure healthy
development of the fetus and placenta while maintaining the health of the mother (Hartgill et

al., 2011). Some examples of these adaptations are listed in Table 1.3.1.

Table 1.3.1: Examples of major physiological changes that occur in the mother during pregnancy (Heidemann and
McClure, 2003, Soma-Pillay et al., 2016, Zhang et al., 2023b).

System Affected

Change

Caused By

Cardiovascular
/haematological

45% increase in plasma volume

Aldosterone renin-angiotensin activation by
progesterone and oestrogen

Cardiovascular
/haematological

20% increase in red blood cell mass

Increased erythropoietin production in kidney

Cardiovascular
/haematological

20% decrease in haemoglobin
concentration

Disproportionate increase in plasma volume and
red blood cell mass

Cardiovascular
/haematological

20% decrease in vascular resistance

Vasodilation by circulating progesterone and
oestrogen

Cardiovascular
/haematological

Decreased blood pressure

Increased vasodilation

Cardiovascular
/haematological

50% increase in cardiac output (stroke
volume and heart rate)

Decreased blood pressure

Cardiovascular
/haematological

Increased coagulation index

Increased plasma concentration of fibrinogen
and clotting factors

Uteroplacental

Increased blood flow to placenta

Remodelling of spiral arteries by extravillous
trophoblasts into high-capacitance, low-
resistance vessels.

Respiratory

20% increase in oxygen consumption

Increased progesterone levels, increased
metabolic rate

Respiratory

Increased tidal volume

Increased progesterone levels

Respiratory

Increased minute and alveolar ventilation

Increased progesterone levels

Renal Increased glomerular filtration
. Increased aldosterone, renin-angiotensin and
Renal Increased water retention .
progesterone activity
Renal Decreased plasma osmolality, urea, Increased water retention and glomerular

bicarbonate, and urate

filtration rate

Gastrointestinal

Reduced lower oesophageal sphincter

Increased progesterone levels

tone
Endocrine Increased insulin production and insulin Human placental lactogen and other placental
resistance hormones
. Increased aldosterone and angiotensin | .
Endocrine levels g Reduced vascular resistance and blood pressure

Pregnancy is also characterised by important immunological adaptations, including changes
in both localised placental and maternal peripheral immunity. These changes have been
reviewed extensively elsewhere (Mor et al., 2017, Abu-Raya et al., 2020), with only a brief
summary provided here. During implantation, the uterus is rich in immune cells, such as
uterine mast cells (UMCs), uterine natural killer (uUNK) cells, macrophages, dendritic cells, and
T-cells, which are proposed to contribute to creating a favourable environment forimplantation

and placentation (Zenclussen and Hammerling, 2015). For example, mice devoid of uMCs or
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uNK cells exhibited impaired spiral artery remodelling and placental development (Greenwood
et al., 2000, Woidacki et al., 2013). In the uMC devoid mice, normal spiral artery remodelling
could be induced by treatment with bone-derived mast cells (MCs) (Woidacki et al., 2013).
Tregs also play a crucial role in implantation by promoting early maternal tolerance to paternal
antigens derived from the fetus. Depletion of CD25" Tregs in mice results in allogenic rejection
of the fetus and consequently failed gestation (Aluvihare et al., 2004). Collectively, these
findings support the idea that pro-inflammatory factors are beneficial for implantation and
placentation. Contrary to the idea that pregnancy is an immunosuppressive state,
accumulating evidence suggests that dynamic cooperation between the maternal and fetal
immune systems is required to maintain immune balance throughout pregnancy. It is now well
established that immune function during pregnancy shifts throughout gestation. Early
pregnancy is characterised by a pro-inflammatory (Th1) milieu that facilitates implantation and
placentation, whereas mid-gestation favours an anti-inflammatory (Th2, tolerogenic)
environment to support fetal growth, before shifting back to a pro-inflammatory state at term

to promote labour (Saito et al., 1999, Mor and Cardenas, 2010, Dutta et al., 2024).

1.3.2 Pathophysiology of preeclampsia

PE is a human specific pregnancy-associated syndrome of unknown aetiology, which has been
associated with maternal PZP concentration (Table 1.2.2). A 2013 systematic review of
hypertensive disorders of pregnancy reported a global prevalence of between 2.7% and 8.2%,
with an average of 4.6% of pregnancies affected by PE. However the incidence varies between
countries (Abalos et al.,, 2013). A major contributor to maternal and fetal morbidity and
mortality, PE is estimated to account for approximately 70,000 maternal and 500,000
fetal/neonatal deaths worldwide annually (Rana et al., 2019). Clinically, PE remains a challenge
due to its potentially rapid onset and deterioration, difficulty in identifying at-risk mothers, and
the absence of effective treatment other than delivery of the placenta, which may not always
fully resolve the condition. The acute and long-term effects of PE can also be detrimental to

both mother and baby, as such, the social and economic burden of PE is immense.

1.3.2.1 Clinical presentation and diagnosis

The clinical presentation of PE can vary greatly among affected mothers. Most cases present
as late-onset PE (LO-PE; 234 weeks gestation), with a smaller proportion comprised of EO-PE
(<34 weeks gestation). In an Ethiopian retrospective cohort study, 72.9% of mothers with PE

presented as LO-PE, whilst only 27.1% presented as EO-PE (Teka et al., 2023). Similar results
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were reported in an Indian cohort, with 72.4% and 27.6% LO-PE and EO-PE, respectively
(Gomathy et al., 2018). In contrast, a retrospective study of births in Washington State reported
a lower incidence, at only 12.3% for EO-PE compared to 87.7% for LO-PE (Lisonkova and
Joseph, 2013), which highlights the disparities in PE incidence across populations. Another
widely used classification divides PE into preterm (delivery <37 weeks gestation) or term
delivery (delivery = 37 weeks gestation). A UK cohort reported prevalence rates of 19.9% and
80.1% for preterm and term PE, respectively (von Dadelszen et al., 2023), demonstrating a
similar distribution to that of EO-PE and LO-PE in the US (Lisonkova and Joseph, 2013). It should
be noted that LO-PE and EO-PE are thought to arise from distinct underlying pathophysiological
mechanisms, with EO-PE more strongly associated with a placental cause, whereas LO-PE is
thought to be more maternal (Burton et al., 2019). In some cases, PE may also be categorised
as mild or severe depending on the severity of symptoms but this is discouraged by the
International Society for the Study of Hypertension in Pregnancy (ISSHP) and American College
of Obstetricians and Gynecologists (ACOG) because progression from mild to severe can be

unpredictably rapid (Brown et al., 2018).

The currently accepted diagnostic criteria for PE (endorsed by the ISSHP) are development of
hypertension =220 weeks gestation in association with one or more of the following: proteinuria
(>300mg/day), fetal growth restriction (FGR), and/or other maternal organ dysfunction including
acute kidney injury, liver dysfunction, haemolysis, thrombocytopenia, and neurological
features (Brown et al., 2018). Notably, previous diagnostic guidelines required the presence of
proteinuria; however, the updated criteria acknowledge that evidence of maternal organ or
placental dysfunction alone is sufficient for diagnosis. These revisions to the diagnostic criteria
have improved the identification of PE cases that may have previously gone undetected (Lai et
al., 2021). Despite more inclusive criteria, diagnosis can still be difficult as early clinical signs
are frequently inconspicuous due to other predisposing conditions such as chronic

hypertension or nephropathy.

Biomarkers

Early pregnancy screening for PE risk largely relies on maternal factors, including medical
history, age, ethnicity, weight, height, mean arterial blood pressure (MAP), and uterine artery
pulsatility index (Dimitriadis et al., 2023). Using these criteria, detection rates for EO-PE and
preterm PE are reportedly 88.3% and 73.9%, respectively, at a screen-positive rate of 10.2%.

However, for term PE (237 weeks), detection rates are markedly lower at just 43.5% (Dimitriadis
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et al., 2023). The inclusion of serum biomarkers, such as placental growth factor (PIGF) can
improve the detection rates to 90.0% and 81.7% for EO-PE and preterm PE, respectively.
However, this approach has minimalimpact on the detection of term PE, with rates decreasing
slightly to 42.6% (Dimitriadis et al., 2023), highlighting the difficulty of predicting late-onset
disease, even with current biomarker-enhanced screening. Similar results were reported in the
Aspirin for Evidence-Based Preeclampsia Prevention (ASPRE) trial study population. Using an
algorithm that combines maternal factors, MAP, uterine artery pulsatility index, serum
pregnancy associated plasma protein-A (PAPP-A) and serum PIGF at 11 — 13 weeks gestation
the detection rates for preterm and term PE were 76.7% and 43.1%, respectively, at screen-
positive rate of 10.5% and false positive rate of 9.2% (Rolnik et al., 2017). These findings
underscore the ongoing unmet need for effective early pregnancy screening tools, particularly

for term and LO-PE.

Consequently, the potential for dysregulated proteins to serve as predictive biomarkers for PE
has been widely investigated (Danielli et al., 2022, Han et al., 2023, MacDonald et al., 2022).
However, only select examples are provided here. Pro- and anti-angiogenic factors have been
a key focus as biomarkers for PE as a whole, as well as for the early and late onset subsets. For
example, the ratio of the anti-angiogenic soluble fms-like tyrosine kinase 1 (sFlt-1) to pro-
angiogenic PIGF in serum is commonly used to rule out women at immediate risk of developing
PE. With a negative predictive value of 99.3%, an sFlt-1/PIGF ratio of <38 can rule out the
likelihood of a woman <37 weeks gestation developing PE within a week. In contrast, the
positive predictive value for a diagnosis of PE within 4 weeks using an sFlt-1/PIGF ratio of >38
was only 36.7% (Zeisler et al., 2016). Consistent with this, a large multicentre study found that
the sFlt-1/PLGF ratio had limited ability to predict EO-PE, or any type of PE, with an AUC of just
0.53 for both outcomes (Widmer et al., 2015). A meta-analysis evaluating the diagnostic
performance of the sFlt-1/PIGF ratio across PE subtypes reported a pooled sensitivity of 78%
(95% CI; 76%, 79%), specificity of 89% (95% CI; 88%, 89%) (Zhang et al., 2025)These findings
highlight the potential for circulating proteins to act as biomarkers of adverse pregnancy

outcomes.

Despite these promising results, several considerations must be addressed before serum
biomarkers can be widely implemented in clinical practice. For example, levels of these
markers may be affected by maternal status (e.g., BMI, age) and can vary across gestation,

necessitating personalised and/or gestation specific reference ranges. Furthermore, the cost
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and accessibility of implementing such tests clinically should be considered, especially in

developing countries where the burden of PE is often greatest.

1.3.2.2 Risk factors

Up to 80 risk factors for PE are identified in the clinical practice guidelines; however, the
strength of association and quality of evidence varies for each (Elawad et al., 2024). Commonly
described risk factors are given in Table 1.3.2. Of note, population attributable factor analysis
at 16 weeks gestation found that approximately 32.3% of PE cases can be attributed to
nulliparity, the highest contributing risk factor (Bartsch et al., 2016). Despite this, and the fact
that nulliparity is considered a moderate risk factor of PE by ISSHP (Brown et al., 2018), the
National Institute for Health and Care Excellence (NICE) (Webster et al., 2019), and ACOG
(ACOG, 2020), the mechanisms underlying its association with PE remain poorly understood.
Immune maladaptation is one proposed mechanism, while aberrant angiogenesis has also
been suggested (Luo et al., 2007). A pre-pregnancy BMI >25 kg/m? and history of PE have the
next highest population attributable fractions at 23.8% and 22.8% respectively (Bartsch et al.,
2016).

Table 1.3.2: Commonly described risk factors for PE including pooled unadjusted relative risk (Bartsch et al., 2016,
Duckitt and Harrington, 2005).

Risk Factor Relative Risk [95% Cl]
Nulliparity 2.1[1.9,2.4]
History of PE 8.4[7.1,9.9]
Family history of PE 2.9[1.7,4.9]
Multifetal pregnancy 2.9[2.6,3.1]
Assisted reproductive technology 1.8[1.6,2.1]
Pre-gestational diabetes 3.7 3.1, 4.3]
Chronic Hypertension 5.1[4.0, 6.5]
Systemic lupus 2.5[1.0, 6.3]
Anti-phospholipid syndrome 2.8 1.8, 4.3]
Chronic kidney disease 1.8[1.5,2.1]
History of placental abruption 2.0[1.4,2.7]
Pre-pregnancy BMI 225 kg/m? 2.1[2.0,2.2]
Pre-pregnancy BMI >30 kg/m? 2.8 [2.6,3.1]
Maternal age 235 years 1.2[1.1, 1.3]

1.3.2.3 Sequelae

PE is responsible for a spectrum of complications that can affect both the mother and her
infant, with the potential for rapid and unpredictable clinical deterioration following symptom
onset (Brown et al., 2018). As a multi-system disorder, PE can cause microangiopathy in the
maternal kidneys, liver, and brain (Hod et al., 2015), and disease progression may lead to

seizures (eclampsia), stroke, cerebral haemorrhage, kidney damage, liver failure, or death.

31



Shortterm deleterious effects for the infantinclude FGR, with an approximately 5% - 23% lower
birth weight observed in babies of women with PE, and a 3-fold greater risk of being small for
gestational age (SGA; @degard et al., 2000). PE is also associated with an increased risk of
stillbirth, with an 86-fold higher risk of fetal death around week 26 compared to uncomplicated
pregnancy (Harmon et al.,, 2015). Although the risk of fetal mortality decreases as the
pregnancy progresses, by 34 weeks gestation there remains a 7-fold increased risk of fetal

death in women with PE (Harmon et al., 2015).

1.3.2.4 The Renin Angiotensin System in PE

Whilst the underlying causes of PE remain unclear, hypertension is a central component and
likely due to dysregulation of the renin-angiotensin system (RAS). In humans, the RAS
comprises both circulating and tissue-specific systems, each consisting of numerous
components. For clarity, this section focuses on the key components of the circulating and
uteroplacental (placenta and decidua) RAS that are most relevant to the research presented in
this thesis. Both systems share the same core components, including renin, angiotensinogen
(AGT), angiotensin | (Ang I), angiotensin Il (Ang Il), angiotensin-converting enzyme (ACE),
angiotensin-converting enzyme 2 (ACE2), and the Ang Il receptors, type 1 (AT:R) and type 2

(AT2R), although the activation pathway and downstream effects differ.

Renin converts AGT to Ang | in the circulating RAS, while in the uteroplacental RAS, prorenin
binds to the prorenin receptor to catalyse this reaction. ACE is traditionally recognised as the
enzyme responsible for converting Ang | to Ang Il, the primary effector of the RAS; however,
chymase may also mediate this conversion. Ang Il can then act on AT:R to elicit systemic
vasoconstrictive effects via the circulatory RAS or to promote angiogenesis, vascular
remodelling, and trophoblast invasion within the uteroplacental RAS. Conversely, Ang Il may
act on ATR, eliciting opposing effects such as systemic vasodilation and inhibition of cell
proliferation, invasion, and migration. Ang Il can also be cleaved further to Angiotensin 1-7 by
ACE2, which acts on the Mas receptor (MasR) to promote a similar effect to that of Ang Il binding
AT.R (reviewed by Lumbers et al., 2019, Yart et al., 2021; Figure 1.3.1). Consequently, the
circulating RAS regulates systemic blood pressure, fluid balance, and electrolyte homeostasis,
while the uteroplacental RAS governs local blood flow, angiogenesis, and trophoblast invasion

to support healthy placentation and fetal growth.
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Figure 1.3.1: Simplified schematic diagram highlighting core components of the
circulating and placental RAS and their downstream effects.

Binding of prorenin to the prorenin receptor ((P)RR), or renin, promotes the
cleavage of angiotensinogen to Angiotensin | in the placental and circulatory RAS,
respectively. Cleavage of Angiotensin | by angiotensin converting enzyme (ACE)
produces Angiotensin Il which can then act on Angiotensin Il type 1 or 2 receptor
(AT4R, AT,R) to elicit different effects in the circulation, or locally within the
placenta. Angiotensin 1-7 may be generated from Angiotensin Il by ACE2, which
can act on the Mas receptor (MasR) to elicit similar actions to those of Ang Il on
AT3R.

Synergistic action between the circulating and uteroplacental RAS is hypothesised to maintain
appropriate blood pressure during pregnancy. To facilitate this, RAS activity is increased, with
Ang |, Ang Il, and Ang 1-7 all significantly elevated in maternal plasma of normotensive
preghancies, compared to non-pregnant women (Merrill et al., 2002). Increased expression of
AT,R in the uterine arteries (Mishra et al., 2018, Cox et al., 1996), with concomitant reductions
in AT.R expression (Lumbers, 1970, Lumbers and Pringle, 2013), is thought to promote the
vasodilatory effects of Ang Il which is necessitated by the significantincreases in blood volume

and flow to the placenta during pregnancy.

In PE, circulating Ang I, Ang Il, and Ang 1-7 are all significantly lower than in normotensive

pregnancies (Merrill et al., 2002, Leafos-Miranda et al., 2018). However, AT,R expression is
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upregulated 5-fold in women with PE compared to controls (Herse et al., 2007), and AT«R
sensitivity to Ang Il is increased (AbdAlla et al., 2001). Furthermore, significantly higher levels
of AT, autoantibodies (AT1R-AA), which are agonistic to AT:R, are reported in PE (Herse et al.,
2007, Wallukat et al., 1999). Together, these alterations, alongside reduced Ang 1-7 levels, are
proposed to tip the balance toward vasoconstriction, thereby contributing to hypertension in
PE. While these changes may play arole in PE pathogenesis, it has also been proposed that the
abnormal placental development characteristic of PE could itself contribute to dysregulation
of the uteroplacental RAS, creating a damaging feedback loop that exacerbates disease

progression (Lumbers et al., 2019).

1.4 Rationale and overarching goal

Pregnancy involves significant physiological changes that require complex adaptations to
support both maternal health and fetal development. Despite pregnancy’s critical importance
to human survival, we know remarkably little about the processes that drive these adaptations.
Plasma proteins, which play key roles in maintaining homeostasis and regulating immune
responses, are integral to the dynamic changes that occur throughout pregnancy. Among these
proteins, PZP stands out due to its dramatic upregulation but its specific functions and the
regulatory mechanisms involved remain poorly understood. The results of prior studies,
including investigations of closely related proteins, suggest that PZP is a multifunctional protein
that may contribute to supporting pregnancy by inhibiting proteases, stabilising misfolded
proteins, and modulating immune responses. Furthermore, although an association between
PZP and PE has beenreported, the data are conflicting. As such there is no consensus regarding

the association between maternal plasma PZP concentration and PE incidence.

The overarching goal of the research presented in this thesis was to gain insight into the
potential biological importance of PZP and its relevance to maternal adaptation during
pregnancy. To achieve this, PZP was purified from human pregnancy plasma and its functions
characterised in vitro, including analysis of its binding to chymase, a putative endogenous
substrate (Chapter 2). In addition, maternal plasma PZP concentration was measured in
several independent pregnancy cohorts (Chapters 3 & 4). Specific hypotheses and aims are

provided in the introduction of the individual chapters in this thesis.
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CHAPTER 2:

CHARACTERISATION AND
FUNCTIONAL ANALYSIS OF
PUTATIVE PZP-CHYMASE
COMPLEXES
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2.1 Introduction

Despite its marked upregulation during pregnancy (Ekelund and Laurell, 1994, Fosheim et al.,
2023), the biological functions of PZP remain poorly defined. Unlike a,M, there are few, if any,
well-characterised endogenous substrates for PZP (Table 1.2.1). However, the current evidence
supports that interaction with proteases is critical for PZP’s function. Thus, identifying
physiologically relevant protease substrates and characterising their interaction with PZP will

contribute toward advancing our understanding of the biological functions of this protein.

Chymase (30 kDa) is a monomeric chymotrypsin-like serine protease that is predominantly
expressed, and secreted, by mast cells (MCs). In humans, chymase is the product of CMA1
(located on chromosome 14) and is classified as an a-chymase. There are two major types of
MC, those predominantly containing tryptase (MC;) and those containing tryptase, chymase,
and carboxypeptidase (MCic). MCr are typically located in mucosal tissue exposed to the
external milieu, whereas MCic are distributed throughout the connective tissue and
submucosa adjacent to the skin and conjunctiva, often near lymphatic and blood vessels.
Upon activation, MCs degranulate and release their contents into extracellular fluids where
they act on their substrates (Fong and Crane, 2023). Consistent with a role in tissue
remodelling, human chymase has been shown to cleave extracellular matrix (ECM)
components, including fibronectin (Tchougounova et al., 2003) and biglycan (Roy et al., 2014).
It also activates MMP-1 (Saarinen et al., 1994), and -2 (Groschwitz et al., 2013, Tchougounova
et al., 2005), which further contribute to ECM degradation. Numerous other substrates for
chymase, including vasoactive peptides (Ang |, big endothelin-1), cytokines (e.g., IL-6, -13, -15,
-18, -33, IFN-y), growth factors (e.g., IGF-1, CTGF), and other inflammatory molecules (e.g.,
HMGB1, thrombin) have also been identified (Table S1). The broad range of substrates that
chymase acts upon support the notion that it has multiple roles relevant to the regulation of the
immune system and stress responses and that its broad-spectrum activity must be tightly

regulated.

The role of chymase in pregnancy has not been studied extensively. Nevertheless, indirect
evidence suggests it may contribute to key processes at the maternal-fetal interface, including
placentation and vascular remodelling. Although MCs are an important source of chymase in
pregnhancy, placental trophoblast cells also express this protease (Wang et al., 2007, Hirai et
al., 2016), and the evidence indicates that chymase plays specialised roles at the placenta to

support proper placentation. This includes regulating the function of cells at the maternal-fetal
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interface, such as uterine smooth muscle cells (USMCs), extravillous trophoblasts (EVTs), and
endothelial cells. During spiral artery remodelling, uSMCs must either migrate away from the
vessel walls or undergo apoptosis. This process enables the invasion of EVTs, which replace
both the uSMCs and endothelial cells, thereby transforming the vessel walls to support
increased blood flow to the placenta (Bulmer et al., 2012). Treatment of uSMCs with human
chymase induces a migratory phenotype which promotes their migration (Zhang et al., 2022),
while treatment of vascular SMCs with chymase induces apoptosis (Leskinen et al., 2001). It
has also been shown that treatment with human chymase promotes EVT migration (Meyer et
al., 2017, Zhang et al., 2022), further supporting a role in spiral artery remodelling. Moreover,
treatment of HUVECs with recombinant human chymase induces endothelial-tube formation
(Zhang et al., 2022), a hallmark of angiogenesis which is critical for ensuring sufficient blood

flow to meet the oxygen and nutrient demands of the growing fetus.

In addition to supporting placentation, chymase may also influence pregnancy by contributing
to Ang Il production. While ACE is widely recognised as the primary enzyme responsible for
converting Ang | to Ang Il, chymase also performs this function (Takai et al., 1997, Urata et al.,
1990b, Caughey et al., 2000, Urata et al., 1990a). As the classical effector of the RAS, Ang Il
plays a role in regulating blood pressure and fluid homeostasis (see Section 1.3.2.4 for further
information regarding the RAS). Ang Il has been shown to enhance proliferation and migration
of BeWo, a trophoblast-like cell line (Ishimatsu et al., 2006, Ino et al., 2003), and promotes EVT
invasion in placental explants (Williams et al., 2010). Additionally, binding of Ang Il the AT{R
receptor is reported to promote angiogenesis by upregulating the production of vascular
endothelial growth factor A (VEGFA) (Delforce et al., 2019). These findings support the idea that
chymase plays a central role in remodelling the maternal vasculature during placentation,

either directly or by generating Ang Il.

The activity of chymase is known to be regulated by extracellular serine protease inhibitors
such as alpha-1-antichymotrypsin (a1ACT), alpha-1-antitrypsin (a1AT), and a,M (Walter et al.,
1999). Among these inhibitors, a;M is considered the most efficient (Walter et al., 1999), and is
proposed to be the major chymase binding protein in humans (Raymond et al., 2009).However,
these conclusions are based on studies of the proteome in non-pregnant individuals. Cleavage
of a;M by chymase reveals the cryptic binding site for LRP1 (Huang et al., 2022, Luque et al.,
2022), which rapidly facilitates the clearance of a;M-chymase complexes in vivo (Imber and

Pizzo, 1981). It has been suggested that if the clearance of a:M-chymase complexes is
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inefficient, this may create a reservoir of proteolytically active chymase in the blood (Raymond
et al., 2009). This is because when in complex with a;M, chymase retains proteolytic activity
against Angland is protected from inactivation by other endogenous inhibitors due to the steric

cage formed by a,M (Raymond et al., 2009) (Figure 2.1.1).

oa,M
Angiotensin |
Chymase

A o1ACT/alAT

,sf@«'

Angiotensin Il

LRP1

Cell membrane

Figure 2.1.1: Schematic diagram showing the formation and fate of a,M-
chymase complexes.

(A) Chymase remains proteolytically active in blood plasma when bound to
a;M (Raymond et al., 2009). (B) Binding of chymase exposes the cryptic
LRP1 binding site on a;M, allowing for receptor-mediated endocytosis of
the a;M-chymase complex. (C) Binding to a,M shields chymase from
inactivation by other endogenous inhibitors, such as a1ACT and alAT.

Pregnancy introduces unique proteomic shifts, yet prior studies of chymase inhibitors have
overlooked the pregnancy proteome. PZP possesses the canonical features of the aM family of
proteins that enable it to function as a protease inhibitor. Additionally, in vitro studies have
characterised the protease inhibitory activity of PZP using chymotrypsin (Chiabrando et al.,
2002, Christensen et al., 1989, Christensen et al., 1991, Jensen and Stigbrand, 1992) which is
a serine protease that shares a similar catalytic triad with chymase (Hellman and Thorpe,
2014). Based on the results of prior studies involving PZP-chymotrypsin complexes or a;M-

chymase complexes, in this chapter it was hypothesised that chymase cleaves PZP at the bait
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region to form a stable complex that retains the proteolytic activity of chymase, and the
chaperone activity of PZP. Furthermore, cleavage by chymase will expose the cryptic binding
site on PZP for LRP1, thereby enhancing its binding to the cell surface. These hypotheses were
investigated using a range of in vitro assays to characterise the structural and functional
consequences of PZP cleavage by chymase, including analyses of proteolytic activity, complex

formation, and cell-surface binding.

The specific aims of this chapter were to:

1) Purify PZP from human pregnancy plasma

2) Demonstrate that co-incubation of PZP and chymase results in the formation of a stable
complex

3) Assess the effect of binding to PZP on the proteolytic activity of chymase

4) Investigate the impact of cleavage by chymase on the chaperone activity and cell-

surface binding of PZP

2.2 Methods

2.2.1 Materials
The compositions of commonly used buffers referenced in this chapter are detailed in Table

2.2.1.

Table 2.2.1: Common buffers used throughout the experimental procedures conducted in this chapter.
Name Constituents

Phosphate buffered saline (PBS) 137 mM NacCl, 2.7 mM KCl, 1.5 mM KH,PO,4, 8 mM Na,PO,

pH 7.4 unless otherwise stated

PBS azide PBS + 0.01% (v/v) sodium azide

PBST PBS + 0.1% (v/v) Tween 20

Human synthetic AB..4.2 (1 mg; AnaSpec, Fremont, CA, USA), biotin labelled ABi.42 (0.1 mg;
AnaSpec) and HiLyte™ Fluor 488 labelled AB+.42 (0.1 mg; AnaSpec) were reconstituted under
sterile conditions using 50 pL of 10 mM NaOH. Complete dissolution of the peptides was
achieved by gentle mixing before being diluted to a final concentration of 1 mg/mL in PBS. The
peptide solutions were aliquoted into microfuge tubes, immediately snap frozen in liquid
nitrogen and stored at -80 °C for later use. Human a-chymase (Sigma-Aldrich, St. Louis, MO,
USA) was supplied in 20 mM Tris-HCL, 0.8 M NaCl, 25% (w/v) glycerol, pH 7.6 at 341 ug/mL and
stored at -20 °C in aliquots. Bovine a-chymotrypsin (Sigma-Aldrich) was solubilised at 2 mg/mL
in 1 mM HCLl and stored in aliquots at -20 °C. a1ACT from human plasma (Sigma-Aldrich) was
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solubilised at 2 mg/mL in MilliQ H,0 that had been syringe-filtered through a Minisart® 0.22 pM
polyether sulfone (PES) membrane (Sigma-Aldrich), aliquoted into microcentrifuge tubes and
stored at -20 °C. Ang | (AnaSpec) was solubilised at 1 mg/mL in sterile MilliQ H.0O, aliquoted into

microcentrifuge tubes and stored at -20°C.

Fetal bovine serum (FBS) was purchased from Bovogen Biologicals (Keilor East, VIC, Australia)
and heat-inactivated by incubation at 56°C for 30 min prior to use in cell culture. Skim milk
powder was purchased from Coles Group Limited (Hawthorn East, VIC, Australia). Disodium
phosphate, ethanol, HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), and sodium
chloride were purchased from ChemSupply Australia (Gillman, SA, Australia). Unless

otherwise stated, all other reagents were purchased from Sigma-Aldrich.
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2.2.2 Purification of PZP from human maternal pregnancy plasma
PZP was purified from human maternal pregnancy plasma as described by Chiabrando et al.

(1997) and Cater (2021) with some modifications, as outlined below.

Collect and prepare plasma

Immediately isolate plasma by centrifugation
Supplement with protease inhibitor cocktail, NaCl, EDTA

PEG 6000 precipitation

"

2-step fractionation using 6% and 12% (v/v) PEG 6000
Depletes albumin

Resolubilise pellet containing PZP

DEAE anion exchange chromatography

Further depletes albumin

Enriches PZP

Supplement with Na.SO.and centrifuge

P

Hydrophobic interaction chromatography

Removal of haptoglobin
Begins separating PZP from a,M

Supplement with NaCl, HEPES

P

Zinc affinity chromatography

Complete separation of PZP and a,M

Dialyse into NaPO. and concentrate

P

Size exclusion chromatography

Final clean-up
Freeze with sucrose for long-term storage or dialyse into PBS for short-term use

Figure 2.2.1: Summary of the process for purifying endogenous PZP from human pregnancy plasma.
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2.2.2.1 Plasma collection

Pregnant women were recruited at the SA Pathology collection centre or the Women’s
Assessment Clinic (WAC) at the Flinders Medical Centre (FMC) in Bedford Park (SA, Australia).
A maximum of 20 mL of blood per donor was collected by a qualified phlebotomist using
Vacutainer lithium heparin blood tubes (Becton Dickinson, Macquarie Park, NSW, Australia),
as described in Human Research Ethics Committee (HREC)/18/Central Adelaide Local Health
Network (CALHN)/421. Blood samples were processed within 20 — 60 min of collection by
centrifugation at 3,000 rpm for 10 min at 4 °C. The plasma was then isolated and stored at -20

°C until a sufficient volume was obtained for PZP purification.

2.2.2.2 PEG 6000 precipitation

Plasma and reagents were kept on ice throughout the following purification procedures. Frozen
human pregnancy plasma (~100 mL) was thawed, pooled, and clarified by centrifugation at
1,500 x g for 10 min at 4 °C. Clarified plasma was pooled and supplemented with cOmplete™
EDTA-free protease inhibitor cocktail tablet (Roche Diagnostics, North Ryde, NSW, Australia)
according to the manufacturer’s instructions. The plasma was then further supplemented with

5 mM EDTA pH 8.0 and 100 mM NaCl.

Next, 50% (w/v) PEG 6000 (in MilliQ H.O) was added dropwise to the plasma with continuous,
slow stirring until a final concentration of 6% (v/v) PEG 6000 was reached. The plasma was then
centrifuged at 1,500 x g for 10 min at 4 °C. The resulting supernatant (S1) was collected and
further supplemented with 50% (w/v) PEG 6000 to a final concentration of 12% (v/v) PEG 6000.
Following centrifugation at 1,500 x g for 10 min at 4 °C, the resulting supernatant (S2) was
removed. The pellet (P2; enriched with PZP) was solubilised in ice-cold buffer (20 mM NaPQ,,
20 mM NaCl, 0.01% (v/v) sodium azide, pH 7.0) overnight at 4°C with gentle rocking.

2.2.2.3 DEAE anion-exchange chromatography
Prior to diethylaminoethyl (DEAE) anion-exchange chromatography (AEC), the protein fraction

recovered from PEG precipitation (Section 2.2.2.2; re-solubilised P2) was extensively dialysed
against AEC equilibration buffer (20 mM NaPQO,, 20 mM NaCl, 0.01% (v/v) sodium azide, pH 7.0)
and syringe filtered through a 0.22 yM PES membrane. A peristaltic pump (Pharmacia, Uppsala,
Sweden) was used to load the filtered sample onto a HiPrep DEAE FF 16/10 AEC column (20 mL
column volume [CV]; equilibrated with AEC equilibration buffer; GE Healthcare, Parramatta,
NSW, Australia) at 3 mL/min. The sample was flushed through the pump with AEC equilibration

buffer, to ensure complete loading, before the column was connected to an AKTA Pure™ 25 Fast
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Performance Liquid Chromatography (FPLC) instrument (Cytiva, Macquarie Park, NSW,
Australia) and washed with AEC equilibration buffer at 5 mL/min until the absorbance at 280
nm (Azso) returned to baseline. The column was then washed using 20 mM NaPOQO,, 60 mM NaCl,
0.01% (v/v) sodium azide, pH 7.0 to remove loosely bound protein. Following this, more tightly
bound protein was eluted using 20 mM NaPQO,, 140 mM NacCl, 0.01% (v/v) sodium azide, pH 7.0,
also at4 mL/min. Finally, the column was regenerated by washing with 20 mM NaPQO,, 1 M NaCl,
0.01% (v/v) sodium azide, pH 7.0, flushed with MilliQ H,O and filled with 20% (v/v) ethanol for

storage.

2.2.2.4 Hydrophobic interaction chromatography
For hydrophobic interaction chromatography (HIC), the PZP-enriched protein fraction eluted by

140 mM NaCl using DEAE AEC was slowly supplemented with solid Na,SO,, at room
temperature (RT) with stirring, to a final concentration of 1 M Na,SO,. The solution was then
centrifuged at ~4,500 rpm for 20 min at 4 °C to and the supernatant recovered, which was then
syringe filtered using a Minisart® 0.45 pM PES membrane (Sigma-Aldrich). The filtered solution
was then loaded onto a Phenyl Sepharose CL-4B column (25 mL CV) pre-equilibrated in HIC
Buffer 1 (20 mM NaPO,, 1 M Na,SO4, 0.01% (v/v) sodium azide, pH 7.0) using a peristaltic pump
at 3 mL/min. HIC Buffer 1 was run through the pump, to ensure complete loading of the protein
solution, before the column was connected to an AKTA Pure and washed with HIC Buffer 1 at 3
mL/min untilthe A.g returned to baseline. The column was then sequentially washed with 4 CV
of HIC Buffer 2 (20 mM NaPOQ,, 40 mM Na,SO,, 0.01% (v/v) sodium azide, pH 7.0) and HIC Buffer
3 (20 mM NaPOQ,, 20 mM Na,SO4, 0.01% (v/v) sodium azide, pH 7.0) at 3 mL/min. Finally, MilliQ
H,O at 0.5 mL/min was used to elute the remaining protein, which was immediately
supplemented with 0.5 M NaCl, 20 mM HEPES, 0.01% (v/v) sodium azide, pH 7.4 upon

collection. The column was then washed and filled with 20% (v/v) ethanol prior to storage.

2.2.2.5 Zinc affinity chromatography

For zinc affinity chromatography (ZAC), two 5 mL HiTrap chelating HP columns were connected
in series (GE Healthcare, 10 mL total CV) and washed with 5 CV of MilliQ H,O at a flow rate of 5
mL/min. The columns were then stripped (50 mM EDTA, 0.5 M NaCl, 20 mM HEPES, 0.01% (v/v)
sodium azide, pH 7.4), recharged (0.1 M ZnSQ.,), and equilibrated (ZAC equilibration buffer; 0.5
M NaCl, 20 mM HEPES, 0.01% (v/v) sodium azide, pH 7.4) at 5 mL/min using an AKTA Pure. The
PZP-enriched fraction eluted with MilliQ from HIC was then loaded onto the columns at 2

mL/min using a peristaltic pump. Once the protein fraction was loaded, the columns were
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reconnected to an AKTA Pure and washed at 5 mL/min with ZAC equilibration buffer until the
Az returned to baseline. Protein was eluted using 15 mM imidazole in ZAC equilibration buffer
at 4 mL/min. To remove tightly bound proteins, the columns were then washed with 500 mM
imidazole in ZAC equilibration buffer at 4 mL/min until the Azs returned to baseline. Fractions
containing protein, as indicated by the Ass trace, were immediately dialysed against 20 mM
NaPO,, 0.01% (v/v) sodium azide, pH 7.4 and concentrated using 50 kDa molecular weight cut
off (MWCO) Amicon® Ultra-15 centrifugal filter units (Millipore, North Ryde, NSW, Australia),

according to the manufacturer’s instructions.

2.2.2.6 Size exclusion chromatography

PZP-enriched fractions obtained from ZAC (as verified by native Western blot analysis, see
Figure 2.3.4) were syringe filtered through a 0.22 yuM PES membrane prior to undergoing size
exclusion chromatography (SEC). Protein fractions containing PZP were loaded onto a HiPrep
26/60 Sephacryl S-300 HR column (320 mL CV; GE Healthcare) that had been equilibrated with
20 mM NaPQ,, pH 7.4 at a flow rate of 0.5 mL/min (maximum 1.3 mL/min). Typically, 2.5 mL (<3
mg/mL PZP) was injected on to the column via a 3 mL sample loop. For long-term storage at -
20 °C, PZP was supplemented with 100 mM sucrose. Alternatively, PZP was dialysed into PBS

azide forimmediate use or short-term storage at 4 °C.

2.2.3 Purification of azM from human plasma

Human blood plasma was collected from non-pregnant healthy donors at SA Pathology, FMC
(Bedford Park, SA, Australia). Approximately 100 mL of blood per donor was collected by a
trained phlebotomist using Vacutainer lithium heparin blood tubes (Becton Dickinson), in
accordance with ethics approval HREC/18/CALHN/421. Immediately following collection, the
blood was centrifuged at 3,000 rpm for 10 min at 4 °C and the plasma recovered and pooled.
Plasma was supplemented with cOmplete™ EDTA free protease inhibitor cocktail tablet
according to the manufacturer’s instructions, 1 M NaCl, and 20 mM HEPES, pH 7.4. The
supplemented plasmawas then syringe filtered through a 0.45 yM PES membrane and ZAC was
carried out as described in Section 2.2.2.5, except the ZAC equilibration buffer contained 1 M
NaCl, rather than 0.5 M NaCl, and loosely bound proteins were eluted using 20 mM imidazole
rather than 15 mM imidazole. a,M was eluted from the column using 500 mM imidazole, 0.5 M
NaCl, 20 mM HEPES, 0.01% (v/v) sodium azide, pH 7.4 and extensively dialysed against PBS
azide. Purified a:M was obtained following SEC using a HiPrep 26/60 Sephacryl S-300 HR

column equilibrated with PBS azide. Typical injection volumes were the same as those in
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Section 2.2.2.6. Following SEC, if necessary, samples were concentrated using 50 kDa MWCO
Amicon® Ultra-15 centrifugal filter units. For short-term use, a:M was stored in PBS azide at 4
°C. For long term storage, a.M was dialysed into 20 mM NaPOQO,, supplemented with 100 mM

sucrose and frozen at -20 °C.

2.2.4 Denaturing gel electrophoresis

For denaturing gel electrophoresis, proteins were diluted in 4x NuUPAGE LDS Sample Buffer
(Thermo Fisher Scientific, Scoresby, VIC, Australia) and separated on a precast 1.0 mm thick,
12-well Bolt Bis-Tris 4-12% mini protein gel (Thermo Fisher Scientific) using 2-(N-
morpholino)ethanesulfonic acid (MES) running buffer (50 mM MES, 50 mM Tris base, 1 mM
EDTA, 0.1% (w/v) SDS) using an Invitrogen XCell SureLock™ Mini-Cell Electrophoresis System

(Thermo Fisher Scientific) according to manufacturer’s instructions.

Samples were reduced by incubation with 5% (v/v) 2-mercaptoethanol (2-ME) at RT for 5 min.
Precision Plus Protein™ Dual Xtra Prestained Protein Standard (Bio-Rad, Gladesville, NSW,
Australia) was used to estimate protein band masses. All gels were stained with InstantBlue
Coomassie protein stain (Abcam, Melbourne, VIC, Australia) and destained overnight in MilliQ
H,O. Stained gels were imaged using either a ChemiDoc MP or GelDoc Go imaging system (Bio-
Rad). Processing of images, calculation of molecular weights, and densitometry was carried
out using ImagelLab 6.1 (Bio-Rad). Electrophoresis was carried out at RT with a Life
Technologies PowerEase 90W power supply (Thermo Fisher Scientific). Due to the sensitivity of
aM proteins to heat-induced fragmentation (Harpel et al., 1979), samples were not heated prior

to separation unless otherwise specified.

2.2.5 Native gel electrophoresis

For native gel electrophoresis, proteins were diluted in 4x native loading buffer (200 mM Tris,
40% (v/v) glycerine, 0.4% (w/v) bromophenol blue, pH 6.8) and separated on a precast 1.5 mm,
10-well NuPAGE Tris-Acetate 3-8% mini protein gel (Thermo Fisher Scientific) in Native Tris
running buffer (25 mM Tris base, 192 mM glycine, pH 8.3) using an Invitrogen XCell SureLock™
Mini-Cell Electrophoresis System according to manufacturer’s instructions. Gels were stained,
imaged, and processed as described in Section 2.2.4. Densitometry analyses were performed
using ImagelLab 6.1 and relative migration distance (Rf) was calculated manually using ImageJ

1.52a (Schneider et al., 2012).
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2.2.6 Western blot analysis

Following separation by electrophoresis, proteins were transferred to either 0.2 uM
nitrocellulose (NC) or polyvinylidene fluoride (PVDF) membrane iBlot™ 2 transfer stacks
(Thermo Fisher Scientific) using an iBlot™ 2 dry blotting system (Thermo Fisher Scientific).
Membranes were blocked in PBST containing 5% (w/v) skim milk powder and 0.01% sodium
azide (v/v) overnight at 4 °C with gentle shaking. The primary antibody for the protein of interest
was diluted in PBST containing 5% (w/v) skim milk powder and 0.01% (v/v) sodium azide, as per
Table 2.2.2. The membrane was incubated with the primary antibody for 1 h at RT with gentle
shaking, followed by three 5 min washes in PBST. Bound primary antibodies were detected
using a horseradish peroxidase (HRP) conjugated secondary antibody diluted in PBST
containing 5% (w/v) skim milk powder, as per Table 2.2.2, in which the membrane was
incubated for 1 h at RT with gentle shaking. Following a final wash as described above, protein
bands were visualised using Clarity Western enhanced chemiluminescence substrate (Bio-
Rad) and a ChemiDoc MP imaging system (BioRad) or ImageQuant™ LAS 4000 (GE Healthcare).
Processing of images and densitometry analyses were performed using ImagelLab 6.1 (BioRad)

and Rf was calculated manually using Imagel 1.52a (Schneider et al., 2012).

Table 2.2.2: Summary of antibodies used in Western Blot analysis.

Antibody | Dilution | Species | Clonality | Company (catalogue #)
Primary antibodies

Anti-PZP 1:2,000 Rabbit Polyclonal GeneTex (GTX102547)
Anti-opoM 1:2,000 Goat Polyclonal GeneTex (GTX27337)
Anti-AB1.4> 1:2,000 Mouse W02, monoclonal Sigma-Aldrich (MABN10)
Anti-chymase 1:10,000 Rabbit Recombinant monoclonal Abcam (ab186417)
Secondary antibodies

Anti-mouse HRP 1:3,000 Rabbit Recombinant polyclonal Invitrogen (A27025)
Anti-rabbit HRP 1:3,000 Goat Recombinant polyclonal Invitrogen (A27036)
Anti-goat HRP 1:3,000 Rabbit Recombinant polyclonal Invitrogen (A27014)

2.2.7 Protein quantification

A Nanodrop 2000C was used to measure the absorbance of purified protein solutions at 280
nm in quadruplicate and adjusted using the appropriate blank solution. The protein
concentration was then estimated using 0.1% absorbance (1 mg/mL) of 0.89 for a;M (dimer and

tetramer) and 0.81 for PZP.

2.2.8 Generation of protease-modified PZP and azM
PZP was co-incubated with chymase or chymotrypsin (proteases) in PBS for 45 min at 37 °C.

Unless otherwise specified, the molar ratio of PZP-to-protease was 4:1 during the incubation.
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Except for Section 2.2.16, protease activity was inhibited by supplementing the protein
preparation with cOmplete™ EDTA-free protease inhibitor cocktail (Roche) according to
manufacturer’s instructions. Samples were then extensively dialysed against PBS to remove

excess inhibitor prior to use in the assay.

Following treatment of PZP as described above, denaturing gel and native gel electrophoresis
(see Sections 2.2.4 and 2.2.5) were carried out to analyse the effects of proteolytic processing
by chymase or chymotrypsin. For all protein preparations, 0.01 % (v/v) sodium azide was used
as a preservative to prevent microbial growth, except for samples used with live cells (i.e.
Section 2.2.15). As a control, a;M, which has well characterised protease-inhibitory activity
(Jensen and Stigbrand, 1992, Raymond et al., 2009, Wyatt et al., 2013a, Harwood et al., 2021a,

Huang et al., 2022), was also co-incubated with proteases as indicated.

2.2.9 Biotinylation of proteins

Biotin 3-sulfo-N-hydroxysuccinimide ester sodium salt (Sigma-Aldrich) was solubilised in PBS
and incubated with the target protein or putative protein complex at a 40-fold molar excess for
3 h at RT with gentle agitation (60 rpm). Excess biotin was removed by extensive dialysis against
PBS prior to use in experiments. Biotinylation was confirmed by Western blotting as per Section
2.2.6, with the exception that HRP was used to directly detect the biotin tag. This approach also

enabled assessment of the conformations of the biotinylated species.

2.2.10 DTNB thiol assays

5,5’-dithiobis-(2-nitrobenzoic) acid (DTNB; Ellman’s Reagent; Gold Biotechnology, St. Louis,
MO, USA) assays were carried out according to the manufacturer’s instructions. Briefly, PZP or
a:M (1.7 uM) was incubated in PBS in the presence or absence of chymase (4:1 molar ratio of
aM-to-chymase) for 45 min at 37 °C in triplicate in a 384-well plate (50 uL/well). After this
incubation period, 100 uM DTNB and 100 mM Tris (pH 8.0) was added to each well and the
solutions incubated for 5 min at RT. Optical absorbance at 412 nm was measured using a
CLARIOstar plate reader (BMG Labtech, Mornington, VIC, Australia). Values were corrected
against a blank containing 100 uM DTNB and 100 mM Tris in PBS (n = 3, 50 pL/well).

2.2.11 bisANS assays
Surface hydrophobicity was estimated using 4,4'-dianilino-1,1'-binaphthyl-5,5'-disulfonic acid
(bisANS) assays, as described by (Cater et al., 2019) with minor modification. PZP alone or PZP

pre-incubated with proteases (Section 2.2.8) was used at a final concentration of 1.9 uM total
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protein and incubated with 10 uM of bisANS in PBS for 5 min at RT in the dark. The protein
samples were transferred to a 384-well microplate in quadruplicate (50 pyL/well) and the bisANS
fluorescence (excitation =355 nm, emission =480 nm) was measured using a CLARIOstar plate
reader. Values were corrected against a blank containing 10 uM bisANS in PBS (n = 4, 50

pL/well).

For bisANS concentration curve experiments, PZP alone (1 uM) or PZP that had been pre-
incubated with chymotrypsin at a 1:1 molar ratio (1 yM) for 45 min at 37 °C was incubated with
bisANS at final concentrations of 0.25, 1, 5, 10, 20, and 40 pM. bisANS fluorescence was then

measured in triplicate as described above.

2.2.12 ThT assays

Thioflavin T (ThT) assays were carried out as described by (Cater et al., 2019, Wyatt et al., 2013a)
with some adjustment. AB+.42 amyloid fibril formation was assessed by incubating 5 pM AB1.42
(in PBS) with 25 uM ThT in the presence or absence of PZP alone or PZP pre-incubated with
proteases, as described in Section 2.2.8, using a 20-fold molar excess of AB1.42. Samples (80
pL/well) were incubated (n = 4 technical replicates) at 28 °C in a 384-well microplate with
periodic shaking. ThT fluorescence (excitation = 440 nm, emission = 480 nm) was measured at
5 min intervals using a CLARIOstar plate reader. Values were corrected against a blank

containing 25 uM ThT in PBS (n =4, 80 pL/well).

2.2.13 Biotin-streptavidin pull-down assays

Biotin-streptavidin pull-down assays were carried out according to manufacturer instructions
using Dynabeads MyOne Streptavidin C1 beads (Thermo Fisher Scientific) and a DynaMag-2
magnet (Thermo Fisher Scientific). Briefly, 500 ug of beads were aliquoted into 1.5 mL
microcentrifuge tubes and the supernatant discarded. Beads were washed by resuspending in
PBS azide, followed by centrifugation at 21,000 x g for 3 min after which the supernatant was
discarded. Washing was then repeated using PBST. Protein samples (Table 2.2.3) were
incubated with the beads for 1 h at RT with gentle rotation (30 rpm) using an ELMI RM-2 Intelli-
Mixer™ (POCD Scientific, North Rocks, NSW, Australia). The supernatant was then removed,
and the beads were washed four times with PBS azide containing 0.1% (w/v) bovine serum
albumin (BSA). The beads were then washed a final time in PBS azide and resuspended in

NuPAGE LDS sample buffer containing 5% (v/v) 2-ME. Samples were reduced and separated by
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denaturing gel electrophoresis (Section 2.2.4) and analysed by Western blotting as described

in Section 2.2.6.

Table 2.2.3: Prepared protein samples and controls for use in biotin-streptavidin pull-down assays.

Assay Biotinylated protein Unbiotinylated protein Incubation conditions
bAB1-42 (5 UM) PZP (0.5 uM) 2 h, 37°C; aggregation of AB1.4>
Recovery of PZP bAB1-42 (5 UM) PZP-chymase (0.5 uM) monitored'with ThT (as per
following pull- bAB1-42 (5 UM) PZP-chymotrypsin (0.5 uM) Section 2.2.12)
- PZP (0.5 uM)
down of ABi4>
- PZP-chymase (0.5 uM) 2 h,37°C
- PZP-chymotrypsin (0.5 uM)
Recovery of bPZP (1.2 uM) Chymase (2.4 uM)
chymase . o
following pull- - Chymase (2.4 uM) 45 min, 37°C
down of PZP

All proteins were incubated in PBS.

2.2.14 Mammalian cell culture

SH-SY5Y cells were kindly donated by Associate Professor Mary-Louise Rogers (Flinders
University, SA, Australia), and BeWo cells (CCL-98) were obtained from the American Type
Culture Collection (ATCC; Gaithersburg, MD, USA). These cell types were chosen as they are
known to express high levels of LRP1 (Quinn et al., 1999, Thul et al., 2017), a cell-surface
receptor for PZP. Cells were maintained under sterile conditions in T25 flasks and expanded
using T75 flasks as required. Upon reaching 70 — 90% confluence, media was aspirated and
cells briefly rinsed with PBS. For routine cell culture, cells were detached by incubation with
trypsin-EDTA (0.05% trypsin, 0.02% EDTA; Sigma-Aldrich), diluted in media, and centrifuged at
1000 rpm for 5 min at RT. The cell pellet was then resuspended in 1 mL of fresh media and a
portion (typically 5 -20%) returned to the culture flask with fresh media. Cells were transferred
to new flasks every 2 — 3 passages and not used past 20 passages. All cell lines were grown in
5% (v/v) atmospheric CO; at 37 °C under aseptic conditions. Cell suspension was mixed at a
1:1 ratio (10 pL) with trypan blue and counted using a CellDrop™ FL automated cell counter

(DeNovix, Wilmington, DE, USA), according to the manufacturer’s instructions.

For long term storage, cells not exceeding passage six were resuspended in freezing media
(40% (v/v) FBS, 10% (v/v) dimethyl sulfoxide [DMSO], 50% (v/v) culture media) and aliquoted
into sterile cryogenic vials. Vials were transferred to a Mr. Frosty freezing container (Thermo
Fisher Scientific) and immediately placed into a -80 °C freezer for 24 — 48 h before being

transferred to a liquid nitrogen dewar.
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Table 2.2.4: Cultured cell line types and composition of the media used to maintain them for standard growth.
Cell Type Media composition

Dulbecco’s Modified Eagle’s Medium (DMEM)/Nutrient
Mixture F-12 Ham (Sigma-Aldrich)

Subline of neuroblastoma from
SH-SY5Y metastatic bone tumor.

Adherent. 10% FBS
1X GlutaMAX™ (Thermo Fisher Scientific)
Isolated from the placenta of a Kaighn’s modification of Ham’s F-12 Medium (In Vitro)
BeWo patient with choriocarcinoma. 10% FBS
Adherent. 1X GlutaMAX™ (Thermo Fisher Scientific)

2.2.15 Flow cytometry

SH-SY5Y or BeWo cells were detached using 5 mM EDTA (pH 8.0), and pelleted by centrifugation
at 300 x g for 5 min at RT. The cell pellet was washed using ice-cold Hanks balanced salt
solution (HBSS; 1.3 mM CaCl;, 1 mM MgCl,, 137 mM NaCl, 5.4 mM KCl, 0.25 mM Na,HPO,, 0.44
mM KH;PO4, 4.2 mM NaHCO3, 0.1% BSA, pH 7.4) and pelleted by centrifugation at 300 x g for 5
min at 4 °C. Cells were then resuspended in HBSS containing 0.05 mg/mL of biotin-labelled
native PZP, PZP-chymase, PZP-chymotrypsin, or glutathione S-transferase tagged receptor
associated protein (GST-RAP; a pan-specific ligand of lipoprotein receptors) and incubated on
ice for 30 min. Cells were then washed with HBSS, resuspended in streptavidin-Alexa Fluor 488
conjugate (Thermo Fisher Scientific; diluted 1:2000 in HBSS) and incubated on ice for a further
30 min. Finally, cells were washed with HBSS and the cell surface-associated Alexa Fluor 488
fluorescence was measured using a CytoFLEX S flow cytometer (Beckman Coulter, Lane Cove,
NSW, Australia). Values were corrected against a blank containing cells treated only with
streptavidin-Alexa Fluor 488 conjugate and propidium iodide was used to exclude non-viable
cells. In additional experiments using SH-SY5Y, cells were pre-incubated with 0.5 mg/mL
unlabelled GST-RAP in HBSS or HBSS alone for 30 min on ice. Following this incubation, the
assays were carried out as above. All data were analysed using the CytExpert software

(Beckman Coulter).

2.2.16 Chymase activity assays

The effect of PZP on the activity of chymase was assessed in separate assays using RETF-4NA
(Focus Bioscience, Tingalpa, QLD, Australia), and Ang | (AnaSpec) as substrates. RETF-4NA is
a sensitive and selective colorimetric substrate for chymase and its cleavage can be detected
at 410 nm (Raymond et al., 2009). The trifluoracetic acid (TFA) form of RETF-4NA was used due
to increased solubility and stability but is referred to throughout as RETF-4NA. In these assays,
a;M, which is known to bind chymase (Raymond et al., 2009), was included as a positive

control.
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Proteins to be used for these assays were prepared in a 384-well microplate via two sequential
incubations in PBS that had been syringe filtered through a 0.22 uM PES membrane. To assess
the effect of PZP or a:M on the activity of chymase, the proteins were co-incubated with
chymase at a 1:1 molar ratio (100 nM) in duplicate (Figure 2.2.2, Incubation 1). Subsequently, a
3x molar excess (300 nM) of a1ACT was added to one set of samples to inhibit the activity of
any accessible chymase, while the other set of samples received the vehicle control of PBS
(Figure 2.2.2, Incubation 2). Chymase alone and chymase co-incubated with a1ACT were the

positive and negative controls, respectively.

Incubation 1
45 min, 37°C, 100 rpm

Chymase PZP + a,M + Chymase P2
alone chymase chymase alone chymase
7 N\

azM +

chymase
_J

~

Vehicle (PBS) + alACT
Incubation 2
45 min, 37°C, 100 rpm
AL A
-~ N7/

PZP-chymase | a,M-chymase

Chymase, PZP-chymase, | a;M-chymase, Chymase
+ alACT + alACT

no alACT no alACT no alACT + alACT

RETF-4NA Ang | assay
assay (rpHPLC)
Figure 2.2.2: Two-step incubation protocol used to prepare samples for chymase activity assays.
Chymase was incubated alone or in the presence of a;M or PZP, in duplicate, to allow complex formation. Duplicate
reactions were then treated with either vehicle or a1ACT to inhibit any accessible chymase — either free or bound.
Samples were then assayed for chymase activity using RETF-4NA or Ang | as substrates.

2.2.16.1 RETF-4NA assays
RETF-4NA stock solution was prepared fresh for each biological replicate at 2 mM in PBST +

10% DMSO. Protein samples (prepared as described above) were diluted to 10 nM in PBST +
10% DMSO and aliquoted in triplicate into a 384-well microplate. RETF-4NA was added to each
well to a final concentration of 1 mM and the plate immediately placed in a ClarioSTAR plate

reader (37 °C, 100 rpm) which measured absorbance at 410 nm every min for 1 h.

51



2.2.16.2 Ang I assays

Protein samples (prepared as described above) were diluted to 12.5 nM in 0.22 yuM syringe-
filtered (PES membrane) PBS and aliquoted into low-binding microcentrifuge tubes (SSlbio,
South San Francisco, CA, USA) containing ~2 ug of Ang |. Following a 45 min incubation at 37
°C, 1 yL of concentrated hydrochloric acid (HCL; 11.65 M) was added to cease the reaction and
the samples were further diluted to ~4.3 nM chymase in 0.1% TFA (115 pL total volume).
Particulates were removed by centrifugation at 21,000 x g for 2 min and 110 uL of the clarified
samples was aliquoted into separate high performance liquid chromatography (HPLC) vials
(Agilent Technologies, Santa Clara, CA, USA). Reverse phase HPLC (rpHPLC) was performed
using a Prep-C18 Scalar column (Agilent Technologies; 4.6 x 250 mm, 10 pM, 400 bar) on an
Agilent 1260 Infinity Quaternary liquid chromatography system (buffer A: 0.1% TFA, buffer B:
80% acetonitrile in 0.08% TFA). The injection volume was 100 pL and was separated using a 10

—50% (v/v) acetonitrile gradient over 40 min at a flow rate of 0.5 mL/min.

2.3 Results

2.3.1 Purification of PZP from human plasma
A small number of studies have reported purifying PZP from human plasma for in vitro
functional analyses. The following section describes the results obtained using the multi-step

PZP purification procedure optimised by Chiabrando et al. (1997) and Cater (2021).

2.3.1.1 PEG 6000 precipitation

The most prominent protein band visible in whole pregnancy plasma following separation by
denaturing gel electrophoresis migrated to a position corresponding to 50 — 70 kDa. This is
consistent with the expected mass of human serum albumin (67 kDa) and the heavy chain (HC)
of immunoglobulin G (IgG) (50 kDa). Other prominent bands migrated with masses
corresponding to 23 kDa and 72 kDa, which are consistent with the expected mass of the
abundant plasma proteins IgG light chain (LC; 25 kDa) and/or apolipoprotein A1 (ApoA1; 28
kDa), and transferrin (80 kDa), respectively. A band at 170 kDa, corresponding to the expected
mass of a;M and PZP (collectively termed aM), which both migrate as monomers (180 kDa)

under reducing conditions, was also visible (Figure 2.3.1A).

Following supplementation of whole pregnancy plasma with 6% (w/v) PEG 6000, protein largely
precipitated non-specifically (P1; Figure 2.3.1A). There was marginal depletion of the major

proteins present in pregnancy plasma, such as albumin and IgG, which remained in the
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supernatant (S1). There appeared to be minimal loss of proteins at the expected mass of the

aM’s (Figure 2.3.1A).

After supplementation of fraction S1 with 12% (w/v) PEG 6000, albumin preferentially remained
in the supernatant (S2), whilst the remaining protein was recovered in the precipitate (P2). The
removal of albumin was only partial (Figure 2.3.1A). To confirm that PZP was retained in the
fraction P2 following PEG 6000 fractionation, matched samples were analysed by Western
blotting using an antibody raised against a recombinant fragment of PZP, that does not cross-
react with axM (Cater, 2021). The results showed that a small amount of PZP was lost in fraction
P1. However, the PZP band was substantially more prominent in fraction P2, with a relative
intensity 13.62-fold higher than that in whole pregnancy plasma (PP) when equal volumes of
each fraction were analysed (Figure 2.3.1B). Overall, the results from PEG 6000 precipitation of
pregnancy plasma suggest that the fraction (P2) was enriched with PZP but removal of other

plasma proteins was very inefficient.

53



kDa kDa
e
250 250 ;
150 <= aM 150 - R il ' <= PZP
100 100
75 75

<= Transferrin

50 Albumin
and IgGHC S0
37
37
25
" 1gG LC 26
and ApoAl o
wae b .
15
. 15
" o
-— R 10

Figure 2.3.1: Representative (A) Coomassie-stained gel and (B) matched Western blot showing protein fractions
obtained following PEG 6000 precipitation of human pregnancy plasma.

(A) Samples were prepared by diluting 5 pL of each fraction 1:10 in PBS and supplementing with LDS loading buffer
containing 5% (v/v) 2-mercaptoethanol. The equivalent of 1 pL of undiluted sample was separated on a Bolt Bis-Tris
4-12% mini protein gel and stained with InstantBlue®. Lane order: M = marker, PP = unfractionated pregnancy
plasma, P1 = precipitate following 6% PEG 6000 fractionation of whole pregnancy plasma (resolubilised for analysis),
S1 = supernatant from P1, P2 = precipitate following 12% PEG 6000 fractionation of S1 (resolubilised for further
purification), S2 = supernatant from P2. Expected migration of reduced monomeric a2M or PZP (aM; 180 kDa),
transferrin (80 kDa), albumin (67 kDa), 1gG HC (50 kDa), 1gG LC (25 kDa), and ApoA1 (28 kDa) are indicated. (B) A
western blot detecting PZP in matched fractions. Samples were separated as in (A) and transferred to a nitrocellulose
membrane.

2.3.1.2 Chromatography

DEAE AEC

The PZP enriched fraction from PEG 6000 (P2) was subjected to DEAE AEC using a stepwise
NaCl gradient to further fractionate the plasma protein. Assessment of the separated protein
fractions by denaturing gel electrophoresis indicated that proteins <75 kDa were enriched in
the fractions eluted using low and mid salt concentrations (i.e., 20 mM NaCl and 60 mM NaCl).
The bands migrating at approximately 73 kDa, 62 kDa, 53 kDa, and 24 kDa, representing
putative transferrin, albumin, IgG HC, and IgG LC/ApoA1, respectively, were still evident in both
protein fractions collected (Figure 2.3.2A). A band consistent with the expected mass of
reduced aM protein was visible in all fractions. Western blot analyses confirmed that this band

contained PZP and was enriched by 1.87-fold in the protein fraction eluted by high salt
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concentration (i.e., 140 mM NaCl) compared to fraction eluted by low salt concentration (Figure
2.3.2B). Although similar amounts of PZP were detected in the fractions eluted by mid and high
salt concentrations, comparatively, the protein fraction eluted by high salt concentration
contained fewer contaminating proteins, thus, this fraction was selected for further processing

to obtain purified PZP.
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Figure 2.3.2: Representative (A) Coomassie-stained gel and (B) matched Western blot showing protein
fractions obtained from DEAE anion exchange chromatography of the PZP-enriched fraction following
PEG 6000 precipitation of human pregnancy plasma.

(A) Samples from each step of DEAE chromatography, containing approximately 9.6 pg total protein,
were supplemented with LDS loading buffer containing 5% (v/v) 2-mercaptoethanol. Protein was
separated on a Bolt Bis-Tris 4-12% mini protein gel and stained with InstantBlue®. Lane order: 1 =20
mM NacCl elution, 2 = 60 mM NacCl elution, 3 = 140 mM NaCl elution, M = marker. Expected migration of
reduced monomeric a2M or PZP (aM; 180 kDa), transferrin (80 kDa), albumin (67 kDa), IgG HC (50 kDa)
IgG LC (25 kDa), and ApoA1 (28 kDa) are indicated. (B) A western blot detecting PZP in matched
fractions. Samples containing approximately 1.3 ug total protein were separated as in (A) and
transferred to a nitrocellulose membrane.

’

HIC

The PZP-enriched fraction obtained from DEAE AEC was subjected to HIC to further fractionate
the protein. Native Western blot analysis was used to assess the separation of PZP and a:M,
and to analyse the quaternary structure of PZP. The majority of PZP was retained on the column

in the presence of Na,SO, or Na,PO, but was eluted in MilliQ H;0, as expected (Chiabrando et
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al., 1997); Figure 2.3.3A). On the other hand, a,M was abundant in fractions containing Na,SO,
or Na,PO,, with only a small amount co-eluting with PZP in MilliQ H,O (Figure 2.3.3B). The
results of Western blot analysis showed that following HIC, PZP predominantly migrated with
an Rf of 0.51 (Figure 2.3.3A), which is comparable to the migration of native PZP in whole
pregnancy plasma (Figure S1). Several more slowly migrating bands were also detected, of
these, the highest molecular weight band had an Rf of 0.36, which is comparable to the Rf of
tetrameric PZP which can be detected at low levels in human plasma (Figure S1). The Rf values
for the upper and lower bands detected by the a;M antibody were 0.36 and 0.51, respectively,

supporting the identification of these bands as tetrameric and dimeric a;M (Figure 2.3.3B).

A 1 2 3 4
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Figure 2.3.3: Representative Western blots detecting (A) PZP (360 kDa) and (B) a;M (720 kDa) in
fractions eluted by HIC of the PZP-enriched fraction obtained from DEAE chromatography.

Samples were prepared in duplicate and supplemented with native loading buffer. Protein was
separated on a NUPAGE Tris-Acetate 3-8% mini protein gel and transferred to a nitrocellulose
membrane. Lane order: 1 = 0.4 M Na,SO, elution, 2 = 0.2 M Na,SO4 elution, 3 = 0 M Na,SO4(20mM
NaPQ, only) elution, 4 = MilliQ H,0 elution. Expected migration of tetrameric a,M and dimeric PZP is
indicated. oxM is expected to elute in lane 3 (0 M Na,SO4) and PZP in lane 4 (MilliQ H,0). (A)
Approximately 4 pg total protein per lane (B) approximately 2 pg total protein per lane.

ZAC
The PZP-enriched protein fraction from HIC (eluted in MilliQ H,O) was subjected to ZAC and the

protein fractions obtained were analysed by native Western blot and densitometry analysis.

56



The results showed that the majority of PZP was eluted by 15 mM imidazole, and only trace
amounts were eluted by the 500 mM imidazole wash (Figure 2.3.4). The predominant protein
band detected by the anti-PZP antibody in native Western blot analysis migrated with an Rf
value of 0.54, consistent with the migration of the PZP dimer (Figure 2.3.4A). A PZP species
migrating faster than native PZP was also detected in the 15 mM imidazole elution. This band,
hereafter referred to as ‘fast PZP’, was far less prominent than the main PZP band, suggesting
that it comprised only a small fraction of the total protein in that elution. Native Western blot
analysis using an anti-a;M antibody detected weak bands in the 500 mM imidazole fraction,
corresponding to tetrameric (Rf 0.35) and dimeric (Rf 0.53) a,M. There was no detectable a:M
in the 15 mM imidazole fraction, consistent with effective separation of PZP from a;M by HIC

(Figure 2.3.4B).
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Figure 2.3.4: Representative native Western blots detecting (A) PZP and (B) a;M in fractions
eluted by ZAC of the PZP-enriched fraction obtained from HIC.

Samples containing approximately 1.6 ug of total protein were prepared in duplicate and
supplemented with native loading buffer. Protein was separated on a NUPAGE Tris-Acetate
3-8% mini protein gel and transferred to a nitrocellulose membrane. Lane order: 1 = 15 mM
imidazole elution, 2 = 500 mM imidazole elution. Expected migration of tetrameric a,M,
dimeric PZP, and fast PZP is indicated. PZP is expected to elute in lane 1 (15 mM imidazole)
and a;M in lane 2 (500 mM imidazole).
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SEC

The PZP-enriched fraction obtained from ZAC was subjected to SEC as a final step to remove
low molecular weight contaminants. Analysis of consecutively eluted SEC fractions by
denaturing gel electrophoresis revealed a prominent band at 185 kDa, the expected mass of
the reduced PZP monomer, in fractions 2, 3, 4, and 5, which were eluted from 110 to 130 mL.
Additional bands corresponding to lower molecular weight contaminating proteins were also
visible but their staining intensity was minimal compared to PZP. These proteins accounted for
5.35 = 0.96% of the total Coomassie-stained protein signal in these 4 fractions, as assessed by
densitometry (Figure 2.3.5A). Matched native Western blot analyses confirmed the presence of
PZP in the aforementioned SEC fractions. The predominant band migrated with an Rf value of
0.52, consistent with the PZP dimer (Figure 2.3.5B). A band corresponding to fast PZP was also
observed; however, this band contributed only 4.4% of the total Coomassie-stained protein

signal, as assessed by densitometry (Figure 2.3.5B).

The fractions with the strongest PZP immunoreactivity (2, 3, and 4) were pooled and
concentrated. Denaturing gel electrophoresis of the final purified product revealed the
presence of minor amounts of contaminating proteins that migrated to 60 kDa and 38 kDa
under reducing conditions, contributing approximately 4.2% and 7.9% to the total Coomassie-
stained protein signal, respectively (Figure 2.3.5C). Native Western blot analysis of the purified
PZP was used as an additional quality control measure pre- and post-concentration of the
protein sample. The results showed that following centrifugal concentration PZP was enriched
approximately 1.41-fold, as determined by densitometry analysis. Furthermore, the method
used to concentrate PZP did not alter its electrophoretic migration which is consistent with that
of the PZP dimer (Rf 0.54; Figure 2.3.5D). The total amount of purified PZP obtained from 100
mL of human pregnancy plasma was approximately 9.6 mg, as quantified by

spectrophotometry Asso.
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Figure 2.3.5: Representative (A, C) Coomassie-stained denaturing gels and (B, D) native Western blots showing the
proteins eluted during SEC using a HiPrep 26/60 Sephacryl 5-300 HR column.

(A) Equal volume (20 pL) of samples from consecutively eluted fractions were supplemented with LDS loading buffer
containing 5% (v/v) 2-mercaptoethanol. Protein was separated on a Bolt Bis-Tris 4-12% mini protein gel and stained
with InstantBlue®. (B) Equal volume (20 uL) of matched samples (to A) were supplemented with native loading buffer
and separated on a NUPAGE Tris-Acetate 3-8% mini protein gel. Protein was transferred to a nitrocellulose membrane
and detecting PZP. Lane order (A, B): M = marker, 1 — 5 = consecutively eluted fractions. (C) Fractions 2, 3, and 4 were
pooled and concentrated. A sample containing approximately 10 g total protein was supplemented with LDS loading
buffer containing 5% (v/v) 2-mercaptoethanol. Protein was separated on a Bolt Bis-Tris 4-12% mini protein gel and
stained with InstantBlue®. Lane order: M = marker, 1 = concentrated PZP. (D) A western blot detecting PZP. Equal
volume (10 pL) of samples from pre- and post-centrifugal concentration were supplemented with native loading
buffer, separated on a NUPAGE Tris-Acetate 3-8% mini protein gel and transferred to a nitrocellulose membrane. Lane
order: 1 = pre-concentration, 2 = post-concentration (corresponding to lane 1 in C). Expected migration of monomeric
(A, C), dimeric (B, D), and fast (B, D) PZP is indicated.

2.3.2 Purification of azM from human plasma

Compared to the multi-step procedure needed to purify PZP from human plasma, a;M can be
purified via a much more straightforward process due to the much higher affinity of a,M for zinc.
Following ZAC, a,M was enriched by 3.62-fold in the protein fraction eluted by 500 mM
imidazole, compared to the protein fraction eluted by 20 mM imidazole. Lower molecular
weight proteins that migrated at 122 kDa and 71 kDa by denaturing gel electrophoresis were
also present in the fraction eluted by 500 mM imidazole. These proteins comprised
approximately 29.1% of total protein, as assessed by densitometry (Figure 2.3.6A). To remove
contaminating proteins, the fraction eluted by 500 mM imidazole was subjected to SEC with
the fractions eluted between 20 and 25 mL containing a single protein band, as assessed by
denaturing gel electrophoresis. The migration of this band was consistent with the reduced a;M

monomer (Figure 2.3.6B). The relative electrophoretic migration of a,M under native conditions
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was consistent with that of the a,M tetramer (Rf 0.36; Figure 2.3.6C). The fractions from SEC
were pooled and confirmed to be a;M, as assessed by native Western blot analysis (Rf 0.40;

Figure 2.3.6D), prior to use in experiments.
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Figure 2.3.6: Representative Coomassie-stained (A, B) denaturing and (C) native gels, and (D) native Western blot
showing proteins eluted following ZAC and SEC of whole human plasma for the purification of a;M.

(A) Purified a;M and samples from ZAC fractionation containing approximately 1.4 ug total protein were
supplemented with LDS loading buffer containing 5% (v/v) 2-mercaptoethanol. Protein was separated on a Bolt Bis-
Tris 4-12% mini protein gel and stained with InstantBlue®. Lane order: M = marker, 1 = purified a;M control, 2 = 20
mM imidazole elution, 3 = 500 mM imidazole elution. (B) Equal volume (7.5 pL) of samples from consecutively
eluted fractions following SEC using a HiPrep 26/60 Sephacryl S-300 HR column were supplemented with native
loading buffer. Protein was separated on a NUPAGE Tris-Acetate 3-8% mini protein gel and stained with
InstantBlue®. Lane order: M = marker, 1 — 5 = consecutively eluted fractions. (C) Equal volume (7.5 uL) of matched
samples (to B) were supplemented with native loading buffer and separated on a NuPAGE Tris-Acetate 3-8% mini
protein gel and stained with InstantBlue®. Lane order: M = marker, 1 — 5 = consecutively eluted fractions. (D) A
western blot detecting a;M. Purified a,M and a sample from the pooled consecutive SEC fractions, containing
approximately 1.3ug of total protein, was supplemented with native loading buffer. Protein was separated on a
NuPAGE Tris-Acetate 3-8% mini protein gel and transferred to a nitrocellulose membrane. Lane order: 1 = purified
a,;M, 2 = pooled SEC fractions containing a,M. Expected size of monomeric (A, B) or tetrameric (C, D) a;M is
indicated.
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2.3.3 Characterisation of the interaction between PZP and chymase

2.3.3.1 Co-incubation of PZP with chymase induces conformational changes consistent
with protease inhibition

It has previously been demonstrated that chymase is an endogenous substrate for the protease
inhibitory activity of a;M in human serum (Raymond et al., 2009, Walter et al., 1999). However,
it is currently unknown if this activity is shared by PZP. To investigate if chymase cleaves PZP
and induces a conformational change consistent with protease inhibition, the two proteins
were co-incubated ata 1:1 molar ratio and the resultant molecular species were analysed using
native and denaturing gel electrophoresis (Figure 2.3.7). As controls, PZP was incubated under
the same conditions in buffer alone, or co-incubated with chymotrypsin which has previously
been used to demonstrate the protease trapping activity of PZP in vitro (Christensen et al.,
1991, Christensen et al., 1989). Following co-incubation with chymase or chymotrypsin a PZP
species that migrated faster than the native dimer was formed, consistent with the adoption of
a relatively more compact, electrophoretically fast conformation following cleavage of the bait
region and binding to a protease (Christensen et al., 1989, Christensen etal., 1991). Generation
of the PZP dimer-protease complex was relatively more efficient for chymase compared to
chymotrypsin, whereby more than half of the PZP present in the sample co-incubated with
chymase was converted to the electrophoretically fast form. A small amount of fast PZP was
present in the control sample containing PZP alone; however, the intensity of this band was
marginal compared to the band corresponding to native PZP (Figure 2.3.7A). Analysis of
matched samples by denaturing gel electrophoresis confirmed that co-incubation of PZP with
chymase results in the generation of relatively uniform protein fragments ~80 kDa that are
consistent with cleavage of the PZP monomer within the central bait region (Figure 2.3.7B). By
comparison, the fragments generated following co-incubation of PZP with chymotrypsin were
generally more varied in size. While some lower molecular weight bands were present in the
sample containing PZP and chymotrypsin (~60 kDa), co-incubation of PZP with chymase did

not generate additional protein fragments (Figure 2.3.7B).

It has been proposed that PZP covalently binds to proteases with a stoichiometry of 1:1;
however, a second PZP molecule may be recruited to form a molecular cage around the
protease. This results in a complex >720 kDa, composed of a tetrameric PZP cage that
surrounds a central covalently bound protease (Sand et al., 1985). Although generation of PZP-
protease complexes containing a single PZP dimer (i.e., PZP dimer-protease complex) was the

predominant effect of protease treatment, the results of native gel electrophoresis indicated
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that a small fraction of the total protein (~10%) migrated to a position corresponding to the PZP
protease complexes containing two PZP dimers (i.e., PZP tetramer-protease complex) (Figure
2.3.7A). Additionally, around 10 — 20% of the protein migrated as high molecular weight (HMW)
species (>250 kDa) by denaturing gel electrophoresis under reducing conditions, supporting
that co-incubation of PZP with chymase generated some crosslinked species that were

resistant to reducing conditions (Figure 2.3.7B).
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Figure 2.3.7: Representative Coomassie-stained stained (A) native and (B) denaturing gels showing the migration of
proteins following co-incubation of PZP with chymase or chymotrypsin.
(A) PZP was co-incubated with protease at a 1:1 molar ratio for 45 min at 37 °C. Approximately 9.7 ug of total protein
was separated on a NUPAGE Tris-Acetate 3-8% mini protein gel and stained with InstantBlue®. Native PZP, fast PZP,
putative PZP dimer-protease complexes and PZP tetramer-protease complexes are indicated. (B) Matched samples
were supplemented with LDS loading buffer containing 5% (v/v) 2-mercaptoethanol and separated on a Bolt Bis-Tris
4-12% mini protein gel and stained with InstantBlue®. The positions of high molecular weight (HMW) species (>250
kDa), monomeric PZP (180 kDa) and bait region fragments (80 kDa) are indicated.

To further investigate the interaction between chymase and PZP, the two proteins were co-
incubated at a range of different molar ratios, including those involving an excess of either
protein (Figure 2.3.8). Analysis by denaturing gel electrophoresis supported that chymase
induces dose-dependent fragmentation consistent with cleavage at the bait region of PZP.
HMW species, consistent with cross-linked PZP-chymase complexes, only represented a small
fraction of the total protein in all samples (<10%) and were not visible when chymase was
present at a molar excess compared to PZP. A band corresponding to free chymase (37 kDa)

was only visible when chymase was present in excess compared to PZP (Figure 2.3.8A).
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The dose-dependent effect of chymase on the generation of PZP dimer-chymase and PZP-
tetramer-chymase complexes was not as clear when matched samples were analysed by
native gel electrophoresis (Figure 2.3.8B). A small fraction of fast PZP was evident in the control
sample containing native PZP. Interestingly, the results showed that the tetrameric PZP species
were more commonly formed when PZP was present at sub-stoichiometric concentrations
compared to chymase (Figure 2.3.8B). Given that HMW crosslinked species were not formed
when chymase was incubated with PZP at a molar excess (Figure 2.3.8A), it’s plausible that the
putative PZP tetramer-chymase complex observed in native gel electrophoresis is non-
covalently associated, rather than covalently crosslinked via reaction of labile thioesters

(Christensen et al., 1989, Christensen et al., 1991).
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Figure 2.3.8: Representative Coomassie-stained (A) denaturing and (B) native gels showing the migration
of proteins following co-incubation of PZP with chymase or chymotrypsin at different molar ratios.

(A) PZP was co-incubated with chymase at various molar ratios (as indicated) and with chymotrypsin at a
1:1 molar ratio 45 min at 37 °C. Samples containing approximately 2.8 ug of PZP were supplemented with
LDS loading buffer containing 5% (v/v) 2-mercaptoethanol, separated on a Bolt Bis-Tris 4-12% mini protein
gel and stained with InstantBlue®. High molecular weight (HMW) species (>250 kDa), monomeric PZP (180
kDa) and bait region fragments (80 kDa) are indicated. (B) Matched samples were separated on a NuUPAGE
Tris-Acetate 3-8% mini protein gel and stained with InstantBlue®. Native PZP, fast PZP, putative PZP dimer-
protease complexes and PZP tetramer-protease complexes are indicated.

Lanes 1 — 6 contain PZP:chymase at molar ratios of 1:2, 1:1, 2:1, 4:1, 8:1, 12:1, respectively, lane 7 contains
PZP:chymotrypsin at a molar ratio of 1:1, and lane 8 contains native PZP.
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To further characterise the binding of chymase to PZP, a streptavidin-biotin pull-down assay
was performed. Chymase was preferentially recovered when co-incubated with biotinylated
PZP, compared to the low-level non-specific binding of chymase to the streptavidin-coated
beads (Figure 2.3.9A). When subjected to Western blot analysis following denaturing
electrophoresis under reducing conditions, a prominent band was visible at the expected mass
of free chymase (~37 kDa) but not at the expected size of a cross-linked PZP-chymase complex
(Figure 2.3.9A). Thus, the data support that chymase binds to PZP in solution to form a stable
complex but the interaction is not mediated by reaction between the PZP thioester bond and
chymase. To confirm whether co-incubation of chymase and PZP increases the free thiol
content DTNB assay was performed. In this assay, a;M, which covalently binds to chymase,
was included as a positive control. Consistent with the observation that the complex between
chymase and PZP is not covalently linked, co-incubation of chymase with a,M but not PZP,
resulted in an increase in DTNB absorbance at 412 nm, indicative of thioester cleavage (Figure

2.3.9B).
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Figure 2.3.9: Results of (A) biotin-streptavidin pull-down assay and (B) DTNB assay to assess the interaction
between PZP and chymase.

(A) Image of a western blot detecting chymase captured by biotinylated PZP (bPZP) and recovered using
Dynabeads™ MyOne™ Streptavidin C1 beads. Chymase was incubated in the presence or absence of bPZP at a 2:1
molar ratio (bPZP:chymase) for 45 min at 37 °C with agitation. Samples containing approximately 1.4 ug of chymase
were supplemented with LDS loading buffer containing 5% (v/v) 2-mercaptoethanol, separated on a Bolt Bis-Tris 4-
12% mini protein gel and transferred to a nitrocellulose membrane. (B) DTNB absorbance indicating thiol group
reactivity in samples containing native PZP, PZP with chymase, native oM, or oM with chymase. Proteins were
incubated at a 4:1 molar ration (1.7 uM aM:chymase) for 45 min at 37°C. Data are mean DTNB absorbance at 412
nm % SD (n = 3) expressed in arbitrary units (AU) and are representative of two independent experiments. One-way
ANOVA with post-hoc Tukey’s HSD, significance indicated by asterisks (*** p <0.001, **** p <0.0001).

2.3.3.2 Interaction with chymase increases the surface-exposed hydrophobicity of PZP

To further characterise the effect of chymase on PZP, the two proteins were co-incubated with
PZP at a 4-fold molar excess and bisANS assay performed to assess changes in surface-
exposed hydrophobicity. In these experiments, chymotrypsin, which reportedly reduces the
surface-exposed hydrophobicity of PZP (Jensen et al., 1993), was included as a control.
Unexpectedly, pre-incubation of PZP with chymotrypsin resulted in enhanced bisANS
fluorescence compared to PZP alone (Figure 2.3.10; Figure S2). Under the conditions used, pre-
incubation of PZP with chymase also resulted in anincrease in bis-ANS fluorescence, indicative
of inducing a conformational change that enhances the exposed surface hydrophobicity of PZP

by around 2-fold (Figure 2.3.10).
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Figure 2.3.10: The effect of pre-incubation with a protease on the exposed surface
hydrophobicity of PZP, as assessed by bisANS fluorescence.

PZP or pre-formed PZP-protease complexes (4:1 molar ratio, incubated 45 min at 37,
°C) were incubated with 10 uM bisANS at RT in the dark for 5 min. Data are mean
bisANS fluorescence + SD (n = 3) in arbitrary fluorescence units (AFU) and is
representative of three independent experiments. One-way ANOVA with post-hoc
Tukey’s HSD, significance indicated by asterisks (*** p <0.001).

2.3.3.3 Interaction with chymase does not enhance the chaperone activity of PZP

against Afi1-12

Prior studies have shown that native PZP stabilises AB1..> (Cater et al., 2019), an aggregation
prone peptide implicated in PE (Cheng et al., 2021, Buhimschi et al., 2014). To investigate if pre-
incubation with chymase influences the chaperone activity of PZP, ThT assay was performed.
Incubation of AB.42 in buffer containing ThT, a dye that fluoresces when it binds to B-sheet-rich
amyloid structures, resulted in a rapid increase in fluorescence, indicating the aggregation of
the peptide occurred within <1 h (Figure 2.3.11). Co-incubation of AB1.42 with either native PZP
or PZP pre-incubated with a protease prevented any increase in ThT fluorescence over the

course of the assay (Figure 2.3.11). At the endpoint of the assay, all samples containing PZP
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showed reduced ThT fluorescence compared to the control containing AB+.4. alone but under
the conditions used there was no difference in fluorescence between samples containing

native PZP, PZP-chymase, or PZP-chymotrypsin.

30000 =

25000 =

ThT Fluorescence (AFU)

Time (min)

¥ AB,.4, —* Native PZP -m PZP-chymase -#- PZP-chymotrypsin

Figure 2.3.11: The effect of PZP and PZP-protease complexes on the aggregation of AB1.42, as assessed by ThT assay.
AB1.42 (5 UM) was incubated in buffer containing 25 uM ThT at 23 °C for 90 min in the presence or absence of PZP or
PZP-protease complexes at a 1:20 molar ratio (PZP or PZP-protease:AB1.42). PZP-protease complexes were pre-
formed by co-incubation at a 4:1 molar ratio for 45 min at 37 °C. Data are mean ThT fluorescence (AFU) + SD (n = 3)
and are representative of three independent experiments. One-way ANOVA with post-hoc Tukey’s HSD was used to
compare endpoint values to ABi.4; alone (****p <0.0001).

Binding to aM family proteins does not inactivate proteases (Christensen et al., 1989) and prior
studies have shown that a:M-protease complexes can inhibit amyloid formation by either
binding to and stabilising misfolded proteins or by degrading them (Wyatt et al., 2013a). To
investigate the mechanism responsible for PZP’s inhibition of AB+.4. amyloid aggregation, a
biotin-streptavidin pull-down assay was performed. The results showed that pre-incubation
with proteases did not overtly affect the amount of PZP that co-precipitated with biotinylated

AB1.42. There was minimal to no non-specific binding of PZP to the streptavidin coated beads;
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however, bands corresponding to full-length monomeric PZP and bait-region cleaved PZP were
recovered in samples incubated with biotinylated ABi.42 (Figure 2.3.12). This supports the
conclusion that the effect of native PZP, PZP-chymase and PZP-chymotrypsin on ABi.a
aggregation is due, at least partially, to canonical holdase-type chaperone activity that involves

the formation of a stable non-covalent complex.
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Figure 2.3.12: Representative Western blot detecting PZP captured by biotinylated AB1.42 (bAB1.42) and recovered
using Dynabeads™ MyOne™ Streptavidin C1 beads. PZP, PZP-chymase, and PZP-chymotrypsin were co-incubated
with bAB1-42 at a ratio of 1:10 PZP/PZP-protease to bAB1-42 for 45 min at 37°C with agitation. Samples containing
approximately 9 pg of PZP were supplemented with LDS loading buffer containing 5% (v/v) 2-mercaptoethanol.
Protein was separated on a Bolt Bis-Tris 4-12% mini protein gel, transferred to a nitrocellulose membrane and
probed for PZP. Expected mass of monomeric PZP and bait region fragments are indicated.

2.3.3.4 Interaction with chymase promotes the binding of PZP to cell-surface lipoprotein
receptors

The conformational change that PZP undergoes following proteolytic cleavage of the baitregion
exposes a cryptic binding site for LRP1 (Christensen et al.,, 1989, Sand et al., 1985). To
investigate the effect of chymase on the cell surface binding of PZP, flow cytometry analysis
was performed using SH-SY5Y (neuroblastoma) and BeWo (trophoblast-like choriocarcinoma)
cell lines, both of which express LRP1 (Thul et al., 2017, Quinn et al., 1999). In both BeWo and

SH-SY5Y cells, low levels of fluorescence were measured when the cells were incubated with
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native PZP. In contrast, cells treated with PZP pre-incubated with chymase exhibited more than
25-fold higher fluorescence, indicative of cell-surface binding of the biotinylated ligand (Figure
2.3.13A&B). To determine if this binding was mediated by lipoprotein receptors, cells were pre-
incubated with RAP, a pan-specific lipoprotein receptor antagonist. Pre-incubation with an
excess of RAP reduced the fluorescence associated with the binding of chymase-treated PZP
by 70.7% (Figure 2.3.13C), which supports the conclusion that the binding to SH-SY5Y cells

was predominantly mediated by lipoprotein receptors, such as LRP1.
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Figure 2.3.13: The effect of pre-incubation with chymase on cell-surface receptor binding of PZP, as assessed by flow
cytometry.

(A) BeWo or (B) SH-SY5Y cells were treated with Alexa Fluor 488 labelled PZP or PZP pre-incubated with chymase (45
min at 37°C at a 4:1 molar ratio of PZP:chymase) for 30 min. (C) Cells were pre-incubated in the presence and absence
of unlabelled RAP prior to treatment with PZP or PZP-chymase. Data are mean Alexa Fluor 488 fluorescence + SD (n =
3) in arbitrary fluorescence units (AFU) and is representative of three independent experiments. One-way ANOVA
with post-hoc Tukey’s HSD used to compare treatments, significance indicated by asterisks (** p <0.01, *** p <0.001).
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2.3.4 The effect of PZP on the proteolytic activity of chymase

2.3.4.1 PZP does not affect the cleavage of RETF-4NA by chymase

To investigate the effect of PZP on chymase activity, initial in vitro assays were performed using
RETF-4NA, a chymase-specific substrate that produces a coloured product when cleaved. In
these assays, a:M was included as a positive control as it has previously been shown that
chymase remains proteolytically active against small substrates when bound to a:M (Raymond

et al., 2009).

Incubation of chymase with RETF-4NA in the absence of any inhibitor resulted in a steady
increase in absorbance at 410 nm, which reached a maximum after ~40 min (Figure 2.3.14).
Pre-incubation of chymase with a1ACT, an endogenous inhibitor that inactivates chymase by
distorting its active site (Schechter et al., 1997, Huntington, 2011), effectively prevented any
increase in absorbance over the same time period (Figure 2.3.14). When chymase was pre-
incubated with PZP at equimolar concentrations there was no effect on the reaction rate or
endpoint absorbance compared to RETF-4NA incubated with chymase alone (Figure 2.3.14;
Table 2.3.1). The addition of a1ACT to the PZP-chymase sample reduced RETF-4NA cleavage by
3-fold over the course of the assay and reduced the initial rate of reaction by around 6-fold.
However, the proteolytic activity of chymase in the presence of PZP was not completely

abolished by a1ACT (Figure 2.3.14; Table 2.3.1).

Co-incubation with a;M reduced the rate and amount of chymase-mediated RETF-4NA
cleavage but the addition of a1ACT resulted in no further reductions. RETF-4NA cleavage was
more than 2-fold greater in the sample containing chymase, a;M, and a1ACT compared to the
corresponding sample containing chymase, PZP, and a1ACT (Figure 2.3.14, Table 2.3.1).
Therefore, the effects of PZP and a;M on the cleavage of RETF-4NA by chymase are distinctly
different, whereby a;M partially inhibits the cleavage of RETF-4NA by chymase and effectively
protects chymase from inactivation by a1ACT. Whereas PZP does not inhibit cleavage of RETF-

4ANA by chymase and only partially protects chymase from inactivation by a1ACT.

73



- T%¢
. ;35902
E T - o8 ' ® Chymase
o 2= 3 £ h 4 b
g T . i i B Chymase + alACT
® . ‘ $ ; i i i i ® PZP-chymase
S ‘ $I i i i i Y  PZP-chymase + alACT
g - i X ig g ¢ a,M-chymase
2 14 . 1 i A a,M-chymase + a1ACT
< s :iz vva""v
. g X vvvv?
vvvy?
yv'"Y

o-*_gl.iugg--iiig-gniif
30 40 50 60 70 80 90

Time (min)
Figure 2.3.14: RETF-4NA cleavage by chymase, PZP-chymase, or a;M-chymase in the presence or absence of alACT.
Chymase (10 nM) was incubated with 1 mM RETF-4NA for 90 min at 37 °C either alone or following pre-incubation
with PZP or a;M at a 1:1 molar ratio for 45 min at 37 °C. Samples were subsequently incubated in the presence or
absence of a 3-fold molar excess of alACT for 45 min at 37 °C. RETF-4NA cleavage was monitored by absorbance at
410 nm. Data are mean absorbance + SD (n = 3) and are representative of three independent experiments. Statistical
comparisons of reaction rate and endpoint values are provided in Table 2.3.1.

Table 2.3.1: Endpoint absorbance and reaction rate for RETF-4NA cleavage by chymase, PZP-chymase, or a2M-
chymase in the presence or absence of al-antichymotrypsin (a1ACT). RETF-4NA cleavage was assessed by measuring
endpoint absorbance at 410 nm and reaction rate following incubation of chymase alone or pre-formed PZP-chymase
and a2M-chymase complexes (1:1 molar ratio, 45 min, 37 °C) in the presence or absence of a 3-fold molar excess of
a1ACT for 45 min at 37 °C.

Treatment Endpoint absorbance + SD (AU) Rate of reaction + SD (mAU/min)
Chymase 2.321+0.133 5.36 £0.17

Chymase + alACT 0.023 £ 0.105° 0.05 +0.34°
a;M-chymase 2.076 £ 0.194° 2.66 +0.25%0
a;M-chymase + a1ACT 1.984 +0.152° 2.51 +0.29%°
PZP-chymase 2.498 £ 0.141°¢ 5.59 + 0.77°¢
PZP-chymase + a1ACT 0.739 £ 0.031%¢%¢8 0.92 + 0.25%%f8

Endpoint absorbance is after 90 min incubation with RETF-4NA, rate of reaction calculated between 0 and 40 min. One-
way ANOVA with post-hoc Tukey’s HSD used to compare treatments; ?p <0.0001 vs. chymase, ®p <0.0001 vs. chymase +
alACT, p <0.001 vs. chymase + a1ACT, 9p <0.05 vs. chymase + alACT, ¢p <0.0001 vs. a;M-chymase/a;M-chymase +
alACT,p <0.001 vs. a;M-chymase/a,M-chymase + alACT, 8p <0.0001 vs. PZP-chymase.

2.3.4.2 PZP does not affect chymase-mediated cleavage of Ang 1

To further investigate the effect of PZP on the proteolytic activity of chymase, in vitro assays
were conducted using Ang |, a physiologically relevant substrate. Matched samples from the
RETF-4NA assays were assessed. In these assays, Ang | processing was monitored using

rpHPLC which separates Ang | from Ang Il —the cleavage product formed by chymase.
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When a control solution containing Ang | alone was analysed, a peak was eluted from the
column after approximately 33 min (Figure 2.3.15A). Co-incubation of Ang | with chymase
resulted in the generation of a second peak that eluted after 31 min, corresponding to the
generation of Ang Il (Figure 2.3.15B). Under the conditions used, the Ang |l peak area was 62.6%
relative to Ang | (Figure 2.3.16). Pre-incubation with a1ACT completely abolished the cleavage
of Ang | by chymase (Figure 2.3.15C; Figure 2.3.16).

Consistent with the results of the RETF-4NA assays, a;M but not PZP, had an inhibitory effect
on the proteolytic activity of chymase against Ang | (Figure 2.3.15D&E; Figure 2.3.16).
Furthermore, the addition of a1ACT to the sample containing a.M and chymase had no effect
on Ang | cleavage (Figure 2.3.15F). However, when a1ACT was added to the sample containing
PZP and chymase, the amount of Ang Il generated relevant to Ang | was reduced to
approximately half that of the sample containing a.M, chymase, and a1ACT (Figure 2.3.15F&G;
Figure 2.3.16). Therefore, although PZP forms a stable complex with chymase, this neither
impedes its ability to generate Ang Il and only marginally protects chymase from inhibition by

alACT.
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Figure 2.3.15: Representative elution profiles of Ang | and Ang Il following incubation with chymase, PZP-chymase, or
a;M-chymase in the presence or absence of alACT.

Chymase (12.5 nM), either alone or pre-incubated with PZP or a;M at a 1:1 molar ratio for 45 min at 37 °C, was
incubated with 2 ug Ang | for 45 min at 37 °Cin the presence or absence of a 3-fold molar excess of a1ACT. Ang | and
Il were separated by rpHPLC using a Prep-C18 Scalar column. Chromatograms are representative of three
independent experiments. Treatments and peak identities are indicated.
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Figure 2.3.16: Relative peak area of Ang Il to Ang | following incubation with chymase, PZP-chymase, or a,M-
chymase in the presence or absence of a1ACT.

Chymase (12.5 nM), either alone or pre-incubated with PZP or a;M at a 1:1 molar ratio for 45 min at 37 °C, was
incubated with 2 ug Ang | for 45 min at 37 °C. Samples were then separated by rpHPLC using a Prep-C18 Scalar
column. Ang Il peak area is expressed relative to Ang | (%). Data are mean £ SD (n = 3) and are representative of
three independent experiments. One-way ANOVA with post-hoc Tukey’s HSD was used to compare treatments
(*p <0.05, ***p <0.0001).

2.4 Discussion

In vitro studies investigating the functions of PZP are extremely limited, largely due to the

challenges associated with purifying this protein from pregnancy plasma under conditions that

preserve its native structure and activity. The results presented in this chapter provide the first

evidence that chymase is a putative endogenous substrate for PZP. Specifically, chymase

cleaves PZP at the bait region, forming a stable, non-covalent complex. In contrast to a,M,

binding of PZP to chymase does not sterically restrict access to small substrates or

endogenous protease inactivators. Instead, the regulation of chymase by PZP likely involves

clearance of PZP-chymase complexes via receptor-mediated endocytosis. Furthermore,

chymase-treated PZP retains its ability to bind misfolded proteins and prevent their

aggregation, supporting a role for PZP in extracellular proteostasis.
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2.4.1 Purification of PZP for in vitro functional analysis

Purifying a protein from a complex biological fluid such as blood plasma is an inherently
difficult task, particularly when biochemically similar counterparts are abundant, and it is
necessary to preserve the native structure and function of the molecule. Early methods for
purifying PZP from human pregnancy plasma, involving PEG fractionation combined with DEAE,
ZAC, and SEC, reportedly achieved ~23% vyield and 80% purity but contamination with
haptoglobin was a notable limitation (Sand et al., 1985). Incorporating HIC effectively reduced
haptoglobin contamination but the problem of low yield remained (Chiabrando et al., 1997).
Recent efforts to optimise the protocol involved replacing the pH gradient elution in ZAC with
non-denaturing isocratic elution steps to minimise the likelihood of PZP to partially denature
(Cater et al., 2019). Additionally, other gradient elution steps have been replaced with isocratic
elution, reducing elution volumes and minimising the need for concentration procedures that
may promote protein loss or denaturation (Lee, 2017). Nevertheless, the multi-step protocol to

purify PZP from pregnancy plasma is time consuming and yields remain low.

In this study, quality control analyses were routinely performed to ensure that the results
generated in vitro accurately reflect the function of the native PZP dimer. This was important
because a;M and PZP are prone to adopting alternative conformations in response to
purification methods and storage (Chiabrando et al., 1997, Wyatt et al., 2015, Sand et al.,
1985). Despite best efforts, the result of native gel electrophoresis showed that small amounts
of erroneous dimeric (i.e., fast PZP) or tetrameric PZP species were presentin solution following
purification of the protein. Given that these were typically present at very low levels, the precise
identity of these species was not further investigated. It is plausible that these represent
alternative glycoforms of PZP, compact/tetrameric PZP conformations that are formed in the
absence of protease interaction, or complexes formed between PZP and other ligands.
Alternatively, it is also feasible that these non-native species are simply present as a limitation
of the process required to obtain purified PZP. The use of liquid chromatography coupled with
tandem mass-spectrometry could be explored to further characterise different PZP species but

the heavy glycosylation of PZP complicates this approach.

The current approach for purifying PZP requires a large volume (= 100 mL) of mid to late
gestation pregnancy plasma, which can be ethically and logistically challenging to obtain.
While further optimisation of the process for purifying PZP from pregnancy plasma may be

possible, a more attractive solution is the development of a recombinant production system to
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eliminate the reliance on blood plasma and incorporate an affinity tag that facilitates simpler
purification of the protein. However, PZP’s complex macromolecular structure, involving
extensive intra- and inter-chain disulfide bonding, an internal thioester bond, and 10%
glycosylation (Devriendt et al., 1991, Sottrup-Jensen, 1989), poses significant challenges for
producing the protein using a recombinant system. Prior attempts to generate recombinant
PZP using a baculovirus-insect cell system resulted in deficient thioester synthesis (Van
Rompaey and Marynen, 1994). Similarly, prior attempts to generate recombinant PZP in
HEK293 cells only produced low amounts of PZP that was present as a heterogeneous mix of
dimeric, tetrameric, aggregated, and misfolded species (Cater, 2021). Comparable challenges
have also been reported following attempts to produce recombinant a,M using Expi293F cells
(derived from HEK; Marino-Puertas et al., 2019). However, full-length recombinant a;M has
since been generated using HEK293 FreeStyle cells with a reported yield of 4 — 6 mg/L of
conditioned media (Harwood and Enghild, 2024). The recombinantly produced a,M retained
the structure and functionality of wild-type a:M, as assessed using gel electrophoresis
following treatment of the a;M with methylamine and trypsin (Harwood et al., 2021b, Harwood
et al., 2021a). While this approach requires further validation, it offers a promising framework

for producing recombinant PZP.

2.4.2 Chymase is a putative endogenous substrate for PZP

Chymase participates in numerous processes that are important to pregnancy, and elevated
chymase activity has been associated with PE (Wang et al., 2007, Wang et al., 2010, Gu et al.,
2009). However, its regulation by secreted protease inhibitors during pregnancy remains poorly
understood. This study provides the first evidence that chymase is a putative endogenous
substrate for PZP, which has ramifications for our understanding of the currently enigmatic

biological role of PZP.

2.4.2.1 Chymase specifically cleaves PZP at the bait region

Chymotrypsin has historically been used as a model to investigate the protease trapping
activity of PZP (Christensen et al., 1989, Christensen et al., 1991). While these studies have
provided valuable insights regarding the conformational changes that occur upon cleavage of
the PZP bait region, chymotrypsin primarily functions in the digestive tract and is therefore,
unlikely to be a physiological substrate for PZP in vivo. On the other hand, PZP and chymase are

co-localised in biological fluids during pregnancy and inflammatory responses, which
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increases the likelihood that the interaction characterised in this chapter is physiologically

relevant.

The data obtained from this study suggest that cleavage of PZP by chymase is more selective
for the bait region, compared to cleavage of PZP by chymotrypsin which produces a more
diverse fragmentation pattern. This is consistent with the relatively stringent substrate
recognition profile of chymase that specifically cleaves at tyrosine and phenylalanine residues
over tryptophan residues (Andersson et al., 2008). In contrast, chymotrypsin cleaves at a
broader range of amino acids, including tyrosine, phenylalanine, tryptophan, and histidine, as
well as methionine and leucine (Vreeke et al., 2023). Further studies utilising in situ approaches
will be important to confirm that PZP and chymase interact in biological fluids. While it may be
possible to investigate this interaction using an animal model, it is important to note that inter-
species differences exist in the regulation and functions of aMs and chymase (Kunori et al.,

2005, Kunori et al., 2002, Gallwitz and Hellman, 2006); see also Section 1.2).

In addition to the main cleavage products, a small proportion of PZP migrated as HMW species
(>250 kDa) on reducing SDS-PAGE following co-incubation with either chymase or
chymotrypsin. Their persistence under reducing/denaturing conditions and occurrence with
multiple serine proteases suggests that they represent thioester-mediated covalent PZP-
protease adducts and/or inter-PZP crosslinks formed after bait-region cleavage, although
protease-induced tetramerisation or aggregation cannot be excluded. Future studies using
approaches such as thioester quenching, SEC with fraction collection and immunoblotting,

and/or LC-MS/MS could help clarify their molecular basis and relevance.

2.4.2.2 Chymase forms a stable complex with PZP via non-covalent interactions

It has previously been reported that cleavage of the bait region by chymotrypsin exposes PZP’s
thioester bond, which then rapidly reacts with a nucleophilic sidechain of the protease, forming
a covalent complex between the two molecules (Jensen and Stigbrand, 1992, Christensen et
al., 1991). However, the data presented in this chapter provide evidence that this covalent
reaction is not needed for complex formation between PZP and chymase. While PZP and
chymase form a stable complex in vitro, as assessed by streptavidin-biotin pull-down assay,
the results of Western blot analysis and DTNB assay support the conclusion that this
interaction is non-covalent, and that the PZP thioester bond remains intact. It has previously
been shown that human plasma carboxypeptidase B binds to native a;M via non-covalent

interactions (Valnickova et al., 1996). Interestingly, the same study reported that both a,M and
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PZP co-purify with carboxypeptidase B from human plasma However, in vitro analysis to
characterise the binding of PZP to carboxypeptidase B was not performed (Valnickova et al.,
1996). This raises the possibility that the interaction between PZP and chymase is transient
and/or reversible. However, further studies would be needed to determine if this is the case and

whether is it specific to the protease substrate.

2.4.3 Binding to PZP does not affect the activity of chymase or its inhibition by a1ACT

aM family proteins are best known as protease inhibitors but the mechanism by which they
control protease activity does not involve directly inactivating the protease. Consistent with the
results of prior studies (Raymond et al., 2009), co-incubation with a,M reduced the ability of
chymase to cleave small substrates and shielded chymase from inactivation by a1ACT. In
contrast, data presented in this chapter show that the dimeric quaternary structure of PZP
renders it ineffective at shielding chymase from accessing Ang | or being inactivated by a1ACT.
Thus, these findings suggest that PZP regulates chymase activity through the clearance of PZP-

chymase complexes from circulation, rather than by steric inhibition.

A limitation of this study is that all experiments were performed in vitro, and do not recapitulate
the dynamics of protease inhibition in complex biological fluids such as human plasma.
Further experiments are needed to characterise the affinity of chymase for PZP and compare
this to the binding of chymase to a;M. Although surface plasmon resonance, which requires
less purified protein than ELISA-based approaches, was explored as a potential method for
characterising the binding of PZP to ligands, technical challenges and time constraints led to
abandoning this approach. Given that the relative abundance of PZP and a,M are dependent on
the biological context it’s plausible that both proteins contribute to the regulation of chymase
activity at different times. In non-pregnant individuals, a;M has been suggested as the primary
chymase inhibitor in human blood plasma (Walter et al., 1999). However, during pregnancy or
in pregnancy-independent inflammatory states, PZP may be more abundant than a:M on a

molar basis and therefore alter the dynamic between a:M and chymase.

2.4.4 C(Cleavage of the PZP bait region by chymase promotes the binding of putative PZP-
chymase complexes to lipoprotein receptors

Cleavage at the bait region by chymotrypsin exposes a cryptic binding site for LRP1 on PZP, a
critical step that is required for receptor-mediated endocytosis of PZP-protease complexes
(Chiabrando et al., 2002, Sanchez et al., 2001). This mechanism is proposed to regulate the

activity of PZP’s protease substrates and facilitate the removal of other molecular cargo, such
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as misfolded proteins, from biological fluids. The flow cytometry analyses described in this
chapter provide the first evidence that chymase is a plausible endogenous partner thatinduces
the conformational change necessary to facilitate the clearance of PZP via LRP1. While the
results of native gel analysis support that this conformational change involves the collapse of
the native PZP molecule to form an electrophoretically fast PZP dimer, a small fraction of the
PZP migrated consistent with the formation of a PZP tetramer-protease complex. At present, it
is not possible to determine whether one or both species are the ligand for lipoprotein
receptors. However, this could be resolved by fractionating the protein using SEC prior to
performing receptor binding assays. Additionally, given that a pan-specific lipoprotein receptor
antagonist was used in this study, further experiments are needed to precisely characterise the

involvement of LRP1 in the binding of PZP-protease complexes to the cell surface.

Given that LRP1 is abundantly expressed in the liver and placenta, it is plausible that LRP1
provides the major route for the clearance of PZP-chymase complexes in vivo. However,
additional mechanisms may contribute to this activity. For example, scavenger receptors have
been shown to clear blood-borne misfolded protein-chaperone complexes in rodents (Wyatt et
al., 2011). Considering that PZP retains its holdase-type chaperone activity in the presence of
chymase, scavenger receptors, including those expressed in the placenta (Landers et al., 2018,
Stylianou et al., 2009), may also contribute to the clearance of PZP and its molecular cargo.
While the current model proposes that internalisation of PZP-protease complexes is followed
by lysosomal degradation, the fate of these complexes once endocytosed remains unknown. It
is possible that some components of the endocytosed complex are recycled rather than
degraded, or that binding to LRP1 activates intracellular signalling cascades. Although the
downstream consequences of a,M-protease complex uptake via LRP1 have been shown to
include lysosomal degradation (Van Leuven and Cassiman, 1980, Feldman et al., 1985b) and
modulation of cell signalling pathways (Bonacci et al., 2007, Caceres et al., 2010), whether the
internalisation of PZP elicits similar effects remains to be determined. Therefore,
internalisation assays involving placental explants or placental organoids may provide
opportunity for more detailed characterisation of the uptake and clearance of PZP-protease
complexes in the context of uncomplicated and complicated pregnancy (discussed further in

Chapter 5).
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2.4.5 PZP retains chaperone activity in the presence of chymase

The ability of a,M to stabilise misfolded proteins is enhanced when the native a.M tetramer
dissociates into PZP-like dimers (Wyatt et al., 2014). Although previous studies reported that
cleavage by chymotrypsin reduces the surface-exposed hydrophobicity of PZP (Jensen et al.,
1993), under the conditions used in this study, chymase-mediate cleavage of PZP was
associated with an increase in surface-exposed hydrophobicity, as assessed by bisANS
binding. Notably, the study of Jensen at al., (1993) utilised a 4-fold molar excess of
chymotrypsin relative to PZP and did not include electrophoretic analysis to assess the quality
of the purified PZP prior to treatment, nor the extent of PZP degradation following incubation
with chymotrypsin. Alternatively, the discrepancy in findings may arise from differences in the
methods used to quantify surface-exposed hydrophobicity. Nevertheless, the data presented
here supportthat under controlled conditions in which PZP is present in molar excess, cleavage
by chymase or chymotrypsin results in a conformational change associated with increased
surface hydrophobicity — consistent with observations previously reported for a:M

(Constantinescu, 2016).

Although treatment with chymase increased the surface-exposed hydrophobicity of PZP - a
feature typically associated with enhanced chaperone activity — it had no notable effect on
PZP’s ability to inhibit AB+.42 aggregation. A limitation of this study is that all assays were
conducted using concentrations of PZP that virtually abolished AB+.42 aggregation. Reducing the
concentration of PZP in these assays may reveal differences in chaperone activity between
native and chymase-treated PZP preparations. Additional experiments involving different ratios
of PZP/PZP-protease complex to AB:.s. would also be informative. Regardless, the data
presented in this chapter collectively support that, following cleavage by chymase, PZP binds
to ABi..s2, thereby preventing its aggregation. This is important because our current
understanding suggests a fundamentally important role for extracellular chaperones is to
facilitate the clearance of misfolded proteins via receptor-mediated endocytosis (as reviewed
by (Wyatt et al., 2013b)). Thus, there are at least two plausible routes for the clearance of
misfolded proteins following their stabilisation by PZP — uptake by either scavenger receptors
that bind to misfolded proteins (Wyatt et al., 2011), or lipoprotein receptors that bind the PZP-

protease complexes.
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2.4.6 A model for the activity of PZP-chymase complexes

In the absence of kinetic data describing the affinity of chymase for PZP, it is only possible to
speculate on the extent to which PZP upregulation might influence chymase binding to other
molecules, such as a;M, in vivo. Nonetheless, the in vitro results presented in this chapter
demonstrate that PZP and a;M modulate chymase activity in fundamentally different ways.
While both proteins bind to chymase, dimeric PZP does not significantly alter its activity against
small substrates. Instead, PZP may regulate chymase indirectly by facilitating its clearance via
LRP1. In contrast, tetrameric a;M forms a steric cage that partially restricts chymase from
acting against small substrates in solution and also facilitates its rapid clearance via LRP1.
Considering that a;M is also able to bind 2 chymase molecules per tetramer, the evidence
supports that a,M may be more effective at limiting chymase activity than PZP. However, if LRP1
becomes overwhelmeddownregulated, or dysfunctional — as may occur in complicated
pregnancies (discussed further in Chapter 5) — inefficient clearance of a,M-chymase
complexes may result in prolonged chymase activity (Figure 2.4.1). It should also be noted that
the wide inter-individual variation in maternal plasma PZP concentrations complicates direct
extrapolation of these biochemical findings to physiological settings. Nevertheless, the results
provide important and novel mechanistic insight into how PZP may act, independently of
absolute concentration. Together, these findings support the idea that a,M and PZP likely exert
context-dependent and distinct effects on chymase activity in vivo, underscoring the need for
further investigation into receptor-binding dynamic and clearance mechanisms under both

physiological and pathological conditions.
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Figure 2.4.1: Proposed model illustrating how differences in the quaternary structure of PZP
and oM influence access of endogenous protease inhibitors to chymase.

(A) Tetrameric a,M forms a steric cage around bound chymase, restricting access of
endogenous protease inhibitors such as a1ACT. (B) In contrast, dimeric PZP provides less
structural shielding, leaving chymase more accessible to inactivation.
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CHAPTER 3:

PARITY INFLUENCES MATERNAL
PLASMA PZP CONCENTRATION IN
PREGNANT WOMEN
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3.1 Introduction

PZP is a quantitatively important pregnancy-associated protein, yet few studies have
attempted to measure its concentration in maternal blood during pregnancy (Table 3.1.1). Of
note, most existing studies relied on gel-based immunoassays, which provide less accurate
estimates of protein concentration than techniques such as ELISA. Gel-based immunoassays
typically have lower sensitivity, limited dynamic range, and low precision. Moreover, the use of
antisera — blood serum containing a heterogenous mix of antibodies — increases the likelihood
of protein cross-reactivity, thus raising concerns regarding the accuracy of the PZP
concentrations previously reported (Table 3.1.1). Further, in some of these studies PZP
concentrations are expressed in arbitrary or relative units, such as percentages of undefined
reference pools or international units of unspecified calibration materials. These reporting
methods are uninformative and lack standardisation, hindering cross-study comparisons and
making it difficult to interpret the physiological relevance of the data. To date, only two studies
have utilised ELISA to measure maternal circulating PZP concentration, both involving
antibodies that were confirmed to have no cross-reactivity with a;M (Petersen et al., 1990,
Fosheim et al., 2023). Considering that a,M is constitutively abundant in pregnancy plasma at
1 -4mg/mL (Petersen, 1993, Wang et al., 2014), ensuring that the quantification method used

is specific for PZP is crucial to prevent erroneous measurements.
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Table 3.1.1: Studies that have quantified PZP in blood plasma or serum during pregnancy.

Included GA at sampling Biological .
Year n complications (weeks) fluid Method Detection method PZP (png/mL) Reference
1972 74 PE Not reported Serum Radial immunodiffusion Antisera 127 + 73# (Horne et al., 1972)
+10- +
1974 72 None 9-42 Serum Single radial immunodiffusion Antisera 25 1329%’198 | (von Schoultz, 1974)
Prolonged
1976 425 pregnancy, 6 -40 Serum Radial immunodiffusion Antisera Undetectable® (Than et al., 1976)
spontaneous 863.2 £ 443.4° Y
abortion
1976 5 None U'p to6 We.eks Plasma Rocket immunoelectrophoresis Antisera No units (Lin et al., 1976)
prior to delivery reported
. . ) " (Westergaard et al.,
1982 70 None 16 -40 Serum Rocket immunoelectrophoresis Antisera 95.9 + 29.86 1982)
1983 33 PE Term Plasma Single radial immunodiffusion Antisera 131.1+60.2° (Griffin, 1983)
1986 28 PE 31 Plasma Rocket immunoelectrophoresis Antisera 52.5 + 2.29%# (Arms;g)SnGg) etal,
1990 49 Hydatidiform 35 Serum ELISA PZP-.spec.lﬁc 8.4 —920¢ (Petersen et al.,
mole antibodies 1990)
. . . 1206.2 +932.8°2 (Ekelund and Laurell,
1994 101 None 5-42 Plasma Rocket immunoelectrophoresis Antisera 3000¢ 1994)
PZP-specific 892° .
2023 549 PE, GH, GDM 34 -39 Serum ELISA (R&D Systems) antibodies 39— 3240° (Fosheim et al., 2023)

GA — gestational age. For studies with pregnancy complications included PZP concentrations are given for the control group. Mean?, minimum®, and maximume¢ reported where
available/appropriate. *Reported as a percentage of “pregnant human serum known to contain appreciable quantities of PZP”. #Reported as AU, where AU/100 mL is the
“concentration of PZP in a pool (n = 212) of late pregnancy serum”. ##Reported as “i.u./l of WHO reference material for pregnancy associated proteins 78/610”.
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Following the development of a commercial ELISA capable of quantifying PZP in complex
biological solutions (R&D Systems, Minneapolis, MN, USA), maternal PZP concentration has
been reported in only one population of pregnant women, based on serum samples collected
between 24 and 42 weeks of gestation (Fosheim et al., 2023). The major findings were that in
the late third trimester circulating PZP concentration was lower in mothers with EO-PE
compared to controls, whereas no association was observed with LO-PE (Fosheim et al., 2023).
Conflicting data describing the nature of the association between circulating PZP and PE also
exists in prior reports (see Table 1.2.2). The novel interaction between PZP and chymase
described in Chapter 2 supports the idea that PZP may modulate chymase activity relevant to
PE and, more broadly, pregnancy-associated hypertension. This finding strengthens the
rationale for re-evaluating the association between maternal PZP concentration and PE with
increased rigor. In the current chapter, it was hypothesised that currently unrecognised
maternal and/or neonatal characteristics influence maternal plasma PZP concentration during
pregnancy and that this contributes to the cohort-dependent associations observed between
PZP and PE. To investigate this hypothesis, PZP concentration was measured in late gestation
plasma samples from three independent cohorts of pregnant women, including a sub-set with
PE. Plasma samples were selected for this study in preference of serum to eliminate the
possibility that proteases involved in coagulation interfere with the accurate measurement of

PZP (Lagrange et al., 2022, Arbelaez et al., 1995).
The specific aims of this study were to:

1) Measure maternal plasma PZP concentrations in late gestation in three independent
groups of women - including subgroups with PE
2) Investigate the associations between late gestation maternal plasma PZP concentration

and maternal and neonatal characteristics, including pregnancy outcome

3.2 Methods

3.2.1 Recruitment

3.2.1.1 St George Hospital cohort

Participants were recruited in 2017 and 2018 from St George Hospital (Kogarah, NSW, Australia)
in accordance with National Ethics Application HREC/16/WGONG/256, approved by the Joint
University of Wollongong and Illawarra Shoalhaven Local Health District HREC. Diagnosis of PE

(n = 31) was according to ISSHP guidelines (Brown et al. 2018); systolic blood pressure 2140
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mmHg and/or diastolic blood pressure 290 mmHg accompanied by maternal organ
dysfunction and/or proteinuria and/or uteroplacental dysfunction (such as FGR). SGA babies
were defined as those with a birthweight <10™ centile based on population-specific centiles.
The control group (n = 31) comprised normotensive women with no major pregnancy or health

complications.

3.2.1.2 Nationwide Children’s Hospital cohort

Participants were recruited between March 2004 and December 2010 from the Yale-New
Haven Hospital or the Nationwide Children’s Hospital (Columbus, Ohio, USA) in accordance
with Protocol 2019-0290 approved by the Human Investigation Committee of Yale University.
Diagnosis of PE (n = 30) was according to the ACOG criteria valid at the time of sample
collection; systolic blood pressure 2140 mmHg and/or diastolic blood pressure 290 mmHg
accompanied by proteinuria (urinary excretion of 20.3 g protein in 24 h sample) (ACOG, 2002).
Intrauterine growth restriction (IUGR) for the PE + IUGR group (n = 31) was defined
ultrasonographically as an estimated fetal weight <10" percentile for gestational age (ACOG,
2013). sPTB (n = 30) was defined as delivery <37 weeks gestation. The control group (n = 30)
consisted of normotensive women with no major pregnancy complications or pre-existing

health conditions.

3.2.1.3 Late STOP cohort

Samples analysed in this cohort were collected in late gestation from patients recruited to the
prospective cohort study Screening Tests to identify poor Outcomes of Pregnancy (STOP)
(Australian and New Zealand Clinical Trials Registry ACTRN12614000985684), with Ethics
approval from the Women’s and Children’s Health Network HREC (HREC/14/WCHN/90).
Women were recruited to the STOP study between 2015 and 2018 from Lyell McEwin Hospital
(Elizabeth Vale, SA, Australia) and the Women’s and Children’s Hospital (North Adelaide, SA,
Australia). All women were recruited as healthy, nulliparous mothers with a singleton
pregnancy. Women were excluded from the study if they had any of the following: =3
terminations or miscarriages, major fetal or uterine anomalies, treated hypertension pre-
pregnancy, renal disease, anti-phospholipid syndrome, type | or Il diabetes mellitus, systemic
lupus erythematosus, previous cervical cone biopsy. PE was defined as systolic blood pressure
=140 mmHg and/or diastolic blood pressure 290 mmHg after 20 weeks gestation on at least 2
occasions 4 h apart, accompanied by proteinuria and/or any multi-system complication of PE,
including FGR. sPTB was defined as spontaneous preterm labour or preterm premature rupture
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of membranes (PROM) resulting in birth <37 weeks. Gestational hypertension (GH) was defined
as new-onset hypertension (systolic 2140 mmHg and/or diastolic blood pressure 290 mmHg)
after 20 weeks gestation. SGA was defined as birthweight <10™ percentile using customised
centiles adjusted for maternal weight, height, parity, ethnicity, and infant sex. GDM was
diagnosed by 75 g oral glucose tolerance test with fasting glucose =25.1 mmol/L and/or 2 h
glucose =7.8 mmol/L (Mohammed et al., 2020). If multiple complications were present a
hierarchy was used to classify cases where PE > sPTB > GH > SGA > GDM. Women who
experienced a complication other than those listed were classified as ‘other’. All women were
recruited between 9 — 16 weeks gestation, with a subset (n = 535) of women donating a second
sample between 32- and 38-weeks’ gestation. The data presented in this chapter are based

solely on the late gestation samples.

Recruited to study, n = 1373

Ineligible, n =9
Lost to follow-up, n =6
—> Withdrawn, n = 12
Miscarriage or termination, n = 46
Fetal or neonatal death,n=9
\

Study cohort, n= 1300

S\

Late pregnancy Early pregnancy
samples, n =535 samples, n = 1250
(Chapter 3) (Chapter4)

Figure 3.2.1: Participant flow chart for the late STOP cohort.

3.2.2 Sample preparation and analysis

The St George Hospital cohort was analysed in 2019 by Dr. Jordan Cater, and Gimhani Avindri
Abeygunasekara while the Nationwide Children’s Hospital cohort was analysed in 2021 by
Professor Irinia Buhimschi’s research group. Heparinised blood samples were collected, and

the plasma isolated then stored at -20 °C prior to analysis. Individual pregnancy plasma
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samples were analysed for PZP concentration in triplicate using an ELISA kit and ancillary
reagents (R&D Systems; cat# DY8280-05 and DY008) as per manufacturer’s instructions.
Triplicate measurements were feasible for these cohorts due to their smaller sample sizes. For
a subset of women in the St George Hospital cohort (n = 20 PE, 20 normotensive), sFlt-1 and
PIGF levels were measured via Elecsys immunoassay using a Cobas e 411 analyser (Roche

Diagnostics). The candidate gratefully acknowledges the contribution of these data.

In contrast, the late STOP cohort was measured in duplicate due to the larger sample size (n =
535). Heparinised blood samples were collected from STOP participants and held on ice prior
to processing. Plasma was isolated by centrifugation and stored at —80 °C in 250 pL aliquots for
future analyses. Maternal plasma PZP concentrations were quantified as per manufacturer’s
instructions using the same commercial ELISA kit and ancillary reagents (R&D Systems; cat#
DY8280-05 and DY008) as the St George Hospital and Nationwide Children’s Hospital cohorts.
Briefly, plasma samples were thawed once, centrifuged (21,000 x g, 5 min, 4 °C), and serially
diluted (~1:25,000 final) using PBS as the dilution matrix. A seven-point standard curve (156-
10,000 pg/mL) was prepared in plasma-PBS, generated by a 25,000-fold dilution of normal
plasma in PBS to match the sample matrix, with a blank included. Bound PZP was detected
using a biotinylated anti-PZP antibody, streptavidin—-HRP, and colorimetric detection with TMB
substrate, read at 450 nm with 540/570 nm correction. The antibodies used have been
confirmed by the manufacturer to exhibit no cross-reactivity with the natural protein a:M or the
recombinant proteins CD109, LDL R, a;,ML1, complement C3a and complement C5a. All
assays were performed by the candidate to reduce inter-user variability, and pooled plasma
controls were included on each plate to monitor inter-plate consistency. The inter-assay and
intra-assay coefficients of variation were 11.3% and <10%, respectively. Duplicate samples
with readings that differed by >10% coefficient of variation were re-analysed (in duplicate) as a

quality control measure.

3.2.3 Statistical analysis

Descriptive statistics for maternal and neonatal characteristics are grouped by pregnancy
outcome and reported separately for each cohort. Categorical variables were compared using
Fisher’s exact or chi squared test and are reported as n (%). Continuous normally distributed
variables were compared using Student’s T-test and are reported as mean (SD). Continuous

skewed variables were compared using the two-tailed Mann-Whitney U test adjusted using the
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Bonferroni correction to account for multiple comparisons or Kruskal-Wallis test with Dunn’s
post-hoc comparisons and are reported as median (IQR). Spearman’s rank correlation
coefficient (rho) was used to assess correlations between maternal plasma PZP concentration

and relevant variables.

For the St George Hospital and Nationwide Children’s Hospital cohorts, natural logarithmic
transformation was performed to normalise the distribution of PZP concentrations and sFlt-
1/PIGF measures for models in which they were the dependent variable. Univariate linear
regression models were used to assess the association between maternal and neonatal
characteristics and maternal plasma PZP concentration in the St George Hospital and
Nationwide Children’s Hospital cohorts. Log transformation was not sufficient to normalise
PZP in the late STOP cohort, therefore quantile regression at the 0.25, 0.5, and 0.75 quantiles
was used to assess the associations between maternal and neonatal characteristics and PZP
concentration for this cohort. Models which assessed the influence of parity on PZP were
adjusted for gestational age at sampling, and/or BMI as indicated. Logistic regression models
were used to assess the association between PZP and pregnancy outcome, and were adjusted
for parity, gestational age at sampling, and/or BMI as indicated. The Akaike Information
Criterion (AIC), calculated as -2 log-likelihood + 2k, and the Bayesian Information Criterion
(BIC), calculated as -2 log-likelihood + k x log(n), where k is the number of parameters and nis
the sample size, were used to assess model fit as indicated, with lower AIC/BIC indicative of a
better fitting model. Parity and gravidity were treated as binary variables in all regression
analyses (nulliparous and parous, primigravida and multigravida) due to limited mothers with
parity =22 or gravidity =3. Similarly, due to the small sample sizes within each ethnic group,
participants were broadly categorised as ‘Caucasian’ and ‘non-Caucasian’ for all analyses. All
statistical analyses were carried out in SPSS (version 28.0.1.1), and all figures were generated

using GraphPad Prism (version 9.0.0).

3.3 Results

3.3.1 St George Hospital cohort

PZP concentration was measured in blood plasma samples collected from mothers during the
mid to late third trimester and were grouped according to whether they experienced
normotensive or PE pregnancy. Relevant maternal and neonatal characteristics, grouped by

pregnancy outcome, are presented in Table 3.3.1 with additional information regarding
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comorbidities supplied in Table S2. The normotensive and PE groups were comparable in terms
of the gestational age at sampling, maternal age, BMI, neonatal sex, and the proportion of
primigravid mothers. As expected, given the clinical presentation of PE, systolic and diastolic
blood pressures were significantly higher in the PE group compared to the normotensive group.
Preterm birth occurred exclusively in the PE group and the average gestational age at birth was
lower for PE women compared to normotensive women. Concomitantly, neonatal birthweight
was significantly lower in the PE group and SGA babies were born exclusively to mothers with
PE. Consistent with PE occurring more commonly in first time mothers, the PE group had more
than double the number of nulliparous women compared to the normotensive group. The
frequencies of parity and gravidity for both groups are provided in Table S3.

Table 3.3.1: Maternal and neonatal characteristics grouped by pregnancy outcome in the St George Hospital cohort.
Maternal characteristics collected at time of sampling.

Normotensive Preeclampsia p

n 31 31

Gestational age at sampling (weeks) 35.72+2.70 35.64 +2.80 0.70
Maternal age (years) 32.19+4.37 32.35+5.45 0.90
Body mass index (kg/m?) 24.52+3.54 25.64 +5.58 0.35
Systolic blood pressure (mmHg) 108 (98 - 112) 145.0 (140 - 154) <0.001
Diastolic blood pressure (mmHg) 70 (60 — 80) 92 (90 - 115) <0.001
Nulliparous 7 (22.6) 17 (54.8) 0.02
Primigravida 5(16.1) 10(32.3) 0.23
Gestational age at birth (weeks)° 39.28 +1.12 36.21+2.40 <0.001
Birthweight (g)° 3430 (3165 - 3650) 2550 (1790 — 3340) <0.001
Neonatal sex (Female)? 9(31.0) 11 (37.9) 0.50
Preterm birth (<37 weeks) 0(0) 15 (48.4) <0.001
Small for gestational age (<10 centile) 0(0) 11 (35.5) <0.001
Early onset (<34 weeks gestation) N/A 11 (35.5) N/A

Normally distributed variables compared using Student’s T-test and reported as mean * SD. Non-normally distributed
variables compared using two-tailed Mann-Whitney U test and reported as median (IQR). Categorical variables
compared using Fisher’s exact test (2-sided) and reported as n (%). Gravidity includes the current pregnancy. ?Missing
data for n = 2 normotensive participants.

There was substantial inter-individual variation in maternal plasma PZP concentration between
mothers of similar gestational age, ranging from 16.23 pg/mL to 826.86 pg/mL. When PZP
concentration was compared, the median was lower for the PE group (123.11, IQR 48.24 —
257.25 pg/mL), compared to the normotensive group (254.51, IQR 88.85 - 425.12 yg/mL, p =
0.01) (Figure 3.3.1A). To further analyse the relationship between maternal plasma PZP
concentration and pregnancy outcome (PE versus normotensive) logistic regression modelling
was performed. The results indicated a statistically significant association, although the effect
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size was small (odds ratio [95% CI]: 0.996 [0.993, 0.999]; p = 0.02). When gestational age at
sampling or BMI were included as covariates (both have previously been reported to associate
with PZP concentration; Ekelund and Laurell, 1994, Fosheim et al., 2023) there was little effect
on the model outcome. Model fit statistics (AIC and BIC) supported that models including
either PZP concentration alone or PZP concentration with BMI provided the best fit to the data,

with little difference between them (Table S4).

Given that the association between maternal plasma PZP concentration and PE was weak,
further analysis was performed to explore whether other variables contributed to this
association. When PE cases were stratified according to time of diagnosis (i.e., EO-PE versus
LO-PE), no significant difference in median PZP concentration was observed between these
subgroups. A difference was only found between the median PZP concentration of the LO-PE
group and the normotensive group (Figure 3.3.1B). When the data were separated according to
birthweight (i.e., PE + SGA versus PE + appropriate for gestational age [AGA]), the median PZP
concentration was lowest for the PE + SGA group, with no difference between the PE + AGA and
normotensive groups (Figure 3.3.1C). Due to the small sample sizes generated when stratifying
the PE group by time of diagnosis or birthweight, only univariate logistic regression was
performed. PZP concentration showed a very weak association with the odds of a woman
having PE + SGA (odds ratio [95% CI]: 0.994 [0.988, 0.999]; p = 0.03) but not PE + AGA (odds
ratio [95% CI]: 0.997[0.994, 1.001]; p =0.10). Similarly, when stratified by time of diagnosis, LO-
PE (odds ratio [95% CI]: 0.995[0.991, 0.999]; p = 0.02) but not EO-PE (odds ratio [95% CI]: 0.997

[0.993, 1.003]; p = 0.20), was found to be associated with plasma PZP concentration.
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Figure 3.3.1: Unadjusted maternal plasma PZP concentration grouped by pregnancy outcome in the St George Hospital cohort.

(A) Normotensive (n = 31) versus PE (n = 31) pregnancies; (B) normotensive versus PE pregnancies stratified by gestational age at onset (EO-PE n = 11; LO-PE n = 20);

(C) normotensive versus PE pregnancies stratified by birthweight for gestational age (PE + SGA n = 11; PE + AGA n = 20). Two-tailed Mann-Whitney U test;
significance indicated with asterisks (*p <0.05).
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3.3.1.1 Maternal plasma PZP concentration weakly correlated with sFlIt-1/PIGF ratio,
gestational age at birth, and parity

To explore whether maternal plasma PZP concentration was associated with maternal and
neonatal characteristics in the St George Hospital cohort correlation analyses were performed.
Independent of pregnancy outcome, PZP concentration showed a weak negative correlation
with the sFlt-1/PIGF ratio, a biomarker of PE (Figure 3.3.2A), and a weak positive correlation with
gestational age at birth (Figure 3.3.2B) and parity (Figure 3.3.2C). Despite the apparent
association between PE + SGA and reduced maternal PZP concentration, birthweight did not
correlate with PZP concentration. No other variables were found to correlate with PZP

concentration (Table S5).
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Figure 3.3.2: Correlation between maternal plasma PZP concentration and clinical parameters in the St George

Hospital Cohort.
(A) sFlt-1/PIGF ratio (n = 40; 20 PE, 20 normotensive); (B) gestational age at birth (n = 60; 31 PE, 29 normotensive);
(C) parity (n = 61; 31 PE, 30 normotensive). Spearman’s rho. Data points are shaded by pregnancy outcome for visual
reference only; the trend line represents the overall dataset.

3.3.1.2 Parity was associated with maternal plasma PZP concentration in normotensive
pregnancies

To further explore the relationship between maternal plasma PZP concentration and correlated

variables,

linear

regression analyses were performed. When

log-transformed PZP

concentration was modelled as the independent variable, the results showed that the
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association between PZP concentration and the sFlt-1/PIGF ratio was very weak, with the ratio
of geometric means close to 1 (Table S6). Given the uncertainty regarding the direction of the
relationship between PZP and sFlt-1/PIGF ratio, analyses were repeated with PZP as the
dependent variable. Similar results were obtained, suggesting that it is unlikely that a causal
relationship exists (Table S6). Similarly, the results of linear regression analyses assessing the
association between PZP concentration and gestational age at birth were only marginally
significant, with a negligible effect size of 0.3% (Table S6). In contrast, the results of linear
regression modelling showed a much stronger association between maternal plasma PZP
concentration and parity, whereby, on average, PZP concentrations in parous women were
~1.7-fold higher compared to nulliparous women (ratio of geometric means [95% CI]: 1.748
[1.085, 2.814]; p =0.02). To further investigate this association, gestational age at sampling and
BMI were included as covariates in the model to assess their contributions to explaining the
variability in maternal plasma PZP concentration. However, the AIC and BIC supported that a

model including parity alone fit the data best (Table S7).

The finding that maternal plasma PZP concentration in late pregnancy is influenced by parity
was further supported by the significantly higher median value measured in parous (252.42,
IQR 76.32 — 405.11 pg/mL) versus nulliparous (106.99, IQR 47.19 - 236.67 pg/mL, p = 0.03)
women (Figure 3.3.3A). Although sample sizes were insufficient for reliable statistical analyses,
visual assessment of PZP concentration in normotensive versus PE pregnancies stratified by
parity showed that the elevated levels of maternal plasma PZP are plausibly driven by the
normotensive group of women (Figure 3.3.3B). This observation prompted further investigation

of the relationship between parity and PZP concentration within each outcome group.
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Figure 3.3.3: Unadjusted maternal plasma PZP concentration grouped by parity in the St George Hospital cohort.
(A) Nulliparous (n = 24) versus parous (n = 38). Two-tailed Mann-Whitney U test; significance indicated with
asterisks (* p <0.05). (B) Normotensive versus PE pregnancies, stratified by parity. Statistical analysis not
performed due to limited n.

In the normotensive group there was a moderate positive correlation between maternal plasma
PZP concentration and parity (rs = 0.46, p = 0.009) and parous women were associated with
approximately 2.4-fold higher plasma PZP levels, compared to nulliparous women (ratio of
geometric means [95% ClI]: 2.460 [1.271, 4.762]; p = 0.008). Conversely, in the PE group there
was no significant correlation between PZP levels and parity (rs = 0.03, p = 0.86), nor was there
any association between parity and PZP concentration (ratio of geometric means [95% CI]:

1.034[0.521, 2.054]; p = 0.92).

Considering that parity affects maternal plasma PZP concentration, logistic regression models
to assess PZP’s effect on pregnancy outcome were re-run and adjusted for both parity and BMI.
The results showed that nulliparous women had 4-fold higher odds of developing PE compared
to parous women but that PZP concentration was only weakly associated with pregnancy

outcome (Table 3.3.2).
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Table 3.3.2: Logistic regression model assessing the association between maternal plasma PZP concentration and
pregnancy outcome in the St George Hospital cohort (n = 62; 31 normotensive [reference], 31 PE).

Variable Odds ratio [95% Cl] P
PZP (ug/ml) 0.996 [0.993, 0.999] 0.04
Parity (nulliparous versus parous) 4.000 [1.189, 13.459] 0.03
BMI 1.123[0.975, 1.293] 0.11

3.3.2 Nationwide Children’s Hospital cohort

Given the limited sample size of the St George Hospital cohort (n = 62), samples from the
Nationwide Children’s Hospital, an independent cohort of 121 women, were subsequently
analysed. In addition to analysing samples from normotensive and PE pregnancies, this cohort
also included samples from women who had PE comorbid with IUGR (PE + IUGR) or sPTB. This
cohort was generally younger, included more primigravid women, and blood plasma samples
were collected earlier in gestation (late second to early third trimester) compared to the St
George Hospital cohort (mid to late third trimester; Table S8). The overall proportion of
nulliparous women was similar in both cohorts, except that the St George Hospital cohort had
a bias toward nulliparity in the PE group, the Nationwide Children’s Hospital cohort had a
similar proportion of nulliparous mothers across all outcomes (Table 3.3.3). The frequency of
parity and gravidity for each outcome group is available in Table S9. There was no significant
difference in gestational age at sampling, maternal age, nor the distribution of primigravid
mothers when comparing adverse pregnancy outcomes with the normotensive group (Table
3.3.3). Conversely, Caucasian women were underrepresented in the PE, PE + IUGR, and sPTB
groups compared to normotensive pregnancy (Table 3.3.3).

Table 3.3.3: Maternal characteristics grouped by pregnancy outcome in the Nationwide Children’s Hospital cohort.
Maternal characteristics were collected at time of sampling.

Normotensive PE p PE + IUGR p sPTB P
n 30 30 31 30
GA at sampling (weeks) 28.38+3.04 | 27.93+3.00 1 27.47 £2.81 0.69 27.37 £2.88 0.6
Maternal age (years) 28.33+4.48 | 27.50+7.27 1 28.29+7.13 1 26.10 £ 6.07 0.33
Nulliparous 16 (53.3) 16 (53.3) 1 21 (67.7) 0.9 14 (46.7) 1
Primigravida 13 (43.3) 12 (40) 1 16 (51.6) 1 9(30) 1.26
Caucasian 23(76.67) 10(33.33) |0.006| 13(41.93) 0.03 9(30) 0.003
Early onset (<34 weeks) N/A 30 (100) N/A 31 (100) N/A N/A N/A

Normally distributed variables compared using Student’s T-test and reported as mean * SD. Non-normally distributed
variables compared using two-tailed Mann-Whitney U test and reported as median (IQR). Categorical variables
compared using Fisher’s exact test (2-sided) and reported as n (%), Fisher’s exact test (2-sided). Reported p-value is
adjusted using the Bonferroni correction for multiple comparisons and is compared to the normotensive group.
Gravidity includes the current pregnancy.
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3.3.2.1 Maternal plasma PZP concentration was not associated with adverse pregnancy
outcomes

As observed in the St George Hospital cohort, maternal plasma PZP concentration in the
Nationwide Children’s Hospital cohort varied greatly between women of similar gestational
age, ranging from 5.34 pg/mL to 750.96 pg/mL. There were no significant differences in median
PZP concentration between normotensive pregnancies and pregnancies complicated by PE, PE
+ IUGR, or sPTB (Figure 3.3.4). To further assess the relationship between PZP and pregnancy
outcome, logistic regression modelling adjusted for parity and gestational age at sampling was
performed. The model was not adjusted for BMI as this information was not available for the
participants in the Nationwide Children’s Hospital cohort. There was no association between

PZP or parity and pregnancy outcome in any of the models assessed (Table S10).

800 =
600 = T
-T™

=
=
o
2 400 =
Q.
N
Q.

200

0 T "L = -

Normotensive PE PE + IUGR sPTB

Figure 3.3.4: Unadjusted maternal plasma PZP concentration grouped by
pregnancy outcome in the Nationwide Children’s Hospital cohort. Kruskal-Wallis
test with Dunn’s post hoc multiple comparisons; no statistically significant
differences were observed between groups. n = 121 (30 normotensive, 30 PE, 31
PE + IUGR, 30 sPTB).
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3.3.2.2 Maternal plasma PZP concentration weakly correlated with parity and gravidity

Consistent with the main finding from the St George Hospital cohort, maternal plasma PZP
concentration in the Nationwide Children’s Hospital cohort showed a weak positive correlation
with parity (Figure 3.3.5). Additionally, the correlation between PZP concentration and gravidity,
though weaker, was statistically significant. No other variable was found to correlate with PZP
concentration in this cohort (Table S11) and there was no difference in median PZP

concentration between Caucasian and non-Caucasian women (p = 0.34; Figure S3).
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Figure 3.3.5: Correlation between maternal plasma PZP concentration and maternal characteristics in the Nationwide
Children’s Hospital cohort. (A) Parity; (B) gravidity. Spearman’s rho; n =121.

3.3.2.3 Parity and gravidity were significantly associated with maternal plasma PZP
concentration

Linear regression modelling was performed to further investigate the association between
maternal plasma PZP concentration and parity or gravidity. Models to assess the influence of
parity and gravidity on log-transformed PZP concentration were initially adjusted for gestational
age at sampling but the AIC and BIC supported that univariate linear regression fit the data best
(Table S12). Accordingly, being parous or multigravid was associated with 74.8% and 68.9%
higher maternal plasma PZP concentration compared to being nulliparous or primigravida,
respectively (Table 3.3.4). Consistent with these findings the median PZP concentration was

higher in parous (177.82, IQR 107.35 — 263.67 pg/mL) and multigravid (137.85, IQR 94.40 -
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248.98 pg/mL) women compared to nulliparous (106.94, IQR 43.34 - 183.11ug/mL, p = 0.007)
or primigravid (105.37,I1QR 34.28 -182.61 ug/mL, p = 0.005) women, respectively (Figure 3.3.6).

Table 3.3.4: Univariate linear regression analyses assessing the association between maternal characteristics and
maternal plasma PZP concentration in the Nationwide Children’s Hospital cohort (n = 121).

Characteristic Ratio of geometric means [95% Cl] p
Parity (parous versus nulliparous) 1.748 [1.255, 2.437] <0.001
Gravidity (multigravida versus primigravida) 1.689 [1.206, 2.367] 0.002
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Figure 3.3.6: Unadjusted maternal plasma PZP concentration grouped by (A) parity and (B) gravidity in the
Nationwide Children’s Hospital cohort.
(A) Nulliparous (n = 67) versus parous (n = 54); (B) primigravida (n = 50) versus multigravida (n = 71). Two-tailed
Mann-Whitney U, significance indicated with asterisks (** p <0.01).

When the data were separated by pregnancy outcome and further stratified by parity or
gravidity, there was a general trend towards higher maternal plasma PZP concentrations in
parous and multigravid pregnancy. However, the limited sample sizes in each subgroup

precluded statistical analysis (Figure 3.3.7).
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Figure 3.3.7: Unadjusted maternal plasma PZP concentration grouped by pregnancy outcome and stratified by (A) parity and (B) gravidity in the Nationwide Children’s Hospital

cohort.

No statistical analyses performed due to limited n in some groups.
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3.3.3 Late STOP cohort

Data from both the St George Hospital and Nationwide Children’s Hospital cohorts showed that
maternal plasma PZP concentration is associated with parity. However, PZP concentration was
only associated with gravidity in the Nationwide Children’s Hospital cohort. Therefore, to
further investigate the relationship between PZP and pregnancy outcome or maternal and
neonatal characteristics, PZP concentration was measured in blood plasma samples collected
from a cohort of nulliparous women during the mid third trimester. Compared to the previous
cohorts analysed, the late STOP cohort was larger (n = 535) and included comprehensive
clinical and demographic information for the participants. This cohort included samples from
uncomplicated, PE, GH, GDM, SGA, sPTB, and otherwise complicated pregnancies. Relevant
maternal and neonatal characteristics are presented in Table 3.3.5, with additionalinformation
regarding comorbidities available in Table S15. Women with PE, GH, or GDM had higher BMls
compared to those with uncomplicated pregnancies, and there were fewer Caucasian women
with GDM. Birthweight was significantly lower for babies born to women with PE, SGA, or sPTB
compared to the uncomplicated group. In the remaining pregnancy complications, there were
no differences when compared to uncomplicated pregnancy in terms of BMI, ethnicity, or
birthweight. There were also no significant differences between uncomplicated and adverse
pregnancies in terms of gestational age at sampling, maternal age, smoking status, neonatal
sex, or the proportion of primigravid mothers. The frequency of gravidity for each pregnancy

outcome is available in Table S16.
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Table 3.3.5: Maternal and neonatal characteristics grouped by pregnancy outcome in the late STOP cohort. Maternal characteristics collected at time of recruitment (11 — 16 weeks

gestation).
Uncomplicated PE P GH 4 GDM P SGA 4 sPTB P Other P
n 289 59 23 57 54 19 34
. 340 34.0 34.0 34.0 34.0 34.0 34.0
GA at sampling (weeks)| 335 360 | 340-35.0) | * | (32.7-34.0) | °7°| 332-346) | 1 | 339-350) | ' | (34.0-34.0)|°® | 340-353) | !
26.0 25.0 26.0 280 26.0 220 26.0
Maternal age (years) | ;30 _790) | (23.0-200) | * | (23.0-31.0)| * | (23.0-32.0) | %% | 230-200)| * | (200-290) | %% | 22.8-20.0) | *
255 296 295 293 283 254 27.9
2
BMmI (kg/m) (22.6-29.8) | (25.0-35.7) |%9%| 263-357) | %92 | 226-36.2) | %03 | (23.1-331) | O*® | 216-323) | 1 | (227-364) | O
Smoker (no) 244 (84.4) 50 (84.7) 1 17 (73.9) 1 | 48(84.2) 1 42 (77.8) 1 15 (78.9) 1 28(82.4) | 1
Ethnicity (Caucasian) 248 (85.8) 55(93.2) | 0.84 | 21(91.3) 1 | 40(702) |0.04| 50(92.6) 1 17 (89.5) 1 30(88.2) | 1
Primigravida 222 (76.8) 42 (71.2) 1 16 (69.6) 1 38(66.7) | 0.64 | 34(63.0) | 0.19 | 13(68.4) 1 25(735) | 1
Neonatal sex (F) 136 (47.1) 23 (39) 1 8 (34.8) 1 37(64.9) |0.12| 22(40.7) 1 7 (36.8) 1 14412) | 1
o 3556 3114 3360 3435 2845 2835 3466
Birthweight (g) (3270-3790) | (2726 -3610) | 9% | (3250 -3615) | %% | (3246-3737)| 1 |(2593-2995)| %0996 | (2485 — 3235) [%-0006| (3160 -3714)| 1
Early onset (<34 weeks) N/A 1(1.7) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Continuous variables compared using two-tailed Mann-Whitney U test and reported as median (IQR). Categorical variables compared using chi-square test and reported as n (%). All
reported p-values are adjusted using the Bonferroni correction for multiple comparisons and are compared to the uncomplicated group.
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3.3.3.1 Maternal plasma PZP concentration was not associated with adverse pregnancy
outcomes

Consistent with the substantial inter-participant variation observed in the first two cohorts,
maternal plasma PZP concentration ranged from 0.71 pg/mL to 690.73 pg/mL in mothers of
similar gestational age. There was no significant difference in median PZP concentration
between women with uncomplicated pregnhancy and those with complications (Figure 3.3.8).
To further investigate the relationship between PZP concentration and pregnancy outcome
logistic regression modelling was performed. The AIC and BIC assessment supported that a
model adjusted for BM| and gestational age at sampling provided the best fit (Table S17).
However, PZP was not significantly associated with pregnancy outcomes in a model adjusted
for these factors (Table S18). When mothers with PE + SGA were separated from those with PE
+ AGA there was no difference between median PZP concentration (p = 0.77), nor any
association between PZP concentration and pregnancy outcome by logistic regression analysis

(odds ratio [95% CI]: 0.999[0.995, 1.002]; p = 0.47).
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Figure 3.3.8: Unadjusted maternal plasma PZP concentration grouped by pregnancy outcome in the late STOP
cohort. Kruskal-Wallis test with Dunn’s post hoc multiple comparisons; no statistically significant differences were
observed between groups. n = 535 (289 uncomplicated, 59 PE, 23 GH, 57 GDM, 54 SGA, 19 sPTB, 34 other).
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3.3.3.2 Maternal plasma PZP concentration was lower in non-Caucasian mothers and
weakly correlated with BMI

Ethnicity significantly influenced PZP concentration, with lower median PZP levels in non-
Caucasianwomen (134.25, IQR 48.49 - 245.57 ug/mL) compared to Caucasian women (192.9,
IQR97.50-296.57 pg/mL, p=0.0017) (Figure 3.3.9). PZP did not differ by neonatal sex (p = 0.84),

smoking status (p = 0.71) or gravidity (primigravida versus multigravida; p = 0.36).
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Figure 3.3.9: Unadjusted maternal plasma PZP concentration, grouped by
ethnicity, in the late STOP cohort. Two-tailed Mann-Whitney U test;
significance indicated with asterisks (** p <0.01). n = 535 (461 Caucasian, 74
non-Caucasian).

To assess the association between maternal plasma PZP concentration and continuous
maternal or neonatal characteristics correlation analyses were performed. The only
characteristic that correlated with PZP was BMI, which demonstrated a very weak positive
correlation (rs = 0.114, p = 0.008). PZP concentration did not significantly correlate with
gestational age at sampling, maternal age, gravidity, nor birthweight (Table S19). To further
investigate those characteristics that significantly correlated with maternal plasma PZP
concentration quantile regression analyses at the 0.25, 0.5, and 0.75 quantiles were
performed. The results showed that the association between BMI and PZP concentration was

only significant at the 0.75 quantile (Table 3.3.6).
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Table 3.3.6: Univariate quantile regression analyses assessing the association between maternal characteristics and
maternal plasma PZP concentration in the late STOP cohort (n = 535).

Quantile
0.25 (91.10 ug/mL) 0.5 (181.00 ug/mL) 0.75 (288.31 ug/ml)
Coefficient [95% Cl] p Coefficient [95% Cl] p Coefficient [95% CI] | p
BMI (kg/m?) 1.329 [-0.445,3.103] | 0.14 | 1.161[-1.064,3.385] | 0.31 |2.622[0.195, 5.050]| 0.03

The coefficient represents the change in PZP concentration (ug/mL) per 1-unit increase in BMI at the specified quantile.

3.4 Discussion

The results of this study provide much needed insight regarding maternal plasma PZP
concentrations in the third trimester of pregnancy and support the conclusion that PZP levels
are influenced by parity. A key strength of this study is that PZP concentration was measured in
blood samples from three independent pregnancy cohorts, enhancing the robustness and
generalisability of findings that were consistent. While a;M and PZP are relatively unstable once
purified from blood plasma (Wyatt et al., 2015, Bonacci et al., 2000), a.M has been shown to
remain stable in plasma after long-term storage (Mendes et al., 2023). However, caution is
needed when making cross-cohort comparison due to methodological differences, including
the duration of plasma storage for each cohort, and differences in gestational age at sampling
and participant demographic characteristics. A consistent finding across all cohorts, and in
line with prior reports, there was remarkably wide variation in circulating PZP concentrations in
women of similar gestational age. In some cases, PZP concentrations approached the mg/mL

range, while in others only trace levels were detected.

Comparison of median PZP concentrations across the three cohorts supports that there is a
relative peak in maternal plasma PZP during the middle of the third trimester (Figure S4).
However, this increase may commonly be less pronounced than that reported in the
foundational study by Ekelund and Laurell (1994), which examined plasma PZP concentration
longitudinally across gestation in a small number of mothers. Combined, these findings
underscore the need for further investigation into the factors that regulate PZP expression and

its potential relevance to pregnancy-related physiology and complications.

3.4.1 Maternal plasma PZP concentration was lower in nulliparous versus parous
pregnancy during mid-late gestation

The results presented in this chapter provide the first evidence that there is an association

between maternal plasma PZP concentration and parity, whereby PZP concentration is
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reduced in nulliparous mothers. A weak positive correlation between plasma PZP
concentration and parity was identified in two independent pregnancy cohorts. However, only
a small number of samples from mothers with parity 22 were available for analysis. Therefore,
further studies are needed to more accurately describe the association between PZP
concentration and parity 22. Although gravidity was associated with maternal plasma PZP
concentration in the Nationwide Children’s Hospital cohort, the results obtained from the
nulliparous late STOP cohort confirmed that the number of births, rather than the number of
pregnancies, is the key factor. The reasons for this are unclear but it suggests that PZP
expressionisinfluenced by biological processes that occur laterin pregnancy, beyond the early

stages when spontaneous miscarriage is most likely to occur.

It is generally agreed that parous women experience more favourable pregnancy outcomes
compared to their nulliparous counterparts. However, the molecular mechanisms
underpinning this association remain incompletely understood. A key distinction in parous
pregnancies is the presence of pregnancy-trained decidual natural killer (PTdANK) cells, which
are thought to enhance placental development and contribute to a lower incidence of
obstetrical syndromes that have their basis in defects of placentation (Gamliel et al., 2018).
These PTdNK cells secrete greater amounts of VEGFA and IFN-y, which promote vascularisation
and placentation (Gamliel et al., 2018). Additionally, the persistence of trained immunity in
subsequent pregnancies may allow for more efficient spiral artery remodelling and a more
tolerogenic immune environment. Given PZP’s putative immunomodulatory role, its elevated
levels in parous pregnhancies may help buffer excessive inflammation, complementing the
posited pregnancy-induced immunological memory that promotes a more tolerogenic and

anti-inflammatory maternal immune state in subsequent pregnancies (Huang et al., 2021).

3.4.2 Potential mechanism for the parity-associated increase in maternal plasma PZP
concentration

The finding that maternal plasma PZP was elevated in multiparous mothers compared to
nulliparous mothers challenges the idea that PZP is primarily upregulated by estrogen during
pregnancy, as suggested by early research (Damber et al., 1976, Ottosson et al., 1981).
Numerous studies have reported that estrogen levels are higher in nulliparous pregnancy
compared to parous pregnancy (Schock et al., 2016, Bernstein et al., 1985, Arslan et al., 2006,
Panagiotopoulou et al., 1990), thus alternative regulatory mechanisms must be responsible for

the opposing relationship between parity and plasma PZP concentration. Additionally,
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circulating PZP appears to peak in the middle of the third trimester, yet estrogen concentrations
continuously increase throughout the entire duration of pregnancy (Schock et al., 2016). Given
that PZP is upregulated in pregnancy-independent inflammatory states in both sexes (Smith et
al., 2017, Shao et al.,, 2021, Nijholt et al.,, 2015, Huang et al., 2024), it is plausible that
immunoregulation of PZP expression plays a more significant role in pregnancy than currently
recognised. /n vitro studies investigating the regulation of PZP production by placental cells in
response to cytokines or other immunomodulatory factors would provide mechanistic insight

into the specific pathways governing its expression.

Chromatin immunoprecipitation sequencing (ChlP-seq) has identified binding sites for signal
transducers and activators of transcription (STATs) 3 and 5a on the PZP gene (Lachmann et al.,
2010, Zhang et al., 2013, ENCODE Project Consortium, 2004), suggesting that STAT signalling
may regulate PZP expression. In multiparous pregnancies, concentrations of STAT3 and STAT5a
activators (Bai et al.,, 2021, Nguyen et al., 2015, Lin and Leonard, 2000, Platanias, 2005),
including IL-8, IL-13, IL-15, IL-17 (Sanchez et al., 2021, Jarmund et al., 2021) and IFN-y (Gamliel
et al., 2018) are increased compared to nulliparous pregnancies. The biological mechanisms
driving these cytokine differences remain unclear but may be influenced by immune tolerance
to paternal antigens, whereby prior immune exposure leads to epigenetic and functional
adaptations following a first pregnancy. Supporting this, mouse studies have shown that STAT
binding sites, particularly those for STAT5a, become hypomethylated in subsequent
pregnancies, allowing for more rapid activation of STAT-dependent genes (Dos Santos et al.,
2015). Furthermore, both STAT5 signalling and maternal plasma PZP levels peak around 30
weeks gestation (Aghaeepour et al., 2017), lending additional support to the hypothesis that
increased PZP in multiparous pregnancy may be driven by STAT signalling. Further work is
needed to investigate this hypothesis, including in vitro experiments to assess the effect of
STAT-activating cytokines on PZP expression in liver or placental cell lines and organoids.
Additionally, measurement of STAT activation, cytokine profiles and PZP levels across gestation
could help determine whether STAT signalling plays a role in regulating PZP in vivo. At present,

though, this remains speculative and requires mechanistic validation.

Although immune responses may contribute to the regulation of maternal plasma PZP
concentration, in the current study, there was no association between increased PZP
concentration and adverse pregnancy outcomes involving inflammatory pathology, such as PE,

IUGR, or PTB (Couture et al., 2024, Mei et al., 2022, Yin et al., 2021, Medina-Bastidas et al.,
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2020). One potential explanation is the heterogeneity of these conditions. A major challenge
for studying pregnancy complications is the substantial variation in their presentation. Even
when cases share the same clinical diagnosis, the underlying pathophysiological processes
can differ significantly — a key example being PE, which can manifest through distinct biological
pathways (Torres-Torres et al., 2024). The presence of comorbidities further complicates the
molecular landscape, making it difficult to isolate the contribution of individual factors such as

PZP.

Other variables, such as ethnicity and BMI, also need to be considered. Racial differences in
interferon responses have been reported (Reddy et al., 1999, Gaglio et al., 2004, Kimball et al.,
2001), which may subsequently influence maternal plasma PZP concentration. In the current
study, PZP was lower in non-Caucasian women compared to Caucasian women in the late
STOP cohort but not in the Nationwide Children’s Hospital cohort. However, this finding is
provisional as sample sizes did not permit the analysis of individual ethnicities within the non-
Caucasian groups that were biased toward Hispanic and African American in the Nationwide
Children’s Hospital cohort, and South, South East and Far East Asia in the late STOP cohort.
Consistent with the prior study of Fosheim et al. (2023), a weak positive correlation between
PZP and BMI was observed in the late STOP cohort. The results of regression modelling
indicated that BMI was positively associated with PZP concentration but only at the upper end
of the distribution (0.75 quantile), with no evidence of an association across the full range of
PZP concentrations. These findings highlight the complexity of PZP regulation and underscore
the need for further research to elucidate the precise genetic, environmental, and/or health-

related factors that underpin these results.

3.4.3 There was no association between maternal plasma PZP concentration and LO-PE
in the third trimester of nulliparous pregnancy

Consistent with the findings of Fosheim et al. (2023), data from the late STOP cohort support
the conclusion that there is no association between circulating PZP concentration in the third
trimester of pregnancy and LO-PE. A major strength of the current study, compared to Fosheim
et al. (2023), is the use of plasma samples from a uniformly nulliparous cohort collected within
a narrow gestational window, thereby reducing confounding related to parity and gestational
age at sampling. A limitation, though, is the lack of corresponding samples from EO-PE, which
is less common than LO-PE. In the light of new knowledge that parity is an important

consideration, further studies are needed to validate the association between EO-PE and

113



circulating PZP concentration. Notably, nulliparity is known as a major risk factor for PE,
regardless of time of onset (Bartsch et al., 2016, Lisonkova and Joseph, 2013). Therefore, its
plausible that an over-representation of nulliparous mothers with PE compared to controls
potentially underpins previous reports of lower circulating PZP concentration in PE (Horne et

al., 1979, Rasanen et al., 2010, Liu et al., 2011, Fosheim et al., 2023).

In PE, elevated sFlt-1/PIGF ratio reflects an imbalance in angiogenic factors, skewing toward
the anti-angiogenic state that contributes to placental dysfunction (Kwiatkowski et al., 2021).
While it has been suggested that a negative correlation between PZP and the sFlt-1/PIGF ratio
may link PZP deficiency to placental dysfunction (Fosheim et al., 2023), the regression analysis
performed in this study provides little evidence that these two parameters affect one another.
Given that the sFlt-1/PIGF ratio is elevated in nulliparous pregnancies compared to parous
pregnancies (Law et al., 2010), further investigation is needed to clarify its relationship with
circulating PZP concentration. This will help determine whether their association is

independent or a reflects underlying factors such as parity.

3.4.4 Concluding remarks

Although the results presented in this chapter provide important new knowledge about the
association between maternal plasma PZP concentration and parity, no evidence was found
for any association between PZP concentration and pregnancy outcome in third trimester
samples from nulliparous mothers. Notably, circulating levels of PZP decline during the third
trimester (Ekelund and Laurell, 1994) but it is currently unknown if this relates to enhanced
clearance, decreased expression, or a combination of these mechanisms. Regardless, it is
plausible that the biological importance of PZP in preghancy is relevant to the early stages of
gestation when there is a rapid increase in circulating PZP concentration, rather than later in
pregnancy when PZP concentrations decline. Studies utilising samples from earlier pregnancy,
such as those described in the next chapter of this thesis, may therefore provide greater insight

regarding the biological importance of PZP.
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CHAPTER 4:

MEASUREMENT OF MATERNAL
PLASMA PZP CONCENTRATION IN
NULLIPAROUS PREGNANCY
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4.1 Introduction

Parity influences maternal biology, inducing distinct differences in gene expression between
parous and nulliparous women. These differences are mediated, in part, by epigenetic
mechanisms such as changes in DNA methylation. In immune cells from women with multiple
sclerosis (MS), parity has been associated with thousands of differentially methylated
positions linked to pathways involved in axon guidance, immune regulation, developmental
biology, and cell-cell communication (Mehta et al., 2019, Campagna et al., 2023). These
epigenetic changes have been shown to persist for up to 44 years following pregnancy. Similar
effects are also seen in women without any underlying disease, where 184 CpG sites have been
identified as differentially methylated between parous and nulliparous women in DNA derived
from peripheral blood. These changes are linked to genes involved in neuroplasticity, immune
function, and metabolism (Chen et al., 2024). Additionally, pregnancy alters DNA methylation
patterns in genes associated with T-cell differentiation and inflammatory pathways (Ross et al.,
2020). These findings highlight parity’s broader role in shaping maternal biology and its

potential to influence maternal immune adaptation during pregnancy.

Differences between nulliparous and parous women are also reflected in the composition of
maternal plasma. Early studies reported that, compared to nulliparous women, parous women
had 4% higher total plasma protein levels at 10 weeks gestation (Macdonald and Good, 1972).
The concentration of specific proteins, including albumin (Macdonald and Good, 1972), IgG
(Tandon et al., 1985), and PAPP-A and -D (Lin et al., 1974, Lin et al., 1976), are also reportedly
increased in the plasma of parous women compared to nulliparous women. While the findings
of these early studies may have limited reliability due to the protein quantification methods
available at the time, the results of contemporary studies also support the association between
parity and changes in the maternal plasma proteome. For example, parity is reported to
influence 50% of principal components representing groups of proteins that captured key
patterns in the maternal plasma proteome (Tarca et al., 2022). Specific proteins, including
fibrinogen (Dai et al., 2023a), trefoil factor 3 (TFF3), and serine/threonine-protein kinase
(DCAK1) were found to be elevated in nulliparous women compared to parous women (Tarca et
al., 2022). The effect of parity extends to hormone levels too, with significantly lower levels of
progesterone, 17-OH progesterone, and estradiol reported in parous women, compared to

nulliparous women, in the first trimester (Jarvela et al., 2012).
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Parity-related physiological and molecular changes may explain why nulliparous women are at
greater risk of several complications including GH, PE, PTB, SGA, PROM, postpartum
haemorrhage (PPH), and stillbirth (Rurangirwa et al., 2012, Bai et al., 2002, Willinger et al.,
2009, Dai et al., 2023b, Magee et al., 2022). For example, the relative risk or odds ratio reported
for the association between nulliparity and PE ranges between 2 and 3 (Duckitt and Harrington,
2005, Bartsch et al., 2016, Misra and Kiely, 1997). However, the association between parity and
risk of pregnancy complications is not always linear. The risk of antepartum haemorrhage
(APH), GDM, GH, PROM, threatened preterm labour (TPL), PPH, or 3" degree tears, is highestin
nulliparous women and lowest in women with parity of 1 — 3 but the risk of these complications
then increases again with parity =24 (grand multiparity; Bai et al., 2002). Furthermore, the
influence of maternal characteristics such as age and ethnicity on pregnancy outcomes may
vary with parity (Fretts, 2005, Misra and Kiely, 1997), highlighting the importance of accounting

for this factor when characterising pregnancy-related molecules.

A limited number of studies have reliably quantified PZP in maternal pregnancy plasma (Table
3.1.1), and of these, none have included large, well-characterised cohorts that were matched
by parity. Building on the previous chapter, which identified parity as a significant determinant
of maternal plasma PZP concentration, it was hypothesised that restricting analyses to
nulliparous mothers would reduce confounding and reveal associations that may have been
obscured in mixed-parity cohorts. This chapter therefore characterised maternal plasma PZP

concentration in two independent cohorts of nulliparous mothers.

The specific aims of this chapter were to:

1) Quantify maternal plasma PZP concentrations in nulliparous pregnancy using samples
obtained from women who had uncomplicated and adverse pregnancies
2) Investigate the association between maternal plasma PZP concentration and maternal

and neonatal characteristics, including pregnancy outcomes, in nulliparous women

4.2 Methods

4.2.1 Recruitment
Pregnancy plasma samples analysed in this chapter were obtained from participants recruited
to the prospective cohort studies Screening for Pregnancy Endpoints (SCOPE) and Screening

Tests to identify poor Outcomes of Pregnancy (STOP) (Figure 4.2.1; Table 4.2.1). SCOPE was a
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multi-centre international study, and the samples used herein were exclusively from the South
Australian arm of the study. STOP participants were largely recruited at the same hospital as
the Australian arm of the SCOPE study (Table 4.2.1). PE was defined as systolic blood pressure
=140 mmHg and/or diastolic blood pressure 290 mmHg after 20 weeks gestation on at least 2
occasions 4 h apart, along with proteinuria and/or any multi-system complication of PE. sPTB
was defined as spontaneous preterm labour or preterm PROM resulting in birth <37 weeks. GH
was defined as new-onset hypertension (systolic 2140 mmHg and/or diastolic blood pressure
290 mmHg) after 20 weeks gestation. SGA was defined as birthweight <10™ percentile using
customised centiles adjusted for maternal weight, height, parity, ethnicity, and infant sex. GDM
was diagnosed by a 75 g oral glucose tolerance test with fasting glucose 25.1 mmol/L and/or 2
h glucose 27.8 mmol/L (Mohammed et al., 2020, Jankovic-Karasoulos et al., 2021). If multiple
complications were present a hierarchy was used to classify cases where PE > sPTB > GH > SGA
> GDM. Women who experienced a complication other than those listed were classified as

‘other’.

SCOPE STOP

Recruited to study Recruited to study

n=1361 n=1373
Ineligible, n = 22 Ineligible, n =9
Protocol violation, n = 2 Lost to follow-up, n =6
—> Lost to follow-up, n =3 —> Withdrawn, n = 12
Withdrawn, n = 79 Miscarriage or termination, n =46
Miscarriage or termination, n =91 Fetal or neonatal death, n =9
Fetal death, n=6
Sample unavailable, n = 295 v
Study cohort
n=1300
' / \

Early pregnancy
samples, n = 863
(Chapter 4)

Late pregnancy
samples, n =535
(Chapter 3)

Early pregnancy
samples, n=1250
(Chapter 4)

Figure 4.2.1: Participant flow charts for the SCOPE and STOP cohorts.
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Table 4.2.1: Details for the recruitment of participants to the prospective cohort studies SCOPE and STOP.

Study

Recruitment Locations
(within South Australia)

Recruitment
Dates

Gestational Age
at Recruitment

Eligibility
Criteria

Exclusion Criteria

SCOPE

Lyell McEwin Hospital
(Elizabeth Vale)

2005 - 2008

14 — 16 weeks

Healthy
Nulliparous

Singleton

>3 terminations or miscarriages

Major fetal or uterine anomalies

Abnormal karyotype

Treated hypertension pre-pregnancy

Renal disease

Anti-phospholipid syndrome

Sickle cell disease

Systemic lupus erythematosus

HIV positive

Long term steroids

Previous cervical cone biopsy or suture

Treatment with any of; low dose-aspirin, >1g/24h calcium, fish oil, 21000mg
vitamin C, 2400iu vitamin E, heparin/low molecular weight heparin

STOP

Lyell McEwin Hospital
(Elizabeth Vale)

Women'’s and Children’s
Hospital (North Adelaide)

2015-2018

9 — 16 weeks

Healthy
Nulliparous

Singleton

23 terminations or miscarriages
Major fetal or uterine anomalies
Treated hypertension pre-pregnancy
Renal disease

Anti-phospholipid syndrome

Type | or Il diabetes mellitus
Systemic lupus erythematosus
Previous cervical cone biopsy

Australian and New Zealand Clinical Trials Registry: SCOPE - ACTRN12607000551493, STOP - ACTRN12614000985684.
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4.2.2 Sample preparation and analysis

Heparinised blood samples were collected from SCOPE and STOP participants in early
gestation and held onice prior to processing. Plasma was isolated by centrifugation and stored
at —80 °C in 250 pL aliquots for future analyses. Maternal plasma PZP concentrations were
quantified using an ELISA kit and ancillary reagents (R&D Systems; cat# DY8280-05 and DY008)
as per manufacturer’s instructions. Briefly, plasma samples were thawed once, centrifuged
(21,000 x g, 5 min, 4 °C), and serially diluted (~1:25,000 final) using PBS as the dilution matrix.
A seven-point standard curve (156-10,000 pg/mL) was prepared in plasma-PBS, generated by
a 25,000-fold dilution of normal plasma in PBS to match the sample matrix, with a blank
included. Bound PZP was detected using a biotinylated anti-PZP antibody, streptavidin-HRP,
and colorimetric detection with TMB substrate, read at 450 nm with 540/570 nm correction. The
antibodies used have been confirmed by the manufacturer to exhibit no cross-reactivity with
the natural protein a;M or the recombinant proteins CD109, LDL R, a;:ML1, complement C3a
and complement Cba. All assays were performed by the candidate to reduce inter-user
variability, and a pooled plasma control sample was included on each plate to monitor inter-
plate consistency. Samples were randomised across 96-well assay plates, together with the
late STOP samples (Chapter 2), to avoid cohort bias and minimise potential plate effects. The
inter-assay and intra-assay coefficients of variation were 11.3% and <10%, respectively.
Duplicate samples with readings that differed by >10% coefficient of variation were re-analysed
(in duplicate) as a quality control measure. C-reactive protein (CRP; mg/L), serum folate
(nmol/L), vitamin B12 (pmol/L) and homocysteine (Hcy, umol/L) were quantified by Clinpath
Laboratories (Adelaide, South Australia) using chemiluminescent microparticle
immunoassays on an Abbott Alinity automated immunoassay analyser at the time of
recruitment. Parameters of folate status were included because participants in the SCOPE and
STOP cohorts were recruited either side of the introduction of mandatory folic acid food

fortification in Australia in 2009.

4.2.3 Statistical analysis

Maternal plasma PZP concentration was interpolated using a four-parameter logistic (4PL)
curve fit using GraphPad Prism (version 9.0.0). Values below the detection threshold were
assigned a minimum value of 0.001 pg/mL. These comprised 1.8% and 0.46% of the STOP and
SCOPE cohorts, respectively.
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Descriptive statistics for maternal and neonatal characteristics are grouped by pregnancy
outcome and reported separately for each cohort. Due to the small sample sizes within each
ethnic group, participants were broadly categorised as ‘Caucasian’ and ‘non-Caucasian’ for all
analyses. Categorical variables were compared using the chi squared test and are reported as
n (%). Continuous skewed variables were compared using the Mann-Whitney U test adjusted
using the Bonferroni correction to account for multiple comparisons or the Kruskal-Wallis test
with Dunn’s post-hoc comparisons and are reported as median (IQR). Spearman’s rho was
used to assess correlations between maternal plasma PZP concentration and relevant
variables. Univariate quantile regression and generalised linear models were used to further

assess the association between maternal and neonatal characteristics and PZP concentration.

Logistic regression models were used to assess the association between PZP concentration
and preghancy outcomes, treating PZP as both a continuous variable and a categorical variable
based on the first quartile, median, and third quartile thresholds. Models were adjusted for
gestational age at sampling and maternal BMI, as indicated. Unless otherwise specified,
reported odds ratios reflect comparisons between adverse pregnancy outcomes and

uncomplicated pregnancies.

4.3 Results

4.3.1 STOP cohort

Although participants in the SCOPE cohort were recruited prior to those in the STOP cohort,
results are presented for the STOP cohort first, as these samples were collected at an earlier
gestational timepoint. Maternal plasma PZP concentrations were measured in blood plasma
samples obtained during the late first trimester and grouped according to pregnancy outcome.
Relevant maternal characteristics and neonatal outcomes are presented in Table 4.3.1, with
additional information regarding comorbidities available in Table S20. All groups were similar
in terms of the gestational age at sampling, smoking status, neonatal sex, and the percentage
of primigravid mothers (Table 4.3.1). The frequency of gravidity for the overall cohortis provided
in (Table S21). Maternal age and ethnicity were largely consistent between the groups, except
for women with GDM who had higher median maternal age and a lower proportion of
Caucasians, compared to uncomplicated pregnancies. Mothers with PE, GH, or GDM had

significantly higher BMIs compared to those with uncomplicated pregnancy. As expected,
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mothers with PE, SGA or sPTB gave birth to babies with significantly lower birthweight

compared to those born from uncomplicated pregnancy (Table 4.3.1).
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Table 4.3.1: Maternal and neonatal characteristics grouped by pregnancy outcome in the STOP cohort. Maternal characteristics collected at time of sampling.

Uncomplicated PE P GH P GDM P SGA 4 sPTB P Other P
n 695 119 78 134 103 53 67
Gestational age 11.1 11 0.82 11.1 1 11.1 1 11.1 1 10.9 0.54 11 1
at sampling (weeks)? (10.4-12.4) | (10.3-12.3) (10.3-12.3) (10.3-12.4) (10.6 - 12.6) (10.2 - 12) (10.4-12.6)
Maternal age (years) 25(22-29) | 25(21-28) | 1 |255(23-29)| 1 | 28(23-31) |<0.001| 26(22-30) | 1 |24(21-295)| 1 | 26(22-29)| 1
BMI (kg/m’)’ (22.25-'29.4) (24;%;5.4) <0.001 (25.;1-.;8.3) <0.001 (23.12-8 35.7) | <0001 (22;21.4) ! (21.4215-.;12.2) ! (22.12—632.6) !
Non-smoker 588 (85.2) 98 (82.4) 1 63 (80.8) 1 | 112(836) | 1 78(757) | 012 | 38(71.7) | o010 | s5(82.1) | 1
Ethnicity (Caucasian) 581(83.5) | 106(89.1) | 0.81 | 68(87.2) 1 88(65.7) |<0.001| 87 (84.5) 1 45 (84.9) 1 | s58(866) | 1
Primigravida® 507 (73.7) 78(66.1) | 0.75 | 55(72.4) 1 92 (68.7) 1 70 (68) 1 37 (71.2) 1 | s0(746) | 1
Neonatal sex (Female)® 353 (50.7) 51(42.9) | 0.82 | 35(44.9) 1 77(57.9) | 079 | 44(42.7) | 084 | 21(396) | 092 | 31(463) | 1
Birthweight (g) (325?)5-12790) (259351-02574) <0.001 (314383-53?649) 0.14 (323?)4-3:755) ! (252%8-0;)975) <0.001 (208%)5-426912) <0.001 (309354-232710) 0.22
Late-onset PE (234 weeks) - 111 (93.3) - - - - - - - - - - -

Continuous variables compared using two-tailed Mann-Whitney U test and reported as median (IQR). Categorical variables compared using chi-square test and reported as n (%). All
reported p-values are adjusted using the Bonferroni correction for multiple comparisons and are compared to the uncomplicated group. Gravidity includes the current pregnancy.
Missing data for ®n = 1 sPTB and 3 uncomplicated participants; °n = 1 uncomplicated participant; °n = 6 uncomplicated participants; n = 1 PE, 2 GH, 1 sPTB, and 8 uncomplicated
participants; ®n = 1 GDM participant; fn = 1 GDM participant.
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There was large inter-participant variation in maternal plasma PZP concentration, with values
ranging from 0.001 pg/mL (undetectable) to 450.85 pg/mL (Figure 4.3.1). There was no
difference in the median PZP concentration between any of the pregnancy outcomes. To further
investigate the relationship between PZP concentration and pregnancy outcome, logistic
regression modelling, adjusted for maternal BMI and gestational age at sampling, was
performed (Table S22). The results of logistic regression analyses using PZP concentration as a
continuous independent variable showed that although the association between PZP and the
odds of awoman having GH was statistically significant (p = 0.04), the effect size was very small
(oddsratio [95% CI]: 0.995[0.991, 0.999]). To complement this analysis, PZP was also modelled
as a categorical variable using thresholds set at the first, second and third quartiles of PZP
concentrations. Women with PZP 284.12 ug/mL (third quartile) had 0.510 times lower odds of
GH compared to those with lower concentrations, although the association was marginally
significant (p = 0.046; Table S22). No other adverse pregnancy outcome was associated with

PZP concentration.
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Figure 4.3.1: Unadjusted maternal plasma PZP concentration grouped by pregnancy outcome in the STOP cohort.
Kruskal-Wallis test with Dunn’s post-hoc multiple comparisons; no statistically significant differences were observed
between groups (n = 1250).
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Correlation and Mann-Whitney U analyses were performed to explore the associations
between maternal plasma PZP concentration and maternal and neonatal characteristics. PZP
concentration positively correlated with gestational age at sampling, maternal age, BMI, CRP,
and birthweight. Except for gestational age at sampling and BMI, all correlations were very
weak. Additionally, very weak negative correlations between early pregnancy PZP and maternal
B12 or homocysteine levels were identified. Gravidity, early pregnancy folate status, and
gestational age at birth did not correlate with PZP concentration (Table 4.3.2). When stratified
by maternal ethnicity or smoking status, median PZP concentration was lower in non-
Caucasian women and smokers, respectively (Figure 4.3.2). The median PZP concentration did
not differ when pregnancies were stratified by neonatal sex (p = 0.29).

Table 4.3.2: Correlations between maternal and neonatal characteristics and maternal plasma PZP concentration in the
STOP cohort. Spearman’s rho; n = 1,250.

Correlation coefficient p
Gestational age at sampling (weeks) 0.220 <0.001
Maternal age (years) 0.092 0.001
BMI (kg/m?) 0.139 <0.001
Gravidity 0.001 0.96
C-Reactive Protein (mg/L)? 0.092 0.001
Folate (nM)® 0.043 0.13
B12 (pM) -0.059 0.04
Homocysteine (uM)* -0.061 0.03
Birthweight (g) 0.087 0.002
Gestational age at birth (weeks)® 0.012 0.67

Missing data for 2n = 3 GH, 1 PE, 1 sPTB, and 8 uncomplicated participants; °n = 3 GDM, 1 GH, 1 other complication, 1
SGA, 1 sPTB, and 2 uncomplicated participants; °n = 2 GDM, 1 GH, 1 other complication, 1 SGA, 1 sPTB, and 2
uncomplicated participants; °n = 2 GDM, 1 GH, 1 other complication, 1 SGA, 1 sPTB, and 4 uncomplicated participants;
¢n =1 GDM, 2 GH, 1 PE, 1 sPTB, and 8 uncomplicated participants.
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Figure 4.3.2: Unadjusted maternal plasma PZP concentration grouped by (A) ethnicity and (B) smoking status in the
STOP cohort.

(A) Caucasian (n = 1033, median 41.16 pg/mL, IQR 14.96 — 86.72 pg/mL) versus non-Caucasian (n = 217, median
33.81 pg/mL, IQR 9.60 — 72.76 pg/mL) mothers and (B) smokers (n = 212, median 30.54 pg/mL, IQR 10.62 — 71.40
pg/mL) versus non-smokers (n = 1038, median 42.15 pg/mL, IQR 15.13 — 86.53 pg/mL). Two-tailed Mann-Whitney U
test; significance indicated with asterisks (* p <0.05, ** p <0.01).

To further investigate the relationship between maternal plasma PZP concentration and
associated variables, regression analyses were performed. Quantile regression at the 0.25, 0.5,
and 0.75 quantiles was used for models with PZP concentration as the dependent variable due
to its non-normal distribution. The association between PZP and gestational age at sampling
and BMI was significant across all quantiles with the association more pronounced as PZP
concentration increased. Maternal age had the strongest association at the 0.5 quantile but
was not significant at the 0.75 quantile (Table 4.3.3). Similarly, the relationship of PZP
concentration with ethnicity and smoking status was not consistent across quantiles. Ethnicity
was significantly associated with PZP concentrations at the 0.25 quantile, while smoking status
was only significant at the 0.5 quantile (Table 4.3.3). Linear regression assessing the
association between PZP concentration and birthweight (normally distributed) revealed a weak
but significant positive association, with birthweight increasing by 0.556 grams for every 1
pg/mL increase in PZP (coefficient [95% CI]: 0.556 [0.117, 0.996] p = 0.07). Despite reaching
statistical significance, regression analyses were not performed for the association between

PZP and B12 or homocysteine due to their very small effect sizes (Table 4.3.2).
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Given that the direction of the relationship between PZP and CRP is unknown, both PZP and
CRP were considered the dependent variables in separate regression models. Linear
regression with CRP modelled as the dependent variable showed a very small but significant
association between PZP and CRP concentration (coefficient [95% CI]: 0.007 [0.003, 0.012] p
=0.002). Quantile regression with PZP as the dependent variable indicated that the association
between CRP and PZP was stronger in this model, and that the effect size increased with

increasing PZP quantiles (Table 4.3.3).

Table 4.3.3: Univariate quantile regression analyses to assess the association between maternal characteristics and
maternal plasma PZP concentration in the STOP cohort.

Quantile
0.25 (14.01 pg/mL) 0.5 (39.37 ug/ml) 0.75 (84.12 pg/ml)
Maternal characteristic Coefficient Coefficient Coefficient
[95% CI] P [95% Cl] P [95% Cl] P
Gestational age at sampling 4.707 7.901 14.405
(weeks)* [3.688,5.726] | <%901| 5814 9.988] | %91 [10.572, 18.237] | <0001
0.480 1.253 1.256
*
Maternal age (years) [0.116, 0.844] 0.01 | 15533, 1.973] | 91| [0.167,2679] | 008
0.464 0.718 1.272
2) %
BMmI (kg/m’) [0.202,0.726] | <991 10.203,1.234] | %9% | [0.367, 2.1777 | %00
0.519 0.627 1.418
*
CRP (mg/L) [0.178 0.860] | %99 | [.0.006, 1.260] | %%° | [0.252 2.5847 | %O
Ethnicity (non-'Caucasmn -5.360 0.03 -7.350 014 -14.150 0122
versus Caucasian) [-10.267, -0.453] [-17.025, 2.325] [-32.067, 3.767]
Smoking status (non-smoker 4.550 0.07 11.940 0.02 15.140 011
versus smoker) [-0.399, 9.499] ) [2.071, 21.809] ) [-3.369, 33.649] )

For continuous variables, the coefficient represents the change in PZP concentration (ug/mL) per 1-unit increase in the
maternal characteristic at the specified quantile. For categorical variables, the coefficient represents the difference in
PZP concentration (ug/mL) between groups at the specified quantile.

Although the observed association between higher maternal plasma PZP concentration and
reduced odds of GH was adjusted for maternal BMI, results from quantile regression indicated
that the relationship between PZP and BMI is non-linear. Given that BMI is one of the strongest
risk factors for GH (Shin and Song, 2015, Lewandowska et al., 2020), to further explore the
potential impact of BMI as a confounder the association between PZP concentration and
pregnancy outcomes was examined in BMI-stratified groups: <25 kg/m? (underweight and
healthy) and =225 kg/m? (overweight and obese). Due to the reduced sample size following
stratification, no additional covariates were included in these models. More than half of
participants in the STOP cohort had a BMI 225 kg/m? (58.6%), and PZP concentrations were

significantly higher in these mothers compared to those with BMI <25 kg/m? (Figure 4.3.3).
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Figure 4.3.3: Unadjusted maternal plasma PZP concentration
grouped by BMI in the STOP cohort.

BMI <25 kg/m? includes underweight (n = 25) and healthy weight
(n = 492) participants (median 29.94, IQR 9.56 — 71.84 ug/mL);
BMI >25 kg/m? includes overweight

(n=351) and obese (n = 381) participants (median 46.77, IQR
17.09 — 93.06 pg/mL). Kruskal-Wallis test with Dunn’s post-hoc
multiple comparisons; significance indicated with asterisks (***p
<0.001).

Among women with a BMI <25 kg/m?, the previously observed association between PZP
concentration and GH was no longer significant. However, within this group, women with PZP
concentrations 284.12 pg/mL (third quartile) had 2.31-fold higher odds of developing PE (95%
Cl: 1.09, 4.89) compared to those with lower PZP concentrations (Table S23). Additionally,
those with PZP concentrations <14.01 pg/mL had 2.10-fold higher odds of delivering an SGA
infant (95% CI: 1.08, 4.01; Table S23). No other significant associations between PZP

concentration and adverse pregnancy outcomes were observed in this subgroup of mothers.
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In contrast, among women with a BMI 225 kg/m?, PZP concentration was not significantly
associated with any pregnancy outcome except GH. In this group, a very small inverse
association was detected, whereby each unit increase in PZP concentration was associated

with a 0.99-fold decrease in the odds of GH (95% CI: 0.99, 1.00; Table S24).

Given that maternal plasma PZP concentration was associated with PE and GH, the
relationship between plasma PZP and any pregnancy-associated hypertension (i.e., PE and GH
combined) was explored further. To better capture potential non-linear effects and because
modelling PZP as a continuous variable showed minimal effect sizes, the third quartile
threshold was used to assess the odds of hypertensive versus normotensive pregnancy. Using
this threshold, PZP concentration was not significantly associated with hypertensive pregnancy
in the overall cohort (odds ratio [95% CI]: 0.901 [0.630, 1.289] p = 0.57), nor when stratified by
BMI: BMI <25 kg/m? (odds ratio [95% CI]: 1.453[0.745, 2.834] p =0.27) and BMI 225 kg/m? (odds
ratio [95% CI]: 0.750[0.487, 1.154] p = 0.19).
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4.3.2 SCOPE cohort

To further characterise maternal plasma PZP concentrations during pregnancy, samples from
anindependent cohort of nulliparous women were analysed. PZP concentration was measured
in blood plasma samples collected from mothers during the early second trimester and
grouped according to pregnancy outcome. Relevant maternal characteristics and neonatal
outcomes are presented in Table 4.3.4, with additional information regarding comorbidities
available in Table S25. All groups were similar in terms of gestational age at sampling, smoking
status, ethnicity, neonatal sex and the percentage of primigravid mothers. The frequency of
gravidity for the overall cohort is provided in Table S26. Maternal age and smoking status were
consistent across all groups, except for mothers with GDM who were older, and a higher
proportion of smokers in the SGA group. Consistent with what was observed in the STOP
cohort, mothers with PE, GH, or GDM had significantly higher BMI compared to those with
uncomplicated pregnancy. As expected, based on pathology, only mothers with PE, SGA or
sPTB gave birth to babies with significantly lower birthweight compared to those with

uncomplicated pregnancy.
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Table 4.3.4: Maternal and neonatal characteristics grouped by pregnancy outcome in the SCOPE cohort. Maternal characteristics collected at time of sampling.

Uncomplicated PE 4 GH 4 GDM P SGA 4 sPTB 4 Other P
n 464 79 64 28 67 44 117
Gestational age 15.6 15.6 . 15.4 ) 155 . 15.4 ) 15.6 0.3 154 .
at sampling (weeks) (15.1-16) | (15.1-16) (15.1-15.9) (15 - 16.1) (15 - 16) (15.3-16.1) (15.1-15.9)
Maternal age (years) 23(20-26) | 23(20-27) | 1 | 23(19-26) | 1 [285(25-33)|<0.001| 22(20-27) | 1 | 22(18-27) | 1 |22(19-26) | 0.13
BMI (kg/m’) (22.?5—;8.8) (24.§8-§3.9) <0.001 (25;8-'23.4) <0.001 (23.?35.9) 0.02 (22;5-.21.9) ! (21.25—.21.6) ! (20.?@8.9) 0.54
Non-smoker 362 (78) 65 (82.3) 1 51(79.7) 1 27(96.4) | 0.12 | 31(46.3) |<0.001| 29(65.9) | 0.41 | 82(70.1) | 0.43
Ethnicity (Caucasian) 431(92.9) | 74(937) 1 61(95.3) 1 24(85.7) | 097 | 60(89.6) 1 | 40(90.9) 1 | 107(915)
Primigravida 344 (74.1) | 56(70.9) 1 52 (81.3) 1 20(71.4) 1 45 (67.2) 1 29 (65.9) 1 | 82(701) | 1
Neonatal sex (Female) 251(54.1) | 43 (54.4) 1 29 (45.3) 1 12 (42.9) 1 34 (50.7) 1 19 (43.2) 1 | se@479) | 1
Birthweight (g) (330365-7;)845) (2593)0-2;)495) <0.001 (32214-2??690) 0.10 (310313-33?764) 0.23 (257%)7—63965) <0.001 (194314-222737) <0.001 (2963;3-3;)770) <0.001
Late-onset PE (=34 weeks) - 72 (92.4) - - - - - - - - - - -

Continuous variables compared using two-tailed Mann-Whitney U test and reported as median (IQR). Categorical variables compared using chi-square test and reported as n (%). All
reported p-values are adjusted using the Bonferroni correction for multiple comparisons and are compared to the uncomplicated group. Gravidity includes the current pregnancy.
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Maternal plasma PZP concentration showed considerable inter-individual variation, with
values ranging from 0.001 pg/mL (undetectable) to 743.91 pg/mL. There were no significant
differences in the median PZP concentration between any of the pregnancy outcome groups
(Figure 4.3.4). To further investigate the relationship between PZP concentration and pregnancy
outcome, logistic regression modelling, adjusted for BMI and gestational age at sampling, was
performed (Table S27). The results of logistic regression analyses using PZP concentration as a
continuous independent variable showed that there was a statistically significant (p =0.07) but
very small association with the odds of a woman having PE (odds ratio [95% CI]: 1.003 [1.001,
1.005]). The results of logistic regression models using thresholds set at each quartile of PZP
concentration showed that mothers with PZP concentrations 2182.31 ug/mL (third quartile)
had 1.82-fold higher odds of developing PE compared to those with lower PZP concentrations

(95% CI: 1.08, 3.06; Table S27).
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Figure 4.3.4: Unadjusted maternal plasma PZP concentration grouped by pregnancy outcome in the SCOPE cohort.
Kruskal-Wallis test with Dunn’s post-hoc multiple comparisons; no statistically significant differences were observed
between groups (n = 863).
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Correlation and Mann-Whitney U analyses were performed to explore the associations
between maternal plasma PZP concentration and maternal or neonatal characteristics. PZP
concentration positively correlated with gestational age at sampling, maternal age, BMI, and
CRP but all correlations were very weak (Table 4.3.5). No significant correlations were identified
between PZP concentration and gravidity, folate, B12, homocysteine, birthweight, or
gestational age at birth. When mothers were grouped based on ethnicity or smoking status, the
median PZP concentration was lower in non-Caucasian women and smokers, respectively
(Figure 4.3.5). The median PZP concentration did not differ when pregnancies were grouped by
neonatal sex (p = 0.25).

Table 4.3.5: Correlations between maternal and neonatal characteristics and maternal plasma PZP concentration in the
SCOPE cohort. Spearman’s rho; n = 1,250.

Correlation coefficient P
Gestational age at sampling (weeks) 0.125 <0.001
Maternal age (years) 0.175 <0.001
BMI (kg/m?) 0.114 <0.001
Gravidity -0.015 0.66
C-Reactive Protein (mg/L)? 0.199 <0.001
Folate® 0.024 0.48
B12° -0.001 0.97
Homocysteine® 0.016 0.65
Birthweight (g) 0.028 0.42
Gestational age at birth (weeks) -0.022 0.51

Missing data for n = 2 uncomplicated participants; °n = 1 GDM, 3 OC, 2 PE, and 10 uncomplicated participants.
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Figure 4.3.5: Unadjusted maternal plasma PZP concentration grouped by (A) ethnicity and (B) smoking status in the
SCOPE cohort.

(A) Caucasian (n = 797, median 96.74 ug/mL, IQR 43.91 — 184.51 ug/mL) versus non-Caucasian (n = 66, median 44.49
pg/mL, IQR 20.70 — 104.48 pg/mL) mothers and (B) smokers (n = 216, median 82.27 ug/mL, IQR 38.19 — 159.39 pg/mL)
versus non-smokers (n = 647, median 99.42 pug/mL, IQR 41.86 — 190.41 pg/mL). Two-tailed Mann-Whitney U test;
significance indicated with asterisks (* p <0.05, ** p <0.01).

To further investigate the relationship between maternal plasma PZP concentration and
associated variables, regression analyses were performed. To assess the association between
maternal characteristics and PZP concentration, quantile regression at the 0.25, 0.5, and 0.75
quantiles was performed. Gestational age at sampling and maternal age were significant
across all quantiles, with the strength of their association more apparent as PZP concentration
increased, whereas the association between BMI and PZP concentration was only significant
at the 0.75 quantile (Table 4.3.6). Similarly to analyses in the STOP cohort, linear regression
showed a very small but significant association between PZP and CRP concentration
(coefficient [95% CI]: 0.011 [0.005, 0.016] p <0.007). Quantile regression supported that there
was a small increase in the strength of the association when PZP was modelled as the
dependentvariable. The association between ethnicity and PZP was significant at all quantiles,
with the greatest disparity in PZP concentration observed at the 0.75 quantile. Conversely,

smoking status was only significantly associated with PZP at the 0.75 quantile.
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Table 4.3.6: Univariate quantile regression analyses to assess the association between maternal characteristics and
maternal plasma PZP concentration in the SCOPE cohort.

Quantile
0.25 (39.61 ug/ml) 0.5(91.93 ug/mt) 0.75 (182.31 ug/ml)
Maternal characteristic Coefficient P Coefficient p Coefficient p
[95% CI] [95% CI] [95% CI]
Gestational age at 13.005 26.909 25.221
sampling (weeks) [4.717, 21.292] 0.002 [12.761, 41.056] <0.001 [5.49, 44.951] 0.012
Maternal age (years) 2.109 3.628 4.52
[1.124, 3.093] <0.001 [1.861, 5.395] <0.001 [2.124, 6.916] <0.001
0.695 1.449 3.567
BMI (kg/m’) [-0.081,1.471] | 0.08 [-0.029, 2.926] 0.06 [1.869,5.265] | <0.001
0.659 2.538 2.855
CRP (mg/L) [0.102, 1.216] 0.02 [1.441, 3.636] | <0.001 [1.575,4.136] | <0.001
Ethnicity (non-Caucasian -23.133 -54.165 -81.674
vs Caucasian) [-40.780, -5.486] | 0.01 | [-87.225,-21.106] | 0.001 | [-126.569, -36.779] | <0.001
Smoking status (non- 3.686 17.707 32.044
smoker vs smoker) [-7.556, 14.928] 0.52 [-3.289, 38.703] 0.10 [3.377, 60.712] 0.03

For continuous variables, the coefficient represents the change in PZP concentration (ug/mL) per 1-unit increase in the
maternal characteristic at the specified quantile. For categorical variables, the coefficient represents the difference in PZP
concentration (ug/mL) between groups at the specified quantile.

Consistent with analyses conducted in the STOP cohort, the influence of maternal BMI on the
relationship between maternal plasma PZP concentration and pregnancy outcome was
evaluated in the SCOPE cohort by stratifying the data into two BMI categories (<25 kg/m? and
225 kg/m?). This stratification accounts for the established association between elevated BMI
and increased PE risk (Ulhaqg et al., 2021, Mao et al., 2025, Sudjai, 2023, Bartsch et al., 2016).
Given the reduced sample size within each subgroup, these models were not adjusted for
additional covariates. As with the STOP cohort, more than half of the mothers in the SCOPE
cohort had a BMI 225 kg/m? (54.9%) and PZP concentration was significantly higher in this group
compared to those with BMI <25 kg/m? (Figure 4.3.6).
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Figure 4.3.6: Unadjusted maternal plasma PZP concentration
grouped by BMI in the SCOPE cohort.

BMI <25 kg/m? includes underweight (n = 26) and healthy weight
(n = 363) participants (median 84.57, IQR 36.99 — 159.89 ug/mL);
BMI =25 kg/m? includes overweight (n = 248) and obese (n = 226)
participants (median 100.21, IQR 43.54 — 193.95 ug/mL). Kruskal-
Wallis test with Dunn’s post-hoc multiple comparisons; significance
indicated with asterisks (**p <0.01).

Among women with BMI <25 kg/mz, higher maternal plasma PZP concentration was
significantly associated with increased odds of GH. Specificallyy, women with PZP
concentrations 2182.31 pg/mL (third quartile) had 2.95-fold higher odds of GH (95% ClI: 1.02,
8.50) compared to those with lower concentrations of PZP (Table S28). No other pregnancy

outcomes were significantly associated with PZP in this subgroup.

In contrast, among women with a BMI 225 kg/m?, maternal plasma PZP concentration was not
associated with GH but was significantly associated with PE. Specifically, mothers with PZP

concentration 2182.31 pug/mL had 2.03-fold increased odds of developing PE (95% CI: 1.07,
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3.84) compared to those with lower concentrations (Table S29). No other associations between

PZP and adverse pregnancy outcomes were identified (Table S29).

As in the STOP cohort, the association between maternal plasma PZP concentration and
hypertensive pregnancy (PE and GH combined) was further examined using the third quartile
(182.31 pg/mL) of PZP as a threshold. This approach was again chosen to better account for
potential non-linear effects and the small effect sizes observed when PZP was modelled as a
continuous variable. In the overall cohort, mothers with PZP concentrations 2182.32 ug/mL had
significantly higher odds of hypertensive pregnancy compared to normotensive pregnancy
(odds ratio [95% CI]: 1.808 [1.230, 2.658] p = 0.003). The strongest association was observed in
mothers with BMI <25 kg/cm?, where PZP above the third quartile was associated with 2.04-fold
increased odds of hypertensive pregnancy (odds ratio [95% Cl]: 2.043 [1.024, 4.076] p = 0.02).
A similar, though slightly weaker, association was observed in women with BMI 225 kg/m? (odds

ratio [95% Cl]: 1.654 [1.027, 2.663] p = 0.04).

4.4 Discussion

This study is the first to report maternal plasma PZP concentration in large cohorts of
nulliparous women, providing novel insights into the relationship between PZP, maternal
characteristics and pregnancy outcomes. A major strength of this work is the analysis of two
independent cohorts, which enhances the robustness of findings and increases confidence
that the observed associations between circulating PZP levels and maternal age, BMI, smoking
status, and ethnicity are real associations. The results of quantile regression analyses revealed
nuanced, non-linear patterns in these associations, with effect sizes varying across the
distribution of PZP concentrations. A summary of the main findings is presented in Table 4.4.1,
highlighting both consistent and cohort-specific associations. The remainder of this discussion
explores these associations in more detail, considers potential mechanisms, and addresses
the limitations and implications of these findings for future research. While some effect sizes
were small and may represent weak or chance associations, they are presented and
interpreted here for completeness, as this information provides context and may be used to

generate hypotheses for future investigation.
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Table 4.4.1: Summary of the main findings following analysis of the associations between maternal or neonatal
characteristics and maternal plasma PZP concentration in the STOP and SCOPE cohorts.

Finding STOP Assouatfzd by SCOPE | Associated by regression?
regression?
Positive association between PZP and:
. . Yes, at 0.25, 0.5, & 0.75 Yes, at 0.25, 0.5, & 0.75
Gestational age at sampling Yes . Yes .
quantiles quantiles
Y t0.25,0.5, & 0.75 Y t0.25,0.5, & 0.75
CRP (mg/L) Yes € a o Yes € a Lo
guantiles guantiles
Yes, at 0.25 & 0.5 Yes, at 0.25, 0.5, & 0.75
Maternal age Yes . Yes .
quantiles quantiles
Y t0.25,0.5, & 0.75 .
BMI Yes €s, @ P Yes Yes, at 0.75 quantile
quantiles
Birthweight (g) Yes Yes No Not assessed
Negative association between PZP and:
Homocysteine (uM) Yes Not assessed No Not assessed
B12 (pM) Yes Not assessed No Not assessed
PZP is higher in non-smokers Yes Yes, at 0.5 quantile Yes Yes, at 0.75 quantile
Y 2 . 7
PZP is lower in non-Caucasian mothers Yes Yes, at 0.25 quantile Yes es, at guasr;t?I:s' &0.75

4.4.1 Maternal plasma PZP concentration increased across early pregnancy

The results presented in this chapter show that gestational age at sampling is a primary
determinant of maternal plasma PZP concentration, with levels increasing progressively
throughout the late first trimester and early second trimester. However, this pattern varied
depending on baseline PZP levels, highlighting individual differences in the upregulation of PZP
during gestation and supporting the large variation between participants observed in previous
studies (Ekelund and Laurell, 1994, Fosheim et al., 2023). In the STOP cohort, the association
between gestational age and PZP concentration was most pronounced in the upper quantiles,
suggesting that women with higher PZP concentrations tended to exhibit steeper increases
across gestation, while those with lower concentrations showed more gradual changes. In the
SCOPE cohort, this association plateaued at the moderate to high quantiles, suggesting that
the trajectory of PZP’s increasing concentration may stabilise beyond the first trimesterin some
individuals. Although individual trajectories could not be assessed due to the cross-sectional
design, these findings imply non-linear regulation of PZP across gestation. Consistent with a
seminal paper that showed a marked increase in PZP concentrations in early pregnancy for
some women (Ekelund and Laurell, 1994), PZP levels in SCOPE participants were more than
double that of STOP participants, likely reflecting the approximate 4-week difference in
gestational age at sampling. The higher concentration was accompanied by broader variability

in the SCOPE cohort, suggesting that as pregnancy progresses, plasma PZP concentration
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becomes more heterogeneous. However, it is a limitation of the current study that PZP

concentration was not analysed in longitudinally across gestation in the same participants.

In terms of concentration, approximately 10% of plasma proteins are modulated during
pregnancy, with many immunoregulatory proteins (e.g., interleukin-1 receptor antagonist,
complement components including C1q and C4BPA) showing elevated levels in the first
trimester compared to pre-pregnancy (Romero et al., 2017, Tarca et al., 2022). The increase in
PZP concentration with advancing gestation supports the idea that PZP contributes to maternal
adaptations late in the first trimester, potentially influencing processes such as placentation or
immunotolerance. Given that the only study measuring circulating PZP concentration across
gestation is now over 30 years old (Ekelund and Laurell, 1994), reassessing PZP dynamics in a
larger cohort using modern proteomic techniques would provide more precise insights into
how PZP levels change throughout pregnancy. Furthermore, identification of the mechanisms

that regulate PZP concentration during pregnancy is needed.

4.4.2 Maternal characteristics influenced plasma PZP concentration

BMI, maternal age, ethnicity, and smoking status were all associated with maternal plasma PZP
concentration in both the STOP and SCOPE cohorts. Of the findings reported herein, BMl is the
only maternal characteristic previously reported to correlate with circulating PZP
concentration, with a positive correlation identified in the control group only (normotensive and
euglycemic throughout pregnancy) (Fosheim et al., 2023). In this chapter, correlations between
maternal characteristics and PZP were assessed using data from the overall cohort (including
mothers with pregnancy complications) to maximise statistical power and to capture general
physiological trends. Additionally, this is the first study to use regression modelling to provide
a more comprehensive analysis of the relationship between PZP and the aforementioned

factors.

Obesity and advancing maternal age are both associated with elevated circulating
inflammatory markers, such as IL-6 and CRP (Ramsay et al., 2002, Stewart et al., 2007,
Westergaard et al., 2024, Ferrucci et al., 2005, Giuliani et al., 2001, Franceschi et al., 2000).
Consistent with reports that PZP is upregulated in a range of pregnancy-independent
inflammatory states (see Section 1.2.2.3), a positive association between plasma levels of PZP
and CRP was identified in both cohorts assessed in this study. While the direction of the

relationship between PZP and CRP was assessed, there was no strong evidence that one
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protein influenced the other more substantially. This suggests that both are likely to be
concomitantly upregulated in response to the pro-inflammatory environment of pregnancy.
Although the effect sizes were modest, the positive associations between maternal age and
BMI with maternal plasma PZP concentration may reflect a compensatory response to

systemic low-grade inflammation that broadly affects these mothers.

The observed increase in maternal plasma PZP concentration with higher BMI may also reflect
broader changes in lipid metabolism and HDL functionality. Obesity is typically associated with
an unfavourable lipid profile, including reduced HDL cholesterol and a predominance of
smaller, less protective HDL particles (Stadler et al., 2021). During pregnancy, obesity is also
linked to altered HDL functionality, reflected by increased cholesterol efflux capacity and
reduced serum antioxidant capacity in overweight/obese mothers compared to mothers with
BMI <25 kg/cm? (Stadler et al., 2023). Proteomic analyses have shown that PZP becomes
increasingly associated with HDL particles during pregnancy, with a specific enrichment on
large HDL subclasses (Melchior et al., 2021), which are functionally distinct from the smaller
HDL subclasses (Fazio and Pamir, 2016). Given PZP’s anti-inflammatory and
immunomodulatory properties, its integration into HDL may help preserve or enhance specific

HDL functions that may become otherwise compromised in the context of maternal obesity.

Although it was a consistent finding that maternal plasma PZP concentration is decreased in
non-Caucasian mothers, itis important to note that the non-Caucasian groups in both cohorts
included a range of ethnicities broadly encompassing Indigenous, Black, Asian,
Hispanic/Latino, Middle Eastern/North African, and Pacific peoples. Ethnicity-dependent
inflammatory responses are widely reported (Westergaard et al., 2024), including during
pregnancy (Gillespie et al., 2016, Gyllenhammer et al., 2021, Christian et al., 2013). Therefore,
as with BMI and maternal age, immune responses may underpin differences in PZP
concentration between Caucasian and non-Caucasian mothers. This highlights the need for
more stratified analyses in future research to determine whether these differences reflect
biological variation or sampling biases. Furthermore, the smaller sample size of non-
Caucasian mothers compared to Caucasian mothers in both cohorts limits statistical power
and reinforces the need for larger ethnically diverse groups to fully elucidate the relationship

between ethnicity and PZP concentration.
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An unexpected but consistent finding was that maternal plasma PZP concentration is lower in
mothers who smoked cigarettes in early pregnancy, which is well-known to promote low-grade
systemic inflammation (Yanbaeva et al., 2007, Shiels et al., 2014). One possible explanation for
reduced PZP levels in smokers may relate to the negative effect of smoking on nitric oxide (NO)
bioavailability. Supporting this idea, plasma PZP concentration is positively correlated with NO
bioavailability in children with chronic kidney disease (Chen et al., 2023b). Additionally, PZP is
downregulated in Nrf-2-deficient mice (Gao et al., 2020), a transcription factor that is activated
by NO (Um et al., 2011). These mechanistic links suggest that reduced NO bioavailability in
smokers may contribute to lower circulating PZP. It should be acknowledged that in the current
study, the disparity in sample size between smokers and non-smokers may limit statistical
power. Additionally, smoking was self-reported by participants and no objective information

regarding the level of smoking was available.

Although maternal plasma PZP concentration was consistently associated with BMI, maternal
age, ethnicity, and smoking status in both cohorts, it is important to acknowledge that these
maternal characteristics are interrelated and likely influence one another — and PZP levels - in
complex ways. For example, both BMI and smoking prevalence can vary across ethnic groups
and tend to shift with advancing maternal age. As such, it is difficult to attribute changes in PZP
concentration to any one factor in isolation. Additionally, the large variability and highly skewed
distribution of PZP levels limits the utility of conventional statistical approaches, such as linear
regression, for disentangling these effects. This was reflected in the quantile regression results,
which showed that the associations between maternal factors and PZP varied across the
distribution. Addressing these complexities will require larger, more diverse cohorts and the
use of advanced statistical modelling approaches capable of accounting for confounding,
effect modification, and interactions, particularly in the context of a non-normally distributed

variable like PZP concentration.

4.4.3 Maternal plasma PZP concentration was associated with adverse pregnancy
outcomes

In addition to uncovering novel associations between maternal plasma PZP concentration and
maternal characteristics, this study was the first to evaluate the relationship between PZP
concentrations and adverse pregnancy outcomes exclusively in nulliparous women. Although
median PZP concentrations did not differ significantly between women with uncomplicated

pregnancies and those with adverse outcomes, logistic regression modelling revealed an

141



association between plasma PZP concentration and the odds of a mother developing PE, GH,
or delivering an SGA infant (Table 4.4.2). Given the substantial variability in PZP concentration
between individuals, comparing means or medians alone offers limited insights. The
associations detected were generally modest, and their biological significance remains
uncertain. However, they were most evident in categorical regression models, which are better
suited to identifying non-linear or threshold-dependent effects. Regression analyses, where
sample size permits, are therefore crucial for gaining a deeper understanding of these
associations, and an approach that is distinctly lacking in previous studies.

Table 4.4.2: Summary of how increasing maternal plasma PZP concentration affects the odds of adverse pregnancy
outcomes. Arrows and dashes indicate direction of change.

Outcome Whole cohort BMI <25 kg/m? BMI 225 kg/m?
STOP SCOPE STOP SCOPE STOP SCOPE
PE (versus
( - ,P:l: ,P'l‘ _ _ ,Pi

uncomplicated)

GH (versus
uncomplicated)

2 - - A o -

Hypertensive
(versus = M = M = M
normotensive)
SGA (versus
uncomplicated)

- - 4,* - - -

*associated with PZP as a continuous variable, Tassociated with PZP using a threshold, *associated with PZP as both a
continuous variable and using a threshold.

4.4.3.1 Higher maternal plasma PZP concentration in early-mid gestation was
associated with increased odds of pregnancy-induced hypertension

When assessing the association between maternal plasma PZP concentration and
hypertensive disorders of pregnancy, inconsistent trends were observed between the STOP and
SCOPE cohorts (Table 4.4.2). The reasons for this can only be speculated and may relate to
important cohort differences, such as time of sampling, which are discussed in more detail
below (see Section 4.4.4). Regardless, the findings presented in this chapter regarding the
association between maternal plasma PZP concentration and pregnancy outcomes must be
interpreted cautiously. Increased maternal plasma PZP concentration was generally
associated with higher odds of hypertensive disorders of pregnancy (i.e., GH or PE), particularly
for mothers with BMI <25 kg/m?2. It is important to note, though, that stratifying the data
according to BMI reduced the sample size available for analysis and hypertensive disorders of
pregnancy occurred in only a small fraction of mothers with BMI <25 kg/m?. Therefore,
validation of this finding in a larger cohort of mothers is needed. It is plausible that the
metabolic pathways influencing PZP expression or activity — such as those related to adiposity,
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inflammation, or lipid metabolism (discussed further in Chapter 5) —may be more prominentin
mothers with higher BMI, thereby altering the association between PZP and preghancy
outcomes. This may also explain why no association was observed between PZP and
hypertensive pregnancy overall in STOP, as opposing trends for GH and PE could obscure

effects when combined.

The finding that increased maternal plasma PZP concentration is associated with increased
odds of PE contrasts with much of the existing literature, where lower PZP concentrations have
typically been reported among women with PE (Horne et al., 1979, Rasanen et al., 2010, Liu et
al., 2011, Fosheim et al., 2023). Several factors may explain the discrepancies between these
findings. Most previous studies sampled maternal plasma later in pregnancy, often in the third
trimester, and did not account for BMI or gestational age at sampling (Fosheim et al., 2023).
Given the demonstrated influence of BMI and gestational age on PZP levels in this chapter,
failure to account for these factors in previous work may have led to confounded results.
Additionally, previous cohorts included mothers with mixed parity. Thus, uneven parity

distributions across the outcome groups in prior studies may have compromised the results.

Although the precise role of PZP in the development of PE remains unclear, its association with
this syndrome suggests that it may be involved in maternal physiological changes that precede
or accompany PE onset. While the cohorts analysed in this thesis were predominantly
comprised of mothers with LO-PE, recent updates to the two-stage model of PE propose that
LO-PE also originates from placental pathology. Specifically, as the placenta reaches its
structural or functional limits, intraplacental malperfusion and hypoxia may occur, triggering
the release of pathogenic factors (Staff, 2019). In this context, PZP concentrations may rise
markedly in early pregnancy in an attempt to support the critical immunological shift from the
pro-inflammatory environment required for early placentation, to the more anti-inflammatory
state of mid-pregnancy that promotes fetal tolerance (reviewed by Narayan and Nelson-Piercy
(2020) & Dutta et al. (2024)). Supporting this idea, PZP has been shown to inhibit pro-
inflammatory Th1 responses, particularly in synergy with glycodelin A (Skornicka et al., 2004).
Given that dysregulated immune adaptation is a hallmark of PE, elevated PZP may reflect a
compensatory response aimed at restoring immune tolerance (Couture et al., 2024, Stewart et
al., 2007, Mihu et al., 2015). Alternatively, increased PZP levels may contribute to the regulation
of heightened proteolytic activity observed in PE (Gu et al., 2009, Wang et al., 2010), which is

discussed further in Chapter 5.
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GH and PE exist on a clinical continuum, and some cases of GH can rapidly progress to PE if
the pregnancy were to continue or if maternal monitoring is delayed (Brown et al., 2018, Rana
et al., 2019). Misclassification may occur particularly if PE diagnosis relied heavily on the
presence of proteinuria, as was historically standard. However, updated diagnostic criteria
acknowledge that proteinuria is not required for a PE diagnosis if there is other evidence of
maternal organ dysfunction (Brown et al., 2018). It is therefore plausible that the observed
association with GH in mothers from the SCOPE cohort with BMI <25 kg/m? includes cases that
did not meet traditional diagnostic criteria for PE but were pathophysiologically similar.
Alternatively, it’s possible that GH in leaner mothers reflects a biologically distinct subtype,
potentially sharing more overlap with PE in terms of pathology. Given these complexities, the

observed association warrants further investigation in cohorts with detailed phenotyping.

4.4.3.2 Increased maternal plasma PZP concentration was associated with decreased
odds of delivering an SGA infant

Interestingly, in the STOP cohort among mothers with BMI <25 kg/m?, increased maternal
plasma PZP concentration was associated with both increased odds of PE and decreased odds
of delivering an SGA infant. While these outcomes often co-occur, cases with both PE and SGA
were hierarchically assigned to the PE group in this study, such that the SGA group excludes
comorbid cases. The divergent directions of association suggest that PZP may influence
distinct biological pathways underlying these complications. One possibility is that elevated
PZP in PE reflects a compensatory response to maternal systemic changes, particularly in the
context of LO-PE which was the predominant phenotype in both STOP and SCOPE. In contrast,
the inverse association with SGA may reflect a more localised role for PZP in supporting
placentation and healthy fetal growth. To date, PZP has not been associated with SGA, IUGR,
or FGRin the literature. One study that used immunohistochemical analysis of placental tissue
to detect PZP specifically reported no association between PZP expression and IUGR (Lob et
al., 2022), although it is important to note that not all SGA infants result from IUGR/FGR.
Although the association between elevated plasma PZP concentration and reduced odds of
SGA may represent a novel finding, it should be interpreted with caution. This association was
limited to mothers with BMI <25 kg/m? in a single cohort (STOP) and was not observed in other
analyses. However, a positive association between plasma PZP concentration and infant
birthweight was also observed in STOP, highlighting the need for further research to clarify the

validity and biological relevance of a potential link between PZP and fetal growth.
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4.4.4 Differences between the STOP & SCOPE cohorts

The differing results observed between the STOP and SCOPE cohorts may reflect a combination
of biological, methodological, and environmental factors. The association between maternal
characteristics and maternal plasma PZP concentration appeared stronger in the SCOPE
cohort, which comprised samples obtained later in gestation (~15 weeks) compared to the
STOP cohort (~11 weeks). This may reflect a more dynamic phase of maternal adaptation in
early gestation, during which physiological processes influencing PZP may still be fluctuating.
Combined with a higher proportion of mothers with BMI 225 kg/m? in STOP, this could have
obscured or skewed associations in the whole-cohort analyses. These findings underscore the
importance of considering maternal BMI not only as a covariate but as a potential effect
modifier in the relationship between PZP and pregnancy outcomes. Stratified analyses of larger
cohorts are therefore essential to uncover associations that are otherwise masked in
heterogeneous populations. Analyses of the pooled data from STOP and SCOPE using complex
modelling that is designed to account for variables such as gestational age may help to further
clarify the relationships between maternal characteristics and PZP concentration. However,

given the quality and quantity of data available this was not undertaken in the current study.

Differences between the cohort populations may also contribute to the inconsistent results.
Participants in STOP were recruited after the introduction of the folate food fortification
mandate in Australia in 2009, whereas the SCOPE cohort were recruited prior to this. While
maternal plasma PZP concentration did not show any meaningful correlations with markers of
blood folate status (i.e., B12, folate, homocysteine), folate levels have been demonstrated to
alter the expression of several plasma proteins involved inimmune function, inflammation, and
coagulation. For example, the expression of complement proteins (e.g., C3, C4), a:M, a1ACT,
and apoA1 are altered with changes in blood folate status (Duthie et al., 2010). While it is
possible that the changes in the circulating immune proteome associated with altered folate
exposure may indirectly influence PZP concentrations, this interpretation is speculative and

requires further investigation to establish its validity.

In addition to biological and environmental factors, it is important to acknowledge that
technical considerations may have contributed to the inconsistent findings across cohorts. Of
the samples requiring re-analysis to meet quality control criteria (<10% coefficient of variation
between duplicates), 78.6% originated from the STOP cohort. The same dilution protocol was

used across both cohorts, but the inherently lower PZP concentrations observed in early
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pregnancy meant that many STOP samples fell close to the lower limit of assay detection,
increasing their susceptibility to variation. This challenge reflects both the dynamic changes in
PZP across gestation and the wide inter-individual variation in maternal concentrations, which
together complicate accurate quantification of PZP. To mitigate technical sources of error, all
assays were performed by a single operator (the candidate), vials were thawed only once and
immediately aliquoted to minimise freeze-thaw cycles, and the dilution protocol was designed
to maximise pipetting precision by favouring the use of smaller, more accurate pipettes.
Samples with high duplicate variation were reanalysed, and results were only accepted once
precision criteria were met. While the potential impact of PZP complexation with endogenous
proteases was not examined, and a fullindependent validation of the assay was not performed,
the specificity of the assay is supported by manufacturer data and its prior use in publications
(Cater, 2021, Cater et al., 2019, Fosheim et al., 2023). Collectively, these measures increase
the reliability of the assay and help preserve the overall integrity and robustness of the data, as

far as was feasible within the constraints of this work.

Despite these precautions, ELISA may not represent the optimal approach for quantifying PZP
in pregnancy. The DuoSet kit used herein is the only commercially available assay for PZP, but
it reports concentrations in the pg/mL range, which may be appropriate for non-pregnant
women or males but is poorly suited for the markedly higher concentrations observed in
pregnancy. This necessitates large dilutions of maternal plasma, introducing additional
opportunities for pipetting error and loss of precision. Moreover, the restricted dynamic range
of ELISA, determined by the standard curve, limits the ability to capture the wide span of
physiological PZP concentrations across gestation. Future studies may benefit from alternative
approaches such as immunoassays with extended dynamic range, bead-based multiplex
platforms, or targeted mass spectrometry, which could provide greater accuracy and

reproducibility across the concentration range encountered in pregnancy.

4.4.5 Concluding remarks

In summary, this chapter presents the first comprehensive analysis of maternal plasma PZP
concentration in early pregnancy across two large, well-characterised cohorts of nulliparous
women. These findings confirm that PZP levels vary considerably between individuals and are
influenced by a range of maternal characteristics. Importantly, quantile regression revealed
that these associations differ across the PZP distribution, highlighting the limitations of typical

statistical tests and the need for more nuanced analyses. Moreover, maternal plasma PZP
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concentration was associated with hypertensive disorders of pregnancy and SGA, with
preliminary evidence suggesting that these associations may be more apparent in lean
mothers. This raises the possibility that PZP contributes to distinct pathophysiological
pathways underlying adverse pregnancy outcomes, although further validation in larger
cohortsis needed. While these findings provide valuable new insights, they also raise important
questions regarding the mechanisms regulating PZP expression, its functional relevance in
pregnancy, and its potential role in disease pathogenesis. The final chapter explores these
questions in greater detail, integrating biochemical and epidemiological findings to propose a

model for the context-dependent functions of PZP in pregnancy.
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CHAPTER 5:

FINAL DISCUSSION

148



5.1 Summary

Pregnancy is fundamentally important for all mammals, yet the maternal adaptions required to
successfully navigate this life-stage remain incompletely understood. The work described in
this thesis advances our understanding of the maternal factors contributing to variability in
circulating PZP concentrations during pregnancy and underscores how these factors may drive
cohort-dependent associations with adverse pregnancy outcomes such as PE. Additionally, by
comparing and contrasting the actions of PZP and a;M on chymase activity in vitro, the work
presented in this thesis provides new knowledge of how the quaternary structure of these
proteins is fundamentally important to their role in modulating biological processes. The final
chapter of this thesis attempts to integrate the main findings reported herein and proposes a
theoretical framework by which PZP-chymase interactions may contribute to pregnancy-
associated maternal adaptations. Additionally, this model proposes that imbalance between
the normal functions of PZP and a;M, including their clearance via LRP1, may contribute to

adverse pregnancy outcomes.

5.2 A frameworKk for the distinct roles of PZP and a:M in the regulation of
chymase activity
The available evidence suggests that tight regulation of chymase activity is critically important
for a successful pregnancy, reflecting its potential roles in supporting spiral artery remodelling
locally and modulating vascular tone systemically (Tchougounova et al., 2003, Roy et al., 2014,
Saarinen et al., 1994, Groschwitz et al., 2013, Tchougounova et al., 2005, Fu et al., 2017, Zhao
et al., 2005, Bulmer et al., 2012, Zhang et al., 2022, Leskinen et al., 2001, Leskinen et al., 2003,
Meyer et al., 2017, Takai et al., 1997, Urata et al., 1990b, Caughey et al., 2000, Urata et al.,
1990a). Yet our understanding of the mechanisms responsible for these functions is limited.
Thus, the findings presented in this thesis — demonstrating that chymase activity is modulated
in fundamentally different ways depending on whether it binds to pregnancy-associated PZP or
constitutively abundant a;M - are highly intriguing and expand our understanding of how their
divergent quaternary structures give rise to distinct functional outcomes. It is posited that the
biological importance of PZP will be revealed by deepening our understanding of how its

actions differ to those of a,M.
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5.2.1 Preferential binding to PZP over a2ZM may prolong chymase activity via reduced
LRP1-mediated clearance

Previous studies using chymotrypsin as a model protease show that a,M-protease complexes
bind LRP1 with 8-fold greater affinity than PZP-protease complexes in vitro (Chiabrando et al.,
2002). If this difference in receptor affinity is not simply a consequence of the protease
substrate involved, it would suggest that a.M-chymase complexes are preferentially cleared
from circulation relative to PZP-chymase complexes (Figure 5.2.1A). The rise in circulating PZP
concentrations during pregnancy may allow it to outcompete a;M for interaction with chymase,
leading to the formation of PZP-chymase complexes with lower affinity for LRP1 and slower
clearance, thereby sustaining chymase activity in circulation (Figure 5.2.1i). Such a mechanism
may enable chymase to perform important pregnancy-specific functions that might otherwise
be attenuated by the more rapid clearance of a,M-chymase. However, the overall regulation of
chymase is likely influenced by additional factors. PZP-bound chymase can still be targeted by
endogenous inactivators such as a1AT, which is also upregulated during pregnancy (Abbassi-
Ghanavati et al.,, 2009); Figure 5.2.1ii). Moreover, chymase that binds to the heparin
proteoglycan matrix of mast cells — which may sometimes occur upon mast cell degranulation
— is protected from endogenous inactivators/inhibitors, including a1AT and a;M (Lindstedt et
al., 2001). These findings highlight the multifaceted nature of chymase regulation and suggest
that its net activity depends on the relative abundance and availability of binding partners that
modulate its function and clearance. A layered regulatory model, involving competition
between clearance and inactivation pathways, may explain how appropriate chymase activity
is maintained during pregnancy (Figure 5.2.1). This framework could also partially explain why
PZP is upregulated in pregnancy, but high levels are not necessarily essential for successful

gestation.

5.2.2 PZP may cooperate with other molecular inactivators to control chymase activity
when LRP1-mediated clearance is overwhelmed

LRP1 is a multifunctional and highly promiscuous receptor that binds over 100 ligands,
including LDL, and plays a critical role in lipid homeostasis during pregnancy (Guay et al.,
2020). Under conditions of high ligand load, disease stress, or altered expression, such as
metabolic dysfunction LRP1-mediated endocytosis is overwhelmed (Hofmann et al., 2007,
Hamlin et al., 2016)(Figure 5.2.1B). Under these conditions, the clearance of a,M-chymase
complexes via LRP1 may be impaired, potentially prolonging protease activity due to a:M’s

capacity to shield chymase from endogenous inactivators (Figure 5.2.1iii). In this scenario,
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elevated PZP concentrations may act as a compensatory mechanism because, although PZP-
chymase complexes are less efficiently cleared, they remain susceptible to inhibition by
circulating inactivators such as al1AT (Figure 5.2.1ii). Thus, PZP may serve as a ‘safety net,
limiting protease activity when the clearance of a;M-protease complexes is impaired. It should
be noted that this represents a hypothesis that requires empirical testing. Further studies
incorporating in situ measurement of PZP, a:M, and chymase complex formation, as well as
direct assessment of their differential clearance in vivo, would help determine the validity of

this model.

Active — not cleared
or inhibited

o

Active — not cleared,
partially inhibited

Inactivated

LRP1 ligand

e
8

Inactive — cleared

Cell membrane

Figure 5.2.1: Proposed model of context-dependent regulation of chymase activity (status indicated in orange
boxes) by PZP and a,M through differential clearance and susceptibility to endogenous inactivators.

(A) When LRP1 is readily available, a;M-chymase complexes outcompete PZP-chymase for clearance via LRP1,
resulting in the persistence of PZP-chymase complexes in circulation. (B) Under conditions where LRP1 is saturated
by other ligands, neither a,M-chymase nor PZP-chymase complexes are efficiently cleared.

Thus, chymase activity may be (i) fully preserved when bound to PZP, (ii) neutralised when targeted by endogenous
inactivators such as a1AT, or (iii) prolonged but attenuated when bound to a,M.
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5.3 PZP may play a role in protecting HDL from chymase-mediated
degradation
During pregnancy, PZP becomes enriched on large HDL particles (Melchior et al., 2021) but the
functional significance of this enrichment remains unclear. One possibility is that PZP is
recruited to HDL to protect HDL-associated ApoA1 from chymase-mediated degradation (Lee
et al., 2003). By binding chymase and limiting its access to ApoA1, PZP may help preserve HDL
integrity and function during pregnancy. Although there is no direct evidence that PZP
influences cholesterol efflux capacity, itis plausible that by maintaining HDL functionality, PZP
indirectly supports this process. Consistent with this idea, cholesterol efflux capacity is
reportedly increased during pregnancy (Melchior et al.,, 2021), and further increased in
pregnant mothers with BMI 225 kg/cm? (Stadler et al., 2023). Elevated PZP levels in mothers
with higher BMI may therefore reflect a compensatory response aimed at preserving HDL
functionality and promoting metabolic homeostasis under physiologically stressful conditions.
An alternate hypothesis is that elevated concentrations of PZP in obese mothers is the result of
reduced clearance via LRP1 due to saturation of the receptor. It could also be posited that
increased plasma PZP levels in mothers with BMI >25 kg/cm? reflect higher systemic
inflammation. In the cohorts analysed, the association between PZP and CRP was weak, which
does not strongly support this explanation. However, it is important to note that CRP was
measured at the time of cohort recruitment by a commercial pathology laboratory. Therefore,
differences in sample storage, timing, and handling, as well as the dynamic nature of both
acute-phase proteins and PZP, mean that direct correlation between these measures is

inherently limited.

5.4 A link between maternal plasma PZP concentration and maternal BMI
suggests a possible metabolic role for PZP

Recent evidence points to a possible role for PZP in metabolic regulation. In murine models,
PZP has been shown to promote thermogenesis through the activation of BAT (Lin et al., 2021).
Further, adipose-specific overexpression of PZP protected against diet-induced obesity by
enhancing the browning of white adipose tissue (WAT), increasing thermogenic gene
expression, and improving glucose tolerance and insulin sensitivity (Jiang et al., 2022). While
the findings of these studies raise the possibility that increased PZP may be upregulated in
overweight and obese mothers to buffer metabolic stress. It is a limitation that they were

derived from mouse models. However, proteomic analyses of human adipose-derived stem
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cells identified PZP as one of several proteins that are upregulated during adipogenesis (Zvonic
et al., 2007). This suggests that adipose tissue may contribute to circulating PZP levels - a
source not typically considered in pregnancy — and that PZP itself may play a role in adipose
tissue development or function. Together, these findings support a model in which PZP
contributes to lipid handling and energy homeostasis in pregnancy, not only through protease
regulation but also via direct effects on adipose tissue biology and thermogenic activity. Further

studies are warranted to explore these mechanisms in more detail in the context of pregnancy.

5.5 Elevated maternal plasma PZP concentration and increased odds of
hypertensive pregnancy
Several studies have linked PZP gene variants to an increased risk of hypertensive pregnancy
disorders (Tyrmi et al., 2022, Tyrmi et al., 2023, Ardissino et al., 2024), including evidence from
integrative genetic analyses that genetically determined higher circulating PZP is causally
associated with greater risk of PE (Ardissino et al., 2024, Tyrmi et al., 2023). While some
methodological limitations are acknowledged, this thesis presents the first evidence that
elevated maternal plasma PZP is associated with increased odds of pregnancy-associated
hypertension in nulliparous mothers. It remains unclear whether the upregulation of PZP
contributes to the pathogenesis of hypertensive pregnancy or is merely a consequence of
underlying inflammatory pathology, either of which are possible. While it is tempting to
speculate that the interaction between PZP and chymase described in this thesis may be
directly important to the association between increased maternal plasma PZP concentration
and increased odds of pregnancy-associated hypertension, further work is needed to more
deeply understand the role of PZP in controlling chymase in physiological settings. Specifically,
a deeper understanding of the relationship between maternal plasma PZP concentration and
the excessive chymase activity observed in the placenta and maternal serum of women with

PE (Wang et al., 2007, Wang et al., 2010, Gu et al., 2017) is needed.

Nulliparous mothers with BMI 225 kg/m? had elevated maternal plasma PZP levels compared
to those with BMI <25 kg/m2. While the observed association between PZP and hypertensive
disorders of pregnancy in this group should be interpreted cautiously, it raises the possibility
that PZP participates in biological processes common to maternal adiposity and susceptibility
to hypertension. Given that elevated BMI is a well-established risk factor for GH and PE,

particularly LO-PE (Ulhaqg et al., 2021, Sudjai, 2023, Bartsch et al., 2016, Mao et al., 2025), it
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remains unclear whether the association between PZP and PE in overweight and obese

mothers is primarily driven by maternal adiposity itself.

The finding that maternal plasma PZP concentration was positively associated with PE and/or
GH in nulliparous mothers with BMI <25 kg/m? is highly intriguing. In contrast, to overweight or
obese nulliparous mothers, who are typically subject to increased clinical surveillance,
prediction of PE riskin nulliparous mothers with healthy BMI remains a clinical challenge. While
the small sample sizes generated when stratifying by BMI limit statistical power, these results
suggest that elevated PZP may be linked to underlying biological processes that increase
susceptibility to PE in nulliparous women. Further studies are required to validate this
association and to assess whether it reflects a meaningful biological relationship, particularly

in prospective models stratified by BMI and other maternal characteristics.

5.6 Final remarks

PZP is a protein that has long remained in the shadow of its closely related counterpart, a;M.
However, methodological advances that now enable accurate discrimination between the two
proteins are helping to reveal PZP as a distinct biological entity with unique functions, including
the differential regulation of shared substrates such as chymase. This thesis deepens our
understanding of how quaternary structure shapes the functional properties of these proteins
— including their ability to sterically hinder substrates — and, in doing so, provides new insight

into the biological significance of this important protein family.

By leveraging access to samples from multiple pregnancy cohorts and implementing quality
control measures to minimise technical variability, this research identified several previously
undescribed associations between PZP, maternal characteristics, and pregnancy outcomes.
Notably, these findings challenge the longstanding assumption that PZP expression is primarily
estrogen-dependent, instead highlighting the potential roles of parity, immunoregulation, and
epigenetic control. The identification of parity as a novel determinant of circulating PZP
concentrations informed the first attempt to characterise maternal plasma PZP levels
exclusively in nulliparous mothers, confirming its positive association with BMI. These results
underscore that PZP should not be considered in isolation but rather as one component of a
broader regulatory network in which redundancy and compensation by other factors likely

influence pregnancy outcomes.
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While the positive association between elevated PZP in early pregnancy and pregnancy-
associated hypertension measured in this study suggests a possible link, the findings were not

consistent between STOP and SCOPE and requires further validation.

The work presented in this thesis provides the foundations for future investigations to elucidate
the biological functions of PZP. Given the wide variation in circulating PZP concentration
measured in pregnant mothers, it is evident that high levels of maternal plasma PZP are not
essential to successful pregnancy. On one hand, this may be the result of PZP sharing functions
with other molecules that render it redundant. Proteomic studies to comprehensively identify
endogenous substrates for PZP are needed to reveal which molecular networks PZP
participates in. On the other hand, it is possible that the importance of PZP is context-
dependent or linked to a functional state that is dependent on post-translational regulation,
such as proteolytic cleavage. Thus, selective measurement of native PZP versus the
proteolytically cleaved form may also help to inform its role. Additionally, the development of
methods to establish human placental organoids (Schaffers et al., 2025, Wessel et al., 2024,
Zhou etal., 2025) represent an exciting opportunity to more fully understand the function of this

enigmatic protein in the context of placental biology.
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6.3 Chapter 2 Supplementary Information

Table S1: Reported substrates for human chymase.

Substrate Substrate function Study type Supporting results Reference
f ECM.
. . . Compf)nent O. c . . Degradation of fibronectin in smooth (Leskinen et
Fibronectin Involved in cellular interactions with ECM (e.g., In vitro ..
. . . . . muscle cells visible. al., 2003)
cell migration, adhesion, differentiation, growth)
Roy et al.
Biglycan ECM component. Released as an alarmin. In vitro Degradation of biglycan within 60 min ( 3\854)3 !
Pro-MMP-1 Inactive precursor of MMP-1. Active form involved . .T'”.’e' and concentration-dependent (Saarinen et
. . In vitro activation of MMP-1. Enhanced by presence
(procollagenase) in ECM degradation. . al., 1994)
of heparin.
. . . Time- and concentration-dependent .
Pro-MMP-2 Inactive precur.sor of MMP-2. Ac't|ve form involved In vitro activation of MMP-2. Enhanced by presence (Groschwitz
in ECM degradation. . etal., 2013)
of heparin.
. . . . . . Cleavage of albumin into two fragments (Raymond
Albumin Osmotic pressure regulation. Carrier protein. In vitro that remain disulfide linked et al,, 2003)
Supports development of stem cells, germ cells,
Membrane-bound stem mast cells, and melanocytes. In vitro Cleavage of SCF near membrane to produce | (Longley et
cell factor (SCF) Promotes haematopoiesis. soluble bioactive form al., 1997)
(Fuetal.,
IL-6 Pro-inflammatory cytokine. In vitro Cleavage of IL-6 2017, Zhao
et al., 2005)
. . . . (zhao et al.,
IL-13 Pro-inflammatory cytokine. In vitro Degradation of IL-13 2005)
. . . (Fuetal.,
IL-15 Pro-inflammatory cytokine. In vitro Cleavage of IL-15 2017)
Time-dependent cleavage of pro-IL-18 to a (Omoto et
Pro-IL-18 Inactive precursor of IL-18. In vitro truncated, biologically active IL-18 species. al,, 2006)
. . . . (Fuetal.,
IL-18 Pro-inflammatory cytokine In vitro Degradation of IL-18 2017)
. . . (Fuetal.,
Pro-IL-33 Inactive precursor of IL-33. In vitro Cleavage of IL-33 to an active form 2017)
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(Roy et al.,

IL-33 Pro-inflammatory cytokine. In vitro Degradation of IL-33 2014, Fu et
al., 2017)
(Morales-
Mal
Inactive precursor of IL-1pB. . Time-dependent cleavage of pro-IL-1B to a aldonado
Pro-IL-1B . . . . In vitro . . . . et al., 2024,
Active form is a pro-inflammatory cytokine. truncated, biologically active IL-1B species. . .
Mizutani et
al., 1991)
Pro-IL-1a Inactive precursor of IL-1a. In vitro Dose-dependent cleavage of pro-IL.-1a to a (Afonina et
Active form is a pro-inflammatory cytokine. truncated, biologically active IL-1a species. al., 2011)
IFN-y Pro-inflammatory cytokine. In vitro Cleavage of IFN-y (F;Oelt;;l.,
Inactive precursor form of TGF-B1. Chymase-specific inhibitor reduced active (Cho et al
Latent TGF-f1 Active TGF-B1 can control cell growth, In vitro TGF-B1 compared to control and tryptase 2015) Y
proliferation, differentiation, and apoptosis. inhibitor.
Connective tissue growth Involved in tissue/bone development and repair, . (Fuetal.,
factor (CTGF) fibrosis, angiogenesis and tumorigenesis. In vitro Cleavage of CTGF 2017)
Fu et al.
- Mediator of growth hormone stimulated somatic (Fuetal,
Insulin-like growth factor . . . . . 2017,
growth, and independent anabolic processes in In vitro Degradation of IGF-1 .
1 (IGF-1) cells/tissue Tejada et
' al., 2016)
Human and virulent Intracellular chanerone. Released as an alarmin In vitro Degradation of Hsp70 within 60 min, can be | (Royetal.,
Hsp70 P ’ ' blocked by chymostatin 2014)
ignalli lecule, invol i lation. R I
HMGB1 Signalling molecule, involved in g?ne regulation In vitro Degradation of HMGB1 (Roy et al.,
Released as an alarmin. 2014)
(Takai et al.,
1997, Urata
etal.,
Angiotensin | Precursor to Angloteljsm Il, a potent In vitro, ex vivo Purified chymase cleaved Ang | to Ang Il 1990b,
vasoconstrictor. Caughey et
al., 2000,
Raymond et
al., 2009)
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Figure S1: Annotated Western blot image showing how the relative migration (Rf) of PZP species were calculated. The
equivalent of 1 pL of human pregnancy plasma was separated on a NUPAGE Tris-Acetate 3-8% mini protein gel,
transferred to a nitrocellulose membrane and probed with an anti-PZP antibody. (A) The edges of the blot were
marked by adjusting the contrast as needed. ImageJ was then used to measure the length of the blot (1), from the top
of the blot to the lower band (2), and from the top of the blot to the upper band (3). (B) Measurements obtained
from Image) corresponding to (A). Rf was calculated by dividing the distance to the band of interest by the overall
length of the blot e.g., 1.570/2.960 = 0.53 for the lower band, and 1.135/2.960 = 0.38 for the upper band.
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Figure S2: Fluorescence intensity curve of bisANS binding to PZP alone and PZP co-incubated with chymotrypsin.
PZP (1 uM) was incubated alone or with chymotrypsin at a 1:1 molar ratio for 45 min at 37 °C. bisANS was added at
final concentrations indicated by x-axis. Data are mean bisANS fluorescence + SD (n = 3) expressed in arbitrary
fluorescence units (AFU) and are representative of two independent experiments. One-way ANOVA with post-hoc
Tukey’s HSD for each timepoint, significance indicated by asterisks (**** p <0.0001).
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6.4 Chapter 3 Supplementary Information

6.4.1 St George Hospital

Table S2: Comorbidities among participants from the St George Hospital cohort.

Control Preeclampsia
n 31 31
Comorbidities
Gestational diabetes mellitus 1(3.2) 7 (22.6)
Chronic/essential hypertension 0(0) 4(12.9)
Gestational hypertension 0(0) 4(12.9)
Antepartum haemorrhage (>20 weeks) 2 (6.4) 0(0)
Threatened pre-term labour 0(0) 7 (22.6)
Thrombocytopaenia 0(0) 8(25.8)
HELLP syndrome 0(0) 2 (6.4)

Reported as n (%).

Table S3: Frequency of parity and gravidity in the St George Hospital cohort.

Parity Gravidity (includes current pregnancy)
0 1 2 3 1 2 3 4 5
Normotensive 17 9 2 3 16 6 3 1
Preeclampsia 7 20 4 0 10 11 3 5 2
Total 24 29 6 3 15 27 9 8 3
Table S4: Logistic regression models assessing the association between maternal plasma PZP concentration and
pregnancy outcome in the St George Hospital cohort (n = 62; 31 normotensive [reference] and 31 PE).
Model [AIC, BIC] Variable Odds ratio [95% Cl] p
1[85.4, 84.6] PZP (ug/mlL) 0.996 [0.996, 0.999] 0.01
Gestational age at sampling (weeks) 0.968 [0.796, 1.177] 0.74
BMI (kg/m?) 1.088 [0.962, 1.231] 0.18
2 [83.5, 82.9] PZP (ug/ml) 0.996 [0.992, 0.999] 0.01
BMI (kg/m?) 1.088 [0.962, 1.230] 0.18
3[85.3,84.7] PZP (ug/mlL) 0.996 [0.993, 0.999] 0.02
Gestational age at sampling (weeks) 0.969 [0.799, 1.177] 0.75
4 [83.4, 83.0] PZP (ug/ml) 0.996 [0.993, 0.999] 0.02
Table S5: Correlations between maternal plasma PZP concentration and maternal and neonatal characteristics.
Spearman’s rho; n = 535.
Characteristic Correlation coefficient P
BMI (kg/m?) 0.14 0.30
Maternal age (years) -0.01 0.94
Gestational age at time of sampling (weeks) -0.07 0.59
Systolic BP (mmHg) -0.20 0.11
Diastolic BP (mmHg) -0.19 0.15
Gestational age at birth (weeks) 0.26 0.049
Neonatal birthweight (g) 0.23 0.08
Parity 0.28 0.03
Gravidity 0.23 0.07
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Table S6: Univariate linear regression analyses assessing the relationship between maternal plasma PZP concentration
and clinical characteristics that significantly correlated with PZP in the St George Hospital cohort.

Predictor (n) Dependent Variable Ratio of geometric means [95% ClI] p

sFIt-1:PIGF (40) Log[PZP (ug/mL)] 0.997 [0.994, 0.999] 0.03
PZP (ug/mL) (40) sFIt-1:PIGF 0.997 [0.994, 0.999] 0.02
PZP (ug/mil) (62) Gestational age at birth (weeks)® 1.003 [1.000, 1.007] 0.05

2Mlissing data for n = 2 normotensive participants.

Table S7: Linear regression models assessing the association between parity and maternal plasma PZP concentration in
the St George hospital cohort (n = 62).

Model [AIC, BIC] Variable Ratio of geometric means [95% ClI] p
1[173.3,179.7] Parity (parous versus nulliparous) 1.748 [1.085, 2.814] 0.02
2[174.8, 183.3] Parity (parous versus nulliparous) 1.747 [1.087, 2.808] 0.02
Gestational age at sampling 0.969 [0.890, 2.808] 0.48
3[175.0, 183.5] Parity (parous versus nulliparous) 1.720 [1.065, 2.778] 0.03
BMI 1.013 [0.963, 1.066] 0.61
4 [176.5, 187.7] Parity (parous versus nulliparous) 1.720 [1.067, 2.773] 0.03
Gestational age at sampling 0.970[0.890, 1.056] 0.48
BMI 1.013 [0.963, 1.065] 0.62

6.4.2 Nationwide Children’s Hospital

Table S8: Maternal characteristics grouped by cohort in the St George Hospital and Nationwide Children’s Hospital

cohorts.
Nationwide Children’s Hospital St George Hospital 4
n 121 62
Maternal age (years) 28.04 + 6.37 32.27 +4.90 <0.0001
Gestational age at sampling (weeks) 27.92 +2.94 35.80+2.70 <0.0001
Nulliparous 53 (43.8) 24 (38.7) 0.46
Primigravida 50 (41.3) 15(24.2) 0.02

Continuous variables compared using Student’s T-test and reported as mean + SD. Categorical variables compared using
Fisher’s exact test and reported as n (%).

Table S9: Frequency of parity and gravidity in the Nationwide Children’s Hospital cohort.

Parity Gravidity (includes current pregnancy)
0 1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10
Normotensive | 16 | 11 3 0 0 0 0 13 | 12 4 1 0 0 0 0 0 0
PE 16 8 2 3 0 0 1 12 8 3 4 1 0 0 1 0 1
PE + IUGR 21 4 5 0 0 1 0 16 6 2 1 4 1 1 0 0 0
sPTB 14 9 4 1 1 1 0 9 10 4 3 2 0 2 0 0 0
Total 67 | 32 | 14 4 1 2 1 50 | 36 | 13 9 7 1 3 1 0 1
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Table S10: Logistic regression models assessing the association between maternal plasma PZP concentration and

pregnancy outcome in the Nationwide Children’s Hospital cohort (n = 121; 30 normotensive [reference]).

Model [AIC, BIC] Outcome Variable Odds Ratio [95% Cl] p
1[338.7,338.2] PE PZP (ug/mL) 1.001 [0.998, 1.005] 0.48
PE + IUGR PZP (ug/mL) 1.001 [0.998, 1.005] 0.48
sPTB PZP (ug/mL) 1.002 [0.998, 1.005] 0.43
2 [337.4,336.7] PE PZP (ug/mL) 1.002 [0.998, 1.006] 0.46
Parity (parous versus nulliparous) 0.905 [0.316, 2.586] 0.85
PE + IUGR PZP (ug/mL) 1.002 [0.998, 1.006] 0.32
Parity (parous versus nulliparous) 0.474 [0.161, 1.97] 0.18
sPTB PZP (ug/mL) 1.001 [0.997, 1.005] 0.49
Parity (parous versus nulliparous) 1.190[0.417, 3.396] 0.75
3[338.3,337.7] PE PZP (ug/mL) 1.001 [0.998, 1.005] 0.47
Gestational age at sampling (weeks) 0.947 [0.796, 1.128] 0.54
PE + IUGR PZP (ug/mL) 1.001 [0.998, 1.005] 0.46
Gestational age at sampling (weeks) 0.896 [0.752, 1.067] 0.90
sPTB PZP (ng/mL) 1.002 [0.998, 1.005] 0.41
Gestational age at sampling (weeks) 0.885 [0.741, 1.057] 0.18
4 [336.8, 335.9] PE PZP (ug/mL) 1.002 [0.998, 1.006] 0.44
Parity (parous versus nulliparous) 0.868 [0.300, 2.508] 0.79
Gestational age at sampling (weeks) 0.945 [0.793, 1.126] 0.53
PE + IUGR PZP (ug/mL) 1.002 [0.998, 1.006] 0.28
Parity (parous versus nulliparous) 0.434 [0.144, 1.302] 0.14
Gestational age at sampling (weeks) 0.882 [0.738, 1.054] 0.17
sPTB PZP (ug/mL) 1.002 [0.998, 1.006] 0.44
Parity (parous versus nulliparous) 1.091 [0.376, 3.166] 0.87
Gestational age at sampling (weeks) 0.887[0.743, 1.060] 0.89

Table S11: Correlations between maternal characteristics and maternal plasma PZP concentration in the Nationwide

Children’s Hospital cohort. Spearman’s rho; n = 121.

Characteristic Correlation coefficient p
Maternal age (years) 0.12 0.19
Gestational age at time of sampling (weeks) 0.04 0.63
Parity 0.32 <0.001
Gravidity 0.26 0.004
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Figure S3: Unadjusted maternal plasma PZP concentration grouped by
ethnicity in the Nationwide Children’s Hospital cohort. Two-tailed Mann-
Whitney U test; no statistically significant differences were observed
between groups. n = 121 (55 Caucasian, 66 non-Caucasian).

Table S12: Linear regression models assessing the association between parity or gravidity and maternal plasma PZP
concentration in the Nationwide Children’s Hospital cohort (n = 121).

Model [AIC, BIC] Variable Odds ratio [95% Cl] p
1[331.9, 343.1] Parity (parous versus nulliparous) 1.774 [1.273, 2.474] <0.001
Gestational age at sampling (weeks) 1.027 [0.970, 1.087] 0.361
2 [330.8, 339.1] Parity (parous versus nulliparous) 1.748 [1.255, 2.437] <0.001
3[332.8,343.9] Gravidity (multigravida versus primigravida) 1.760 [1.251, 2.477] 0.001
Gestational age at sampling (weeks) 1.036 [0.978, 1.098] 0.225
4 [332.2, 340.61] Gravidity (multigravida versus primigravida) 1.689 [1.206, 2.367] 0.002
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Table S13: Correlation of parity and gravidity with maternal plasma PZP concentration within each pregnancy outcome
group in the Nationwide Children’s Hospital cohort. Spearman’s rho.

Outcome Variable Correlation coefficient P
Normotensive (n = 30) Parity 0.33 0.07
Gravidity 0.33 0.08
PE (n = 30) Parity 0.20 0.29
Gravidity 0.03 0.86
PE + IUGR (n = 31) Parity 0.46 0.01
Gravidity 0.47 0.008
sPTB (n = 30) Parity 0.25 0.19
Gravidity 0.18 0.34

Table S14: Individual linear regression models assessing the association between parity or gravidity and maternal
plasma PZP concentration within each pregnancy outcome group in the Nationwide Children’s Hospital cohort.

Outcome Variable Ratio of geometric means [95% Cl] P
Normotensive (n = 30) Parity (parous versus nulliparous) 1.607 [0.998, 2.586] 0.05
Gravidity (multigravida versus primigravida) 1.628 [1.009, 2.625] 0.05
PE (n =30) Parity (parous versus nulliparous) 1.534 [0.707, 3.331] 0.28
Gravidity (multigravida versus primigravida) 1.098 [0.491, 2.452] 0.82
PE + IUGR (n =31) Parity (parous versus nulliparous) 2.442 [1.193, 4.997] 0.02
Gravidity (multigravida versus primigravida) 2.677 [1.406, 5.097] 0.003
sPTB (n =30) Parity (parous versus nulliparous) 1.631[0.834, 3.189] 0.15
Gravidity (multigravida versus primigravida) 1.661 [0.799, 3.455] 0.17

6.4.3 Late STOP

Table S15: Comorbidities among participants in the late STOP cohort

PE sPTB GH SGA
n (%) 59 (100) 19 (100) 23 (100) 54 (100)
Comorbidities
Spontaneous preterm birth n (%) 2 (3.4) - - -
Gestational hypertension n (%) 1(1.7) 2 (10.5) - -
Small for gestational age n (%) 18 (30.5) 3(15.8) 0(0) -
Gestational diabetes mellitus n (%) 11 (18.6) 4(21.1) 4(17.4) 5(9.3)

Women with multiple comorbidities were included in the count for both categories.

Table S16: Frequency of gravidity in the late STOP cohort.

Gravidity (includes current pregnancy)

1 2 3 4 5
Uncomplicated 222 49 14 3 1
Preeclampsia 28 10 3 0 0
Small for gestational age 34 11 6 3 0
PE + SGA 14 3 1 0 0
Gestational hypertension 16 7 0 0 0
Gestational diabetes mellitus 38 17 2 0 0
Spontaneous preterm birth 13 3 2 1 0
Other complication 25 6 3 0 0
Total 390 106 31 7 1
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Table S17: AIC and BIC for logistic regression models used to assess the association between maternal plasma PZP

concentration and pregnancy outcome in the late STOP cohort.

Model AIC BIC

PZP (ug/mL) 1576.5 1576.1
PZP (ug/mL), gestational age at sampling (weeks) 1571.6 1570.9
PZP (ug/mL), BMI (kg/m?) 1549.8 1549.2
PZP (ug/mL), gestational age at sampling (weeks), BMI (kg/m?) 1545.5 1544.7

Table S18: Logistic regression models assessing the association between maternal plasma PZP concentration and
pregnancy outcome in the late STOP cohort (n = 535; n = 289 uncomplicated [reference]).

Outcome Variable Odds ratio [95% ClI] p
Preec|ampsia (n = 59) PZP (ug/mL) 1.000 [0.998, 1.002] 0.76
GA (weeks) 1.123 [0.892, 1.413] 0.32
BMI (kg/m?) 1.068 [1.029, 1.108] <0.001
Gestational hypertension (n = 23) PZP (ug/mL) 1.001 [0.998, 1.004] 0.40
GA (weeks) 0.818 [0.569, 1.177] 0.28
BMI (kg/m?) 1.089 [1.036, 1.144] <0.001
Gestational diabetes mellitus (n = 57) PZP (ug/mL) 0.999 [0.996, 1.001] 0.24
GA (weeks) 0.929[0.735, 1.176] 0.54
BMI (kg/m?) 1.070 [1.031, 1.109] <0.001
Spontaneous preterm birth (n = 19) PZP (ug/mL) 1.001 [0.998, 1.005] 0.49
GA (weeks) 0.759 [0.516, 1.118] 0.16
BMI (kg/m?) 0.998 [0.930, 1.072] 0.96
Small for gestational age (n = 54) PZP (ug/mL) 1.001 [0.999, 1.003] 0.50
GA (weeks) 1.073 [0.846, 1.361] 0.56
BMI (kg/m?) 1.044 [1.003, 1.087] 0.03
Other complication (n = 34) PZP (ug/ml) 1.002 [0.999, 1.004] 0.18
GA (weeks) 1.141 [0.851, 1.528] 0.38
BMI (kg/m?) 1.051 [1.001, 1.102] 0.04

Table S19: Correlations between maternal plasma PZP concentration and maternal and neonatal characteristics in the

late STOP cohort. Spearman’s rho; n = 535.

Correlation coefficient p
Gestational age at sampling (weeks) -0.01 0.78
Maternal age (years) 0.05 0.25
BMI (kg/m?) 0.11 0.008
Gravidity -0.05 0.23
Birthweight (g) -0.01 0.87
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6.4.4 Additional

850 -
750
650 — STOP Cohort
SCOPE Cohort
550 = Nationwide Children's
g Hospital Cohort
>  450- Late STOP Cohort
=
a St George Hospital Cohort
a  350- L
250
T 3
150= L ;
i
el T A
50— 2 ? AL
— T 1 —T—TTTTTTT"T1

6 8 10 12 14 16 18 24 26 28 30 32 34 36 38 40 42

Gestational age at sampling (weeks)

Figure S4: Unadjusted maternal plasma PZP concentration by gestational age at sampling (weeks) for the STOP (n = 1250) and SCOPE (n = 863), Nationwide Children’s Hospital (n
=121), late STOP (n = 535), and St George Hospital Cohorts (n = 62). Bars represent median, Q1, and Q3.
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6.5 Chapter 4 Supplementary Information

6.5.1 STOP
Table $20: Comorbidities for participants in the STOP cohort.
Preeclampsia Spontaneous Gestational Small for
preterm birth hypertension gestational age
n (%) 119 (100) 53 (100) 78 (100) 103 (100)
Comorbidities
Spontaneous preterm birth n (%) 5(4.2) - - -
Gestational hypertension n (%) 1(0.8) 5(9.4) - -
Small for gestational age n (%) 38 (31.9) 7 (13.2) 0(0) -
Gestational diabetes mellitus n (%) 19 (16.0) 12 (22.6) 17 (21.8) 11 (10.7)
Women with multiple comorbidities were included in the count for both categories.
Table S21: Frequency of gravidity in the STOP cohort.
Gravidity (includes current pregnancy)
1 2 3 4 5
Uncomplicated?® 496 138 46 5 2
Preeclampsia® 77 31 8 2 0
Gestational hypertension 55 17 6 0 0
Gestational diabetes mellitus 104 23 6 1 0
Small for gestational age 75 20 8 0 0
Spontaneous preterm birth 40 10 3 0 0
Other complication® 42 15 6 2 0
Total 889 254 83 10 2

Missing data for®n =9, ®n = 1, °n = 2 participants.
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Table S22: Logistic regression analyses, adjusted for gestational age at sampling and BMI, to assess the association
between PZP and the odds of a woman having a pregnancy complication compared to uncomplicated pregnancy (n =

695) in the STOP cohort.

Outcome Contrasts (PZP ug/mL) Odds ratio [95% Cl] p
Preeclampsia (n = 119) None 1.001[0.998,1.004] | 0.44
>14.01 / <14.01 (first quartile) 0.957 [0.605, 1.515] 0.85
>39.37 / <39.37 (median) 1.408 [0.938, 2.115] 0.10
>84.12 / <84.12 (third quartile) 1.228 [0.785, 1.922] 0.37
Gestational hypertension (n = 78) None 0.995 [0.991, 0.999] 0.04
>14.01 / <14.01 (first quartile) 0.998 [0.562, 1.774] 0.99
>39.37 / <39.37 (median) 0.838 [0.512, 1.373] 0.49
284.12 / <84.12 (third quartile) 0.510 [0.264, 0.988] 0.046
Gestational diabetes mellitus (n = 134) None 1.000 [0.997, 1.003] 0.96
>14.01 / <14.01 (first quartile) 1.389 [0.862, 2.237] 0.18
>39.37 / <39.37 (median) 1.107 [0.754, 1.626] 0.60
>84.12 / <84.12 (third quartile) 0.960 [0.617, 1.494] 0.86
Small for gestational age (n = 103) None 1.001 [0.998, 1.004] 0.60
>14.01 / <14.01 (first quartile) 0.818 [0.511, 1.311] 0.40
>39.37 / <39.37 (median) 0.964 [0.628, 1.478] 0.87
>84.12 [/ <84.12 (third quartile) 1.262 [0.791, 2.014] 0.33
Spontaneous preterm birth (n = 53) None 0.999 [0.994, 1.004] 0.77
>14.01 / <14.01 (first quartile) 0.693 [0.378, 1.271] 0.69
>39.37 / <39.37 (median) 0.848 [0.473, 1.520] 0.58
>84.12 [/ <84.12 (third quartile) 1.155 [0.595, 2.241] 0.67
Other complication (n = 67) None 0. 999 [0.994, 1.003] 0.49
>14.01 / <14.01 (first quartile) 1.028 [0.566, 1.867] 0.93
>39.37 / <39.37 (median) 0.843 [0.502, 1.416] 0.52
>84.12 [/ <84.12 (third quartile) 0.765 [0.408, 1.432] 0.40

Values below the threshold represent the reference category for contrasts. PZP was treated as a continuous

independent variable in analyses with no contrast.
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Table S23: Logistic regression analyses to assess the association between PZP and the odds of a woman having a
pregnancy complication compared to uncomplicated pregnancy (n = 328) in mothers from the STOP cohort with BMI

<25 kg/cm?,
Outcome Contrasts (PZP ug/mL) Odds ratio [95% Cl] p
Preeclampsia (n = 32) None 1.005 [1.000, 1.010] | 0.054
>14.01 / <14.01 (first quartile) 1.352 [0.537, 3.404] 0.52
>39.37 / <39.37 (median) 1.815 [0.859, 3.834] 0.12
>84.12 / <84.12 (third quartile) 2.308 [1.089, 4.891] 0.03
Gestational hypertension (n = 12) None 0.990 [0.973, 1.006] 0.22
>14.01 / <14.01 (first quartile) 0.936 [0.247, 3.543] 0.92
>39.37 / <39.37 (median) 1.089 [0.344, 3.447] 0.88
>84.12 [/ <84.12 (third quartile) 0.307 [0.039, 2.414] 0.26
Gestational diabetes mellitus (n = 47) None 1.004 [0.999, 1.008] 0.13
>14.01 / <14.01 (first quartile) 1.021 [0.496, 2.101] 0.95
>39.37 / <39.37 (median) 1.755 [0.938, 3.284] 0.08
>84.12 / <84.12 (third quartile) 1.431[0.728, 2.814] 0.30
Small for gestational age (n = 43) None 1.002 [0.996, 1.007] 0.58
214.01 / <14.01 (first quartile) 0.477 [0.246, 0.925] 0.03
>39.37 / <39.37 (median) 0.784[0.412, 1.492] 0.46
>84.12 / <84.12 (third quartile) 1.306 [0.639, 2.668] 0.46
Spontaneous preterm birth (n = 26) None 1.000 [0.992, 1.007] 0.92
>14.01 / <14.01 (first quartile) 0.589 [0.253, 1.375] 0.22
>39.37 / <39.37 (median) 0.799 [0.356, 1.791] 0.59
>84.12 / <84.12 (third quartile) 1.499 [0.627, 3.585] 0.36
Other complication (n = 29) None 1.001 [0.994, 1.007] 0.83
>14.01 / <14.01 (first quartile) 1.498 [0.553, 4.057] 0.43
>39.37 / <39.37 (median) 1.543 [0.714, 3.333] 0.27
>84.12 [/ <84.12 (third quartile) 0.880 [0.346, 2.241] 0.79

Values below the threshold represent the reference category for contrasts. PZP was treated as a continuous

independent variable in analyses with no contrast.
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Table S24: Logistic regression analyses to assess the association between PZP and the odds of a woman having a
pregnancy complication compared to uncomplicated pregnancy (n = 367) in mothers from the STOP cohort with BMI

>25 kg/cm?.
Outcome Contrasts (PZP ug/mL) Odds ratio [95% Cl] p
Preeclampsia (n = 87) None 0.999 [0.995, 1.002] 0.39
>14.01 / <14.01 (first quartile) 0.944 [0.555, 1.607] 0.83
>39.37 / <39.37 (median) 0.987 [0.618, 1.576] 0.96
>84.12 / <84.12 (third quartile) 0.797 [0.460, 1.381] 0.42
Gestational hypertension (n = 66) None 0.995 [0.990, 1.000] 0.03
>14.01 / <14.01 (first quartile) 0.978 [0.537, 1.782] 0.94
>39.37 / <39.37 (median) 0.816 [0.483, 1.380] 0.45
>84.12 / <84.12 (third quartile) 0.593 [0.305, 1.155] 0.12
Gestational diabetes mellitus (n = 87) None 0.998 [0.995, 1.001] 0.25
>14.01 / <14.01 (first quartile) 1.137 [0.655, 1.975] 0.65
>39.37 / <39.37 (median) 0.715 [0.446, 1.144] 0.16
>84.12 / <84.12 (third quartile) 0.797 [0.460, 1.381] 0.42
Small for gestational age (n = 60) None 1.001 [0.997, 1.004] 0.76
>14.01 / <14.01 (first quartile) 1.512 [0.755, 3.029] 0.24
>39.37 / <39.37 (median) 1.126 [0.651, 1.949] 0.67
>84.12 / <84.12 (third quartile) 0.971[0.524, 1.799] 0.93
Spontaneous preterm birth (n = 27) None 0.998 [0.992, 1.004] 0.49
>14.01 / <14.01 (first quartile) 0.806 [0.341, 1.903] 0.62
>39.37 / <39.37 (median) 0.634 [0.286, 1.402] 0.26
>84.12 [/ <84.12 (third quartile) 1.124 [0.477, 2.650] 0.79
Other complication (n = 38) None 0.998 [0.993, 1.003] 0.38
>14.01 / <14.01 (first quartile) 0.833 [0.398, 1.745] 0.63
>39.37 / <39.37 (median) 0.746 [0.381, 1.460] 0.39
>84.12 / <84.12 (third quartile) 0.603 [0.257, 1.413] 0.24

Values below the threshold represent the reference category for contrasts. PZP was treated as a continuous

independent variable in analyses with no contrast.
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6.5.2 SCOPE

Table S25: Comorbidities for participants in the SCOPE cohort.

Preeclampsia Spontaneous Gestational Small for
preterm birth hypertension gestational age
n (%) 79 (100) 44 (100) 64 (100) 67 (100)
Comorbidities
Spontaneous preterm birth n (%) 5(4.2) - - -
Gestational hypertension n (%) 0(0) 1(2.3) - -
Small for gestational age n (%) 35 (44.3) 4(9.1) 0 (0) -
Gestational diabetes mellitus n (%) 6(7.6) 0(0) 2(3.1) 3(4.5)
Women with multiple comorbidities were included in the count for both categories.
Table S26: Frequency of gravidity in the SCOPE cohort.
Gravidity (includes current pregnancy)

1 2 3 4
Uncomplicated 344 90 26 4
Preeclampsia 56 19 4 0
Gestational hypertension 52 10 2 0
Gestational diabetes mellitus 20 7 1 0
Small for gestational age 45 18 3 1
Spontaneous preterm birth 29 12 2 1
Other complication 82 23 10 2
Total 628 179 48 8
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Table S27: Logistic regression analyses, adjusted for gestational age at sampling and BMI, to assess the association
between PZP and the odds of a woman having a pregnancy complication compared to uncomplicated pregnancy (n =

464) in the SCOPE cohort.

Outcome Contrasts (PZP pg/mL) Odds ratio [95% ClI] p
Preeclampsia (n = 79) None 1.003 [1.001, 1.005] 0.01
>39.61 / <39.61 (first quartile) 1.071 [0.600, 1.912] 0.82
>91.93 / <91.93 (median) 0.984 [0.603, 1.605] 0.95
2182.31 / <182.31 (third quartile) 1.819 [1.083, 3.057] 0.02
Gestational hypertension (n = 64) None 1.002 [0.999, 1.004] 0.16
>39.61 / <39.61 (first quartile) 0.871[0.475, 1.594] 0.65
>91.93 / <91.93 (median) 1.104 [0.646, 1.887] 0.72
>182.31 / <182.31 (third quartile) 1.538 [0.864, 2.738] 0.14
Gestational diabetes mellitus (n = 28) None 1.002 [0.998, 1.005] 0.30
>39.61 / <39.61 (first quartile) 1.504 [0.554, 4.085] 0.42
>91.93 / <91.93 (median) 0.814 [0.374, 1.770] 0.60
>182.31 / <182.31 (third quartile) 1.785 [0.790, 4.030] 0.16
Small for gestational age (n = 67) None 0.999 [0.996, 1.002] 0.46
>39.61 / <39.61 (first quartile) 1.004 [0.554, 1.820] 0.99
>91.93 / <91.93 (median) 0.718 [0.425, 1.216] 0.22
>182.31/ <182.31 (third quartile) 0.759 [0.390, 1.479] 0.42
Spontaneous preterm birth (n = 44) None 1.000 [0.997, 1.003] 0.85
>39.61 / <39.61 (first quartile) 0.655 [0.333, 1.288] 0.22
>91.93 / <91.93 (median) 0.675[0.358, 1.272] 0.22
>182.31 / <182.31 (third quartile) 0.959 [0.455, 2.019] 0.91
Other complication (n =117) None 1.001 [0.999, 1.003] 0.29
>39.61 / <39.61 (first quartile) 1.135 [0.703, 1.831] 0.60
>91.93 / <91.93 (median) 1.198 [0.792, 1.812] 0.39
>182.31 / <182.31 (third quartile) 1.361 [0.850, 2.179] 0.20

Values below the threshold represent the reference category for contrasts. PZP was treated as a continuous

independent variable in analyses with no contrast.
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Table S28: Logistic regression analyses to assess the association between PZP and the odds of a woman having a
pregnancy complication compared to uncomplicated pregnancy (n = 227) in mothers from the SCOPE cohort with BMI

<25 kg/cm?,
Outcome Contrasts (PZP pg/mL) Odds ratio [95% ClI] p
Preeclampsia (n = 24) None 1.002 [0.998, 1.006] 0.40
239.61 / <39.61 (first quartile) 0.686 [0.269, 1.747] 0.43
291.93 / <91.93 (median) 1.027 [0.443, 2.382] 0.95
>182.31 / <182.31 (third quartile) 1.683 [0.682, 4.153] 0.26
Gestational hypertension (n = 15) None 1.005 [1.001, 1.010] 0.03
239.61 / <39.61 (first quartile) 0.777 [0.237, 2.545] 0.68
>91.93 / <91.93 (median) 2.054 [0.680, 6.198] 0.20
2182.31 / <182.31 (third quartile) 2.945 [1.020, 8.504] 0.046
Gestational diabetes mellitus (n = 9) None 1.001 [0.994, 1.008] 0.85
239.61 / <39.61 (first quartile) 0.565 [0.136, 2.340] 0.43
>91.93 / <91.93 (median) 1.283 [0.336, 4.903] 0.72
>182.31 / <182.31 (third quartile) 1.683 [0.407, 6.962] 0.47
Small for gestational age (n =31) None 0.999 [0.994, 1.003] 0.58
239.61 / <39.61 (first quartile) 0.514[0.231, 1.143] 0.10
291.93 / <91.93 (median) 0.742 [0.347, 1.585] 0.44
>182.31 / <182.31 (third quartile) 0.647 [0.237, 1.770] 0.40
Spontaneous preterm birth (n = 18) None 0.997 [0.991, 1.003] 0.31
239.61 / <39.61 (first quartile) 0.444 [0.164, 1.205] 0.11
291.93 / <91.93 (median) 0.395 [0.136, 1.144] 0.09
>182.31 / <182.31 (third quartile) 0.962 [0.303, 3.047] 0.95
Other complication (n = 65) None 1.001 [0.998, 1.004] 0.44
239.61 / <39.61 (first quartile) 0.942 [0.488, 1.816] 0.86
291.93 / <91.93 (median) 1.357 [0.778, 2.365] 0.28
>182.31 / <182.31 (third quartile) 1.289 [0.690, 2.409] 0.43

Values below the threshold represent the reference category for contrasts. PZP was treated as a continuous

independent variable in analyses with no contrast.
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Table S29: Logistic regression analyses to assess the association between PZP and the odds of a woman having a
pregnancy complication compared to uncomplicated pregnancy (n = 237) in mothers from the SCOPE cohort with BMI

>25 kg/cm?.
Outcome Contrasts (PZP pg/mL) Odds ratio [95% ClI] p
Preeclampsia (n = 55) None 1.003 [1.001, 1.006] 0.01
>39.61 / <39.61 (first quartile) 1.270[0.629, 2.563] 0.51
>91.93 / <91.93 (median) 1.034 [0.574, 1.860] 0.91
>182.31 / <182.31 (third quartile) 2.025 [1.069, 3.835] 0.03
Gestational hypertension (n = 49) None 1.001 [0.998, 1.004] 0.57
>39.61 / <39.61 (first quartile) 0.886 [0.447, 1.756] 0.73
>91.93 / <91.93 (median) 0.755 [0.407, 1.401] 0.37
>182.31 / <182.31 (third quartile) 1.693 [0.854, 3.355] 0.13
Gestational diabetes mellitus (n = 19) None 1.002 [0.998, 1.006] 0.25
>39.61 / <39.61 (first quartile) 3.011 [0.676, 13.409] 0.15
>91.93 / <91.93 (median) 0.674 [0.262, 1.735] 0.41
>182.31/ <182.31 (third quartile) 2.238[0.837, 5.986] 0.11
Small for gestational age (n = 36) None 0.999 [0.995, 1.003] 0.57
>39.61 / <39.61 (first quartile) 1.240 [0.537, 2.865] 0.61
>91.93 / <91.93 (median) 0.590 [0.288, 1.208] 0.15
>182.31/ <182.31 (third quartile) 0.926 [0.383, 2.240] 0.86
Spontaneous preterm birth (n = 26) None 1.002 [0.999, 1.006] 0.22
>39.61 / <39.61 (first quartile) 0.962 [0.386, 2.398] 0.93
>91.93 / <91.93 (median) 1.081 [0.480, 2.436] 0.85
>182.31 / <182.31 (third quartile) 1.151 [0.439, 3.021] 0.78
Other complication (n = 52) None 1.001 [0.998, 1.004] 0.66
>39.61 / <39.61 (first quartile) 1.063 [0.532, 2.122] 0.86
>91.93 / <91.93 (median) 1.001 [0.549, 1.825] 1.00
>182.31 / <182.31 (third quartile) 1.555 [0.790, 3.062] 0.20

Values below the threshold represent the reference category for contrasts. PZP was treated as a continuous

independent variable in analyses with no contrast.
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