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Thesis summary

Fetal/neonatal alloimmune thrombocytopenia (FNAIT) is a condition occurring in about
1:1000-2000 pregnancies, and in Whites, alloimmunization to human platelet antigen (HPA)-
la is most common. The maternal alloantibodies traverse the placenta, bind to, and eliminate
fetal platelets from the circulation rendering the fetus thrombocytopenic. Clinical outcome
ranges from non-symptomatic or mild bleedings to intracranial hemorrhage (ICH). To date, no
prevention is available for HPA-la alloimmunization, and screening programs to identify
women at risk have not yet been implemented. Initial proof of concept for prevention of HPA-
la alloimmunization was previously demonstrated in a murine model, paving the way for the
polyclonal or monoclonal HPA-1a-specific IgG preparations currently under development as a
prophylaxis for FNAIT. As the polyclonal preparation is plasma-derived, it depends on plasma
donations from alloimmunized individuals, and thus monoclonal antibodies offer an obvious
preferred alternative. In this thesis, a human monoclonal antibody (mAb 26.4) specific for HPA-
la, as well as a panel of mAb 26.4 IgG1 isoforms with modified Fc regions, were tested as
prophylactic candidates. They were characterized in vitro and in vivo, showing that the mAb
26.4 wild-type successfully mediated complete prevention of alloimmunization in a murine
FNAIT model. Further, a novel isoform (mAb 26.4.REW), with longer plasma half-life and
stronger effector functions, efficiently induced antibody-mediated immune suppression in low
doses. Alloimmunization of women often occurs in connection with delivery, however a
significant share of women is indeed immunized during pregnancy — even in their first
pregnancy. In addition to fetal platelets as the source of antigen, placental cells or tissues also
express the antigen and may be sources for immunization. It has been reported that maternal
samples from FNAIT cases with ICH outcome contain HPA-1la-specific antibodies of anti-
aVB3 specificity, and that these sera disturb endothelial function, and induce endothelial cell
apoptosis. In this thesis, samples from referred and confirmed FNAIT cases with ICH outcome
in Norway during the last 20 years were examined for reactivity patterns using recombinant
integrins. Most samples bound monomeric integrin 3, aVp3 and allbp3 on beads in a similar
manner, in line with previous reports indicating that most FNAIT sera react with the HPA-1a
epitope on B3, independent of the a-chain. However, upon absorbing antibodies binding to
recombinant allbf3, the remaining fraction was examined using aVp3-beads and aVf3-
expressing cell lines, without significantly detectable remaining antibodies. This highlights the
current challenge in detecting potential antibodies of the anti-aVB3 subtype. Further

characterization of such antibodies and their antigen conformation requirement is needed.
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1 Introduction

Upon encountering foreign antigens, an immune response is induced to eliminate the antigen.
However, when these cells and tissues origin from same species individuals with population-
based protein variants, alloimmunization can occur. The exposure to alloantigens typically
arises in connection with blood transfusions and transplantation, but notably also in the

pregnancy setting as the fetus express inherited paternal antigens.

In the settings of transfusion and pregnancy, the formation of antibodies to non-self antigens
present in various blood group systems, e.g., ABO, Rh, Kell, Kidd and Dufty, are of clinical
importance when undiagnosed and untreated, as they may lead to hemolysis of red blood cells
(RBCs) [1]. Human leukocyte antigens (HLA) class I are widely expressed by almost all
nucleated cells, and thus the risk of exposure is high in transfusion or pregnancy. Antibodies
toward HLA class I may result in clinical complications related to transplantation, as they can
induce graft rejection [2], and related to transfusion as they cause refractoriness to transfused
platelets [3]. Whether maternal anti-HLA class [ antibodies are associated with
thrombocytopenia in the newborn is debated [4-6]. Notably, incompatibility to human platelet
antigens (HPAs) during pregnancy may induce alloimmunization, causing fetal platelet removal
that can lead to severe outcomes [7]. The focus in this thesis is pregnancy-related

alloimmunization against HPA-1a and efforts to prevent it.

1.1 Platelets and platelet antigens

Platelets, or thrombocytes, are the smallest circulating cells with a diameter of 2—4 pm when in
a resting state [8]. Platelets are abundant in the blood, with a platelet count of 150-450x10°
cells per liter of blood in adults. Because platelets have a short lifespan of 7-10 days, they are
continually produced from megakaryocytes in the bone marrow and released into circulation
[9]. These discoid anucleate cells have important functions in hemostasis, where they are
activated upon vessel damage and bind together to form a plug. Because of blood flow and the
cell type composition of the blood, platelets appear with the highest concentration close to the
vessel walls [10, 11]. Upon encountering disrupted endothelial walls or exposed extracellular
matrix, surface receptors ensure platelet capture at the site of injury, which again triggers
platelet activation. When activated, the platelet shape shifts from discoid to spherical, followed
by the creation of filopodia and lamellipodia generated by inducing reorganization of the

cytoskeleton [12]. In addition, platelets secrete pre-stored components from intracellular



granules — o-granules and dense granules — to communicate with surrounding cells and

tissues [13].

Though platelets have been classically regarded as purely hemostatic agents, studies have
shown the significance of platelets in aiding the immune system in response to infection and
cancer (reviewed in [14-16]). Platelets express toll-like receptors able to recognize pathogen-
and damage-associated molecular patterns produced by damaged or compromised cells, and
they can interact directly with leukocytes for recruitment to the site of injury. In addition, they
express receptors for direct detection of pathogens, and upon activation, they secrete their
intracellular granules, which — among other factors — contain antimicrobial peptides to

destroy foreign intruders [17].

1.1.1 Integrins

Platelets have various adhesion molecules and receptors on their cell surface — integrins being
the most abundantly expressed — which they use to continually monitor the situation in the
blood. Integrins are a large family of highly conserved heterodimeric, non-covalently associated
glycoproteins important for adhesion between cells, and between cells and the extracellular
matrix. However, they also have important roles in immunity, the development of the embryo,
in cancer, and hemostasis [ 18]. These transmembrane receptors consist of two integrin subunits,
a- and B-chain, and they have the ability of bi-directional signal transduction, inside-out and
outside-in signaling, across the plasma membrane [19, 20]. To date, there are 18 a-subunits and
8 B-subunits described that, in different combinations, arrange to form 24 varied receptors with

distinctive properties and functions (reviewed in ref. [19, 21]).

Integrins appear to occur in three conformational states that relate to the regulation of ligand
affinity [22] (Figure 1). These rearrangements are important for diverse biological processes
such as migration, development, and hemostasis. When in a bent state, integrins have low
affinity for ligands because of the proximity of intracellular tails and a folded headpiece. An
intermediate state exists where the integrin is extended but the headpiece is still closed, and
therefore the integrin has an intermediate affinity for ligands. However, by further activation,
there is a swing-out of the hybrid domain, and the lower legs are unclasped, leading to an

extended-open conformation with high affinity for ligands.
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Figure 1: Schematic illustration of integrin configurations related to ligand affinity. A bent
conformation with a closed headpiece relates to inactive integrin, while rearrangements
through the intermediate state (extended, closed) lead to an extended conformation with high

ligand affinity. Created with BioRender.com.

Infegrin B3

Integrin B3 is a B-subunit that combines only with two closely related a-subunits, allb and a'V,
both of which are present on platelets [23-25]. These integrins are Arg-Gly-Asp (RGD) binding
receptors; that is, they recognize ligands containing the RGD peptide motif [19, 24]. The
binding site have also been confirmed by the efficient inhibition of ligand binding to platelets

by RGD-containing peptides [26].

The integrin allbB3 is a calcium-dependent heterodimer [27] also known as the fibrinogen
receptor. However, it also binds to fibronectin, von Willebrand factor [19, 28], vitronectin [29],
and multiple other ligands reviewed in ref. [21]. On platelets, allbB3 is the most abundant
glycoprotein complex, estimated to express approximately 80,000 molecules per platelet [30].
On resting, circulating cells, alIbB3 is present on the platelet surface in an inactive state, but
upon platelet activation, it changes its conformation into a high-affinity state to induce platelet
aggregation [25, 31]. In addition, upon activation, a-granules containing allbf3 are secreted,
increasing the number of receptors on the platelet surface to further support binding to

additional platelets [32]. The integrin allbp3 has also been reported to be expressed by mast



cells [33] and by placental trophoblasts early in gestation, suggesting that it is involved in

implantation and early placental differentiation [34].

The B3-subunit also combines with aV to form integrin aVB3. This receptor is defined as the
vitronectin receptor, although it has several other ligands, i.e., osteopontin [35],
thrombospondin [36], and more reviewed in ref. [21]. In contrast to allbB3, aVP3 is found only
as a few hundred to a few thousand molecules on each platelet [36, 37], but it is also reported
to be expressed on endothelial cells [38], on placental trophoblast cells [39], on osteoclasts [40],

on fibroblasts [41] and on some cancer cells [42].

1.1.2 Human platelet antigens

Integrin B3 contains numerous single-nucleotide polymorphisms (SNPs) leading to single
amino acid substitutions and therefore allovariants in the population. Depending on the position
of'the SNP, it might impact protein structure, function, and expression. The most common SNPs
do not induce functional changes to the platelet proteins and, as such, damaging SNPs are
normally removed by natural selection. Different allelic structures might be antigenic, leading
to alloimmunization upon exposure by transfusion, transplantation, or pregnancy. Even though
many of the glycoproteins are also expressed on other cells, these antigens are characterized as
HPAs, consecutively upon documentation of their clinical importance in platelet alloimmunity
by the Platelet Immunology Working Party of the ISBT. To date, the variants are divided into
35 HPA systems [43] (Figure 2).

The first HPA was found on integrin 3 [44], and the following HPA are numbered in the order
they were officially assigned. Six of the systems — HPA-1, -2, -3, -4, -5, and -15 — are biallelic
systems in which alloantibodies have been observed against both forms of the SNPs [43]. In
each system, the allelic variant carried by most of the population is designated as “a” and the
more infrequent variant designated as “b”. The different HPA systems are spread throughout
six different glycoproteins: gpllla (B3), gpllb (allb), gplb (CD42b/c), gpla (a2), gpIX (CD42a),
and CD109. As outlined in Figure 2, most of the HPAs are present on the fibrinogen receptor
allbB3 (also defined as gpllb/gpllla and CD41/CD61) [43].



HPA-15

CD109

Figure 2: Localization of HPA antigens on glycoprotein complexes on the surface of platelets.

Created with BioRender.com, based on data from the Human Platelet Antigen database [43].

1.2 Fetal/neonatal alloimmune thrombocytopenia

Maternal alloantibodies specific for paternally inherited HPAs may cause destruction of fetal
platelets following transplacental transport during pregnancy. This condition is referred to as
fetal/neonatal alloimmune thrombocytopenia (FNAIT) and is the most frequent cause of
neonatal thrombocytopenia in otherwise healthy full term neonates [45]. This is a rare condition
occurring in approximately 1 to 1000-2000 live births [46-49]. Thrombocytopenia is defined
as a platelet count below 150x10%/L with severe thrombocytopenia below 50x10%/L. In Whites,
the most frequent cause of severe FNAIT is alloimmunization against HPA-1a, accounting for

approximately 80% of the cases [50, 51].

1.2.1 HPA-1a alloimmunization

To be at risk of HPA-1a alloimmunization, the mother must be homozygous for the HPA-1b
antigen and be exposed to HPA-1a either by transfusion or by carrying a heterozygous (HPA-
lab) fetus. About 2.3% of Whites are homozygous for HPA-1b and therefore at risk of HPA-

la alloimmunization [52] (Figure 3).
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Figure 3: lllustration of HPA-1a alloimmunization. Created with BioRender.com.

HPA-1 (also defined as PI* or Zw) is a polymorphism located on integrin B3 in amino acid
position 33, where the majority of the population carries leucine (defined as HPA-1a), and the
minority carries proline (defined as HPA-1b) [44]. Alloantibodies toward HPA-1b also occur,
although they are less common than HPA-1a alloimmunization [53]. Individuals carrying a
valine in this position have also been found, defined as HPA-1c, and some HPA-1a-specific

antibodies have shown binding to recombinant $3-Val33 [54].

1.2.2 Other common HPA systems associated with FNAIT

Even though HPA-1a alloimmunization is the most common cause of FNAIT in Whites, other
antigen incompatibilities also lead to alloantibody responses. Other common antigen
incompatibilities are HPA-5 and -15; however, HPA-2 and -3 have also been observed [55].
Alloantibodies toward HPA-5b antigen present on glycoprotein GPla have been regarded as the
second most common cause, accounting for approximately 15% of FNAIT cases [56].
However, current studies call this into question, because the rate of HPA-5b alloimmunization
is far more prevalent than previously reported and therefore might be an incidental finding in
at least some FNAIT workups [57]. Still, anti-HPA-5b antibodies have been associated with
severe FNAIT [58]. Anti-HPA-15b antibodies have been shown to induce FNAIT in 4% of
cases [56], and severe cases have been reported [59]. HPA-15b-specific antibodies behave

similarly to HPA-1a-specific antibodies, as they suppress angiogenesis and induce apoptosis in



endothelial cells in vitro [60]. FNAIT cases due to anti-GPIba antibodies are less common;
however, in a mouse model, preimmunized GPIba”~ females bred with wild-type males led to
miscarriage [61]. Because there were few live neonates in this murine model, this finding may
indicate that the frequency of GPIba-mediated FNAIT might also be underreported in humans.
For early loss of pregnancy, platelet incompatibility might not even be considered in most cases.

FNAIT caused by minor allele frequencies is also reported, although rarely [55, 62, 63].

In the Asian population, HPA-1b is an even lower frequency allelic variant (0.4%) [64]. The
most frequent cause of FNAIT in this population is alloantibodies against HPA-4b (24.8%),
HPA-5b (13.8%) and HPA-5a (4.3%), which are evidently less severe than in anti-HPA-1a-
induced FNAIT [64]. Another cause of FNAIT in the Asian and African populations is
immunization against CD36 (gplV), where protein-deficient individuals produce isoantibodies

against CD36 [64-66].
1.2.3 Clinical outcome

Most FNAIT cases are suspected only after the delivery of a newborn presenting with bleeding
or thrombocytopenia, or because of FNAIT history in the immediate family. To date, there are

no national screening programs to identify women at risk of HPA-1a alloimmunization.

Transplacental transport of platelet alloantibodies, the binding to and depletion of fetal platelets,
renders the fetus or neonate at risk of thrombocytopenia, prone to bleeding, and in severe cases
to intracranial hemorrhage (ICH) followed by lifelong disabilities or stillbirth [48, 56, 67]. Only
10% (7.9-12%) of HPA-la-negative women generate anti-HPA-1a antibodies when exposed
to an incompatible fetus; of these women, only 30% give birth to a severely thrombocytopenic
neonate [48, 49, 67]. About 10-26% of severely thrombocytopenic neonates presents with ICH
[47, 51, 68, 69]. Furthermore, the risk of severe FNAIT is increased when a sibling present with
ICH [70]. A study showed that 54% of ICH cases occurred before 28 weeks of gestation and
often in the first pregnancy [71].

Children with FNAIT-related ICH have a very high risk of perinatal death or long-term
neurodevelopmental impairment [72]. The clinical effect on the fetus exerted by HPA-1a-
specific antibodies is heterogenous as many are born healthy, while some present with skin
manifestations such as petechiae, purpura or other bleeding complications. Although likely

underreported, fetal internal organ hemorrhage other than ICH may also lead to severe



complications and deadly outcome [73]. A retrospective study reported a significant association
between anti-HPA-1a antibody levels in the mother and reduced birthweight in newborn males
[74]. In addition, a study conducted using data from the No IntraCranial Haemorrhage (NOICH)
registry, reported that 65% of ICH cases were in male fetuses/neonates [71]. Together, these
studies imply that neonatal gender might influence alloimmunization and potentially disease

severity.

1.2.4 FNAIT-related associations and risk factors

Most HPA-1la-negative women are not alloimmunized, even though they carry an HPA-1ab
fetus. In addition, not all fetuses or newborns of HPA-1a alloimmunized mothers present with
FNAIT. This indicates that other unknown factors are important for alloimmunization, and for

the pathophysiology of FNAIT.

Several studies have shown a strong association between HPA-1a alloimmunization and the
expression of HLA-DRB3*01:01 (also defined as DR52a and DRw52) [75-78]. In Whites,
approximately 28% carry the additional DRB variant DRB3*01:01 while approximately 90%
of HPA-1a alloimmunized women carry this class II variant [67, 75-77]. Peptides with leucine
in position 33 (Leu33, HPA-1a) but not peptides with proline (Pro33, HPA-1b), have been
shown to bind stably to HLA-DRB3*01:01 [79, 80]. Leu33 has been shown to act as an anchor
in the major histocompatibility complex (MHC) peptide-binding groove together with Trp25
and Asp28, generating a 1-4-9 motif of the peptide anchor residues [79, 81].

Laboratory investigations of HPA-1a-specific antibodlies

Maternal anti-HPA-1a antibody levels during pregnancy are used in some countries as a risk
stratification for FNAIT. A prospective study in Norway showed that levels of maternal HPA-
la alloantibodies above 3 international units (IU)/ml in week 22 and/or 34 were associated with
the degree of thrombocytopenia in the newborn; antibody levels also correlated with neonatal
platelet count [82]. The concentration and specificity of FNAIT-related antibodies are often
measured by more than one method, including platelet glycoproteins with defined HPA

composition.

A method for evaluating platelet-specific antibodies is by flow cytometry by indirect platelet
immune fluorescence test (PIFT) where the maternal sample is cross-matched to a panel of

platelets with known HPA status [83]. If paternal or neonatal platelets are available, they are



used as donor platelets, but this also requires a direct PIFT to disregard potentially prebound

antibodies to the platelets.

Glycoprotein-specific antibody tests using intact platelet antigens, such as the monoclonal
antibody-specific immobilization of platelet antigen (MAIPA) assay, is so far recognized as the
gold standard method. Briefly, MAIPA is performed by incubating patient plasma with HPA-
defined donor platelets prior to glycoprotein binding by murine monoclonal antibodies [84].
The platelets are solubilized, and glycoproteins are captured in a microplate by goat anti-mouse
IgG. The glycoprotein-bound human antibodies are detected by enzyme-coupled anti-human
IgG and its corresponding substrate and stop solution, measured as optical density (OD) by a
microplate reader. The advantage of this method is that antibodies toward the different
glycoproteins (gplIb/Illa, gplb/IX, gpla/lla, gpV and CD109) are measured separately by using
typed and selected donor platelets. In-house MAIPA assays are implemented in most reference
laboratories that have donor platelets available; however, a commercial kit with typed platelets

included is also available (apDia, Turnhout, Belgium).

For anti-HPA-1a IgG measurements, a quantitative MAIPA is performed by calibrating the
patient sample to a defined standard (the international NIBSC standard; 03/152 anti-HPA-1a
[85, 86]) and with read-out in IU [87, 88]. MAIPA may also be performed with paternal or
neonatal platelets as an antigen source for direct detection of antibodies against fetal antigens.
A downside to this assay is that some MAIPA-negative cases showed low-avidity HPA-1a-
specific alloantibodies [89], which might be tentatively missed, because of extensive washing
procedures. Notably, a new MAIPA using streptavidin-coated beads and biotinylated
monoclonal antibodies for glycoprotein capture has shown enhanced sensitivity compared to

the standard MAIPA protocol [90].

HPA-specific IgG detection is also performed using a commercial test — Pak Lx kit (Immucor,
Georgia, USA) — which uses beads coupled with platelet-derived glycoproteins from a pool of

donors to evaluate HPA specificity.

1.2.5 Treatment strategies

To date, there is no effective treatment for FNAIT available; however, several clinical
guidelines recommend the off-label use of intravenous immunoglobulin (IVIg) to the pregnant

women [91]. Typically, a previous sibling diagnosed with severe FNAIT leads to the treatment



of a pregnant HPA-1a alloimmunized woman with [VIg weekly from as early as 12 weeks of
gestation to prevent FNAIT and ICH in the subsequent neonate. This treatment is costly: normal
dosing is 1 g/kg/week [92]. IVIg treatment may have side effects such as headache and
influenza-like symptoms and, with a weekly dosing frequency, the strain of this treatment
strategy is high. Even though IVIg has not been tested in a placebo-controlled clinical trial,
recommendations indicate that such a treatment is currently the best approach available because
it has been used successfully for decades. It seems to be consensus for this treatment in a
pregnancy where the previous child had FNAIT with ICH. Even though IVIg brings unwanted
side effects to the mother, it is the first-line management, with or without corticosteroids [93-

95].

A study investigating all FNAIT-related ICH cases from the NOICH registry from 2001 to 2010
reported reduced ICH risk from 79% to 11% in the group treated with IVIg in the subsequent
pregnancy [71]. This was confirmed by another study that reported prevention of bleeding in
the fetus or neonate in almost all cases when IVIg was used [96]. Although for low-risk
pregnancies — defined as no previous sibling with FNAIT-related ICH — IVIg has not yet
demonstrated significant beneficial effects [97]. However, in a future screening regimen, the
implementation of IVIg as a treatment to low-risk pregnancies might cause overtreatment of

many women.

In Norway, women with anti-HPA-1a levels >3 IU/mL are recommended for cesarean delivery
around gestational week 38-39 [98]. According to the 2014 Norwegian National Clinical
Guidelines for Obstetricians, the delivery should be performed at a hospital with a neonatal
intensive care unit. At delivery, HPA-compatible platelets for transfusion to the newborn should
be available if the platelet count is less than 35x10°/L to prevent further bleeding. If compatible
platelet concentrations are not available, random platelets should be used [91]. It is also
recommended to perform ultrasound scan for ICH when the neonatal platelet count is less than

50x10%/L [98].

Fetal blood sampling guided by ultrasound and weekly intrauterine platelet transfusions were
procedures historically used for antenatal diagnosis and treatment, although these methods are
no longer recommended because of the high risk of procedure-related fetal loss [91] — shown
to be up to 8.3% per affected pregnancy [99]. These procedures also induce the risk of

fetomaternal hemorrhage, leading to further sensitization of the mother [99].
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Potential future therapeutic approaches

The expression of the neonatal Fc receptor (FcRn) in placental tissue increases throughout
gestation and correlates with the transfer of IgG from the mother to the fetus [100]. Therefore,
a treatment of interest is to block the FcRn molecule responsible for the transport of pathogenic
antibodies. Inhibition of FcRn as a potential FNAIT treatment was demonstrated by Chen and
colleagues in 2010 by treating pregnant, preimmunized mice by administering the anti-FcRn
antibody (1G3). Improved platelet counts were demonstrated in pups compared to pups

delivered from non-treated mice [101].

Clinical trials have demonstrated the safety and efficiency of blocking FcRn in autoimmune
disorders and, as such, FcRn inhibition may be an alternative therapeutic approach for FNAIT
[102]. M281 is a human anti-FcRn antibody [103] in the pipeline as a treatment for hemolytic
disease of the fetus and newborn (HDFN) [104]. Furthermore, other FcRn inhibitors are also

undergoing clinical trials for autoimmune diseases [105].

1.3 FNAIT-associated antibodies: structure and function

Antibodies are central to the defense against pathogens, but in auto- and allo-immunity, they
may cause harm. Antibodies are potent and function through multiple biological systems. The
performance of an antibody depends on the features of its Fab (fragment antigen binding)
region, such as epitope specificity and antigen binding affinity, and the features of its Fc

(fragment crystallizable) region, such as isotype, subclass, allotype, and glycosylation.

IgG antibodies consist of two identical heavy chains containing a variable domain followed by
three constant domains (CH1-3), with a flexible hinge region between the two first constant
domains, as well as two identical light chains containing a variable domain and a constant
domain [106]. These chains are held together by interchain disulfide bonds; the CH2 and CH3
domains constitute the Fc region, while the light chain combined with the upper heavy chain

constitute one Fab region.

In humans, IgG is the most abundant isotype, further divided into IgG1, IgG2, IgG3, and 1gG4
subclasses. Depending on the nature of the antigen encountered, the immune system ensures
class switching of the appropriate IgG subclass to induce targeted and improved defense [106].
Because most antibody-mediated effector functions are facilitated by binding of the antibody

Fc region to IgG Fc-receptors (FcyRs) and/or complement, subclass variety in the constant
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region and hinge region leads to the exertion of different effector functions. IgG1 and IgG3 are
potent in their induction of effector functions through antibody-dependent mechanisms such as
antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis
(ADCP) and complement-dependent cytotoxicity (CDC) [107]. Although it varies between
allotypes, IgG3 has a remarkably long hinge region — leading to increased flexibility of the
antibody that corresponds to its augmented binding to effector molecules (Figure 4), which

might be partially because of less blocking of the binding sites by the Fab arms [106, 108].

IgG antibody subclass compositions have also been investigated in FNAIT. No difference in
isotype composition in mothers with or without FNAIT-affected newborns was reported by von
dem Borne and colleagues in samples from HPA-1a alloimmunized individuals [109]. Proulx
and colleagues later confirmed this finding through the analysis of 43 anti-HPA-1a sera [110].
In both studies, anti-HPA-1a IgG2 was not found, and IgG4 was rare. In addition, Mawas and
colleagues reported higher levels of HPA-1a-specific IgG3 in mothers giving birth to severely

thrombocytopenic newborns compared to less severe outcomes [111].

1.3.1 Antibody Fc glycosylation and its impact on effector functions

Located in conserved regions in the Fc region of IgG, there are N-linked glycans in position
297 (Figure 4). These biantennary glycans are positioned between the heavy chains in the region
of FcyR and Clq binding [112] and affect the binding affinity of the receptors; they also impact
the stability of the antibody [113]. However, it has been shown that they influence the
conformation of the local FcyRIlla binding site rather than the quaternary global structure of

Fc regions [114].
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Figure 4: Illustration of IgG subtypes, hinge variations, and glycan composition. From ref.
[107] used under the Creative Commons CC-BY license.

IgG Asp297-glycan consists of a core built up of N-acetylglucosamine (GlcNAc) and mannose
(Figure 4). In addition, the glycan can exist with one or two galactose residues, one or two sialic
acid residues, a core fucose, and a bisecting GIcNAc [115]. This generates the possibility of 36
unique glycans [116], of which over 30 have been demonstrated using mass spectrometry [117].
Total IgG in human serum contains glycans of which 94% comprise core fucose, 13% bisected

GlcNAc, 55% galactose, and 16% sialic acid [107].

The glycan composition of IgG is formed in the golgi of each specific B cell, and because there
are two N-glycans in the Fc region, the glycans can vary in composition on the same IgG. The
glycan profile varies between individuals depending on age and sex [117, 118], and
interestingly, increased levels of galactose and sialic acid have been seen during pregnancy

[119, 120]. There has also been a difference in the profile between mothers and their newborns
[121].
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Glycosyiation patterns in FNAIT are highly skewed toward reduced fucose levels

Reduced IgG-core fucosylation at levels down to 10% of anti-HPA-1a IgG1 has been reported
for FNAIT cases, in contrast to normal levels of fucose found in total serum IgG1 [122, 123].
Interestingly, such reduced level of fucose was not found in anti-HLA antibodies from
refractory thrombocytopenia cases — not even when detected in parallel with anti-HPA-1a in
the same sample [123]. Therefore, this reduced fucosylation is not a pregnancy-related
phenomenon but rather specific to the HPA-1a-specific alloantibodies. Reduced fucose levels
also demonstrated a significant correlation between low neonatal platelet counts and more
severe disease. Testing of core fucose levels might be a future diagnostic tool if feasible testing
methods are in place for disease severity since samples connected to asymptomatic FNAIT
patients had normal fucose levels. This trend was also reported in samples taken years after
delivery [123]. The same trend was reported for anti-D antibodies, where core fucose levels
correlated with HDFN disease severity [124]. Reduced core-fucosylation has later been
reported to remain stable during pregnancy and in subsequent pregnancies [125]. Galactose
levels of HPA-1a antibodies were also elevated in this study and remained high after delivery.
Given that males hyperimmunized to RhD also showed decreased fucose levels in anti-D
antibodies [126], this further confirms that skewed fucose levels are not caused by pregnancies

itself but rather factors influencing alloimmunization.
1.3.2 HPA-specific antibodies interact with IgG receptors

FcRn and its role in antibody half-life and fetal transfer

To destroy fetal platelets and induce thrombocytopenia in the fetus, pathogenic HPA-1a-
specific IgG depends on transportation into fetal circulation by the FcRn [127-129]. The FcRn
receptor is a homolog to MHC class I molecules containing three extracellular domains (al, 02,
and a3) and is expressed together with 2-microglobulin, which it pairs with non-covalently
[130]. Compared to classical MHC class I molecules that present peptides in a groove between
the two first domains on top — al and a2 — FcRn does not have a groove in this position, but
binds IgG and albumin on individual sites on the opposing side of the a1 and a2 domains [131].
FcRn binds IgG in a 2:1 manner, made possible by the presence of two CH2 domains — one
on each heavy chain in the Fc region of I[gG — and is notably not affected by Fc glycosylation
[132].
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Human FcRn is expressed by endothelial cells and many myeloid cells, where it serves to rescue
monomeric IgG [133-135] and albumin [136] from degradation. Epithelial cells have been
shown to be key for the transcytosis of monomeric IgG or IgG-bound immune complexes by
FcRn from the apical side to the basolateral side of the cells [137, 138]. In addition, for antigen-
presenting cells such as monocytes, macrophages, and dendritic cells, FcRn has also been
shown to be crucial in the cross-presentation of IgG-bound immune complexes [139]. FcRn is
also expressed by placental syncytiotrophoblasts, where it facilitates the transmission of IgG
into the stroma [140] (Figure 5). No FNAIT symptoms were found in mouse pups from 3™
FcRn”" females when immunized with B3"* FcRn™" platelets, confirming the requirement of
FcRn in the transplacental transport of harmful antibodies [101]. In addition, by using mice
with different knockout combinations, it was demonstrated that only fetal, not maternal, FcRn

1s involved.

FcRn
a " b Be ¥
aternal Maternal = Y o %

blood blood

FcyRIIB

FeyRIll
%g YFeto-placental blood vessels

Feto-placental blood vessels Chorionic plate

Figure 5: Transplacental transport of IgG. From ref. [141], used under the Creative Commons
CC-BY license.

FcRn is present in the endosomal system and shows strict pH-dependent binding to IgG and
albumin. There is no binding of ligands to FcRn at neutral pH; however, with the reduced pH
(5-6) in endosomes, binding is facilitated. When bound, IgG is recycled back to the cell surface,
where the pH increases, leading to antibody release. This is mostly because of the protonation

of histidine residues on H310 and H435 in the Fc region of IgG at low pH [142]. Of the IgG
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subclasses, IgG3 demonstrates a reduced plasma half-life (approximately 1 week) compared to
the other subclasses (approximately 3 weeks). This was found to be because of an R435H,
influencing FcRn binding and consequently antibody recycling [143] and transport of IgG into
fetal circulation [144]. Indeed, an H435 allotype of IgG3 showed a comparable half-life to IgG1
[143]. Interestingly, this H435 IgG demonstrated enhanced effector functions in vivo by
providing significantly better protection against pneumonia compared to IgG3 and IgG1 in

mice.

In addition to Fc region variations, the antibody variable domains have also been shown to
affect binding to FcRn through charge patches, causing modulation of FcRn binding and
transport properties [145, 146]. FcRn may also be saturated and, as such, influence the level of
IgG that 1s transferred to the fetus. The level of IgG in the fetus is between 5-10% at 17-22

weeks of gestation, although at term the levels even exceed maternal levels [147].

lgG accomplish effector functions through binding fo FcyRs

Following the transport of maternal HPA-specific IgG alloantibodies into fetal circulation, they
exert their functions through numerous mechanisms mediated by interactions with IgG
receptors. There are multiple FcyR in humans: FcyRI (CD64), FcyRII (CD32), FeyRIIT (CD16)
where I and II exist as three different receptors (FcyRIa, FcyRIb, and FcyRIc [148], and
FcyRIla, FeyRIIb, and FeyRIle [149], respectively) and III as two receptors (FcyRIIla and
FcyRIIIb [150]). For FeyRI, only the “a” gene corresponds to the high-affinity receptor [151]
and 1s the one discussed further. I[gG1 and IgG3 are generally bound by all FcyRs [152]. Some
of the receptors have specific polymorphisms, such as FcyRIla (H131R) and FcyRIlIla (V158F),
that might influence binding affinity and response to therapeutic antibodies [153, 154]. All
FcyR binds IgG in a 1:1 pattern in the lower hinge and CH2 domain, but is also affected by the
glycan in position 297 [112].

FcyRs have different immune cell expression patterns; FcyRI are typically expressed on
monocytes, macrophages, dendritic cells, neutrophils, and mast cells [152, 155]; FcyRIla on
many myeloid cells, including monocytes, platelets, and neutrophils [154]; FcyRIIla on NK
cells, macrophages, and monocytes; and FcyRIIIb on granulocytes [155]. FcyRIIb is the only
inhibitory receptor [156] and is typically expressed on B cells and macrophages [157].
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Reduced core fucosylation in the N297-glycan of IgG results in increased binding affinity to
FcyRIII by promoting carbohydrate-carbohydrate interactions between the Fc region glycans
and FcyRIII glycans, improving binding and ADCC [158-161]. Complement activation is
substantially increased by IgG having N297-glycans with high levels of galactose through
increased binding to complement protein Clq [161]. This binding is induced by the
hexamerization of IgG1, which increases binding to C1q (C1q:IgG binds 1:6) [162].

Pofential antibody-dependent mechanisms for destruction of fetal platelets

Upon alloimmunization, the developed HPA-la-specific antibodies differ in specificity,
affinity, subclass, and glycosylation levels that influence their ability to induce effector
functions. Potential antibody-dependent mechanisms leading to the depletion of fetal platelets

by maternal HPA-1a-specific antibodies are presented in Figure 6.

When HPA-1a-specific alloantibodies bind to fetal platelets, one potential mechanism is the
neutralization of platelet function without lowering the platelet count. A report showed that 9%
of sera containing HPA-1a alloantibodies had the ability to bind HPA-1a on transfected CHO
cells and block binding to immobilized fibrinogen [163]. Notably, sera containing antibodies
with inhibitory properties were drawn from mothers of neonates that presented with severe

bleeding.

IgG-opsonized platelets are removed from the fetal circulation by macrophages in the spleen
and liver through ADCP [16]. Decreased fucosylation of HPA-1a-specific antibodies has been
shown to enhance monocyte and neutrophil-mediated phagocytosis of HPA-la-positive
platelets because of increased affinity of IgG to FcyRIII [123]. Platelets may also be destroyed
through ADCC performed by NK cells.

17



Fetal
platelets

Antibodies

¥ S
Q
}9%

v

f’:.}E
e

Complement
activation

. A
A

.

o
-y
e

Phagocyte

ﬁ/?3
| |
T

NK cell

e

A

v

g

Neutrophil

X
A

Neutralization of platelets

i 5 Fc receptor

Opsonization and phagocytosis
of platelets (ADCP)

Antibody-
dependent cellular
cytotoxicity (ADCC)

Lysis of platelets
(cDC)

opsonized with

C3b receptor
%i\ Phagocytosis of platelets
2 complement fragments

(e.g. C3b)

Inflammation

Figure 6: FNAIT-related antibody effect on platelets. Created with BioRender.com

The classical pathway of complement activation involves the binding of complement proteins

to antibody-opsonized particles. This complement cascade involves the binding of C1q protein

to antibody Fc regions, where the antigen-bound antibodies form a hexamer through Fc:Fc

interaction, which again increase affinity for C1q [164]. At the end of the complement cascade,

a membrane attack complex is deposited on the surface, leading to the lysis of the particle. As

part of the complement cascade, membrane-bound C3b and C3d interact with complement

receptors on various immune cells [165]. C3b interacts with complement receptor 1 on

phagocytes, leading to complement receptor-mediated phagocytosis [166], while C3d leads to

enhanced B cell functions through complement receptor 2 and, as such, links the innate and

adaptive immune systems [167]. Contrary to this, van Osch and colleagues reported that neither

18



anti-HPA-1a nor anti-HLA antibodies induced complement deposition on platelets in their
native form [168]. However, upon an increase of the galactose and sialic acid levels of these
antibodies, complement deposition was demonstrated. In summary, complement activation

might not be the main effector function for FNAIT-related thrombocytopenia.

1.4 Prevention of FNAIT alloimmunization by prophylactic treatment

HDFN may be regarded as the blood cell analogue to FNAIT and is today efficiently prevented
by antibody prophylaxis that hinders the immunization against RhD. Routine postpartum
administration of anti-D prophylaxis to RhD-negative women reduced the incidence of
alloimmunization to 2%, and by the recent implementation of antenatal administration, the
immunization rates were down to 0.17-0.28% [169]. This intervention has reduced the
incidence to the degree that HDFN is considered a rare condition today, although only in the

parts of the world where intervention is implemented [170].

A similar prophylactic approach has not been considered pertinent for FNAIT, because the
prevailing view was that the immunization happens during gestation and not in connection with
delivery. On the contrary, it was demonstrated that FNAIT resembles HDFN more than
previously believed, as studies reported that a significant share of women at risk were
alloimmunized in connection with or after delivery [48, 49, 82]. Consistent with these data,
HPA-1a immunization may also be prevented in a similar manner by prophylactic anti-HPA-
la antibodies. Despite this, some women are immunized already during the first incompatible
pregnancy and deliver severely affected neonates [171]. Evidently, both antenatal and postnatal
prophylactic administrations should optimally be implemented to ensure a minimum number

of alloimmunizations.

1.4.1 The mechanisms of prophylactic antibodies: AMIS

To implement a prophylactic regime, the effector functions of an antibody prophylaxis require
careful evaluation, especially if implemented antenatally to avoid harm to the fetus. The
knowledge that passively transfused antibodies may induce antibody-mediated immune
suppression (AMIS) toward the corresponding antigen is mostly derived from RhD research on
the use of anti-D prophylaxis. The main theories revolve around clearance of the cell or cell-
derived particle from the circulation and inhibition of B cells through FcyRIIb, and although

less likely, other mechanisms such as epitope masking and epitope modulation have been
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proposed. The potential mechanisms have been reviewed previously [172-175], but they should

be highlighted in our context.

Anti-D-coated RBCs are rapidly cleared from the circulation by phagocytosis, lysis, or
adherence to macrophages in the spleen of D-negative individuals [176]. Since macrophages
are poor antigen-presenting cells, they might not be able to induce a primary immune response.
Therefore, by antigen deviation, the RBCs are cleared without mounting an immune response
[174]. Interestingly, it has been shown that for larger fetomaternal hemorrhages in which the
majority of cells are cleared 6 days post-delivery, anti-D prophylaxis induces effective AMIS
even though there are remaining cells in the circulation [177]. This indicates that clearance is
not the sole mechanism in effect and that suppression may be a vital part of the anti-D
prophylactic effect. Another potential mechanism of RBC clearance is the activation of
complement, leading to CDC or complement receptor-mediated phagocytosis (CMP).
However, anti-D IgG does not activate complement [178]. The ability of IgG to induce AMIS

have also been demonstrated to be independent of complement [179].

Since effective AMIS was induced by anti-D even when fetal cells were remaining in the
maternal circulation, the effect is likely caused by inhibition of B cells by downregulating
activation, proliferation, and antibody production. The FcyRIIb — being the only inhibitory
FcyR — is present on the B cell surface and is believed to be crucial for AMIS. Immune
suppression occurs by the binding of FcyRIIb on the B cell surface to the Fc region of an
antigen-bound IgG and the simultaneous binding of the B cell receptor to an antigen on the
same surface. This effect occurs only with immature B cells as suppression is not effective if
the immune response is already established [175]. By downregulating the antigen-specific B

cells, the remaining circulating antigen might not mediate antibody development.

AMIS has also been shown to function independently of epitope-specificity when it is present
on the same particle i.e., Kell and RhD blood group antigens. This was demonstrated in D-
negative K-negative individuals transfused with D-positive K-positive RBCs and
simultaneously administered anti-K IgG, inducing rapid clearance of cells in the spleen [180].
Only 1 of 31 individuals developed anti-D, compared to 11 of 31 in the control group not
subjected to anti-K IgG. This fits with the inhibitory theory as the B cell could bind antibodies
bound to one antigen through its FcyRIIb while the B cell receptor binds another antigen at the

same particle.
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Another proposed mechanism is antigen modulation, demonstrated in mice by Maier and
colleagues [181]. This response showed to be antigen-specific because modulation was detected
for either KEL (k) antigen or for hen egg lysozyme-ovalbumin-Duffy (HOD) (when present
simultaneously on murine RBCs) only when injected with anti-KEL or anti-HOD antibodies,
respectively. In addition, T cells specific for sheep red blood cells (SRBC), even when
opsonized with anti-SRBC, were found in AMIS-responsive mice [182, 183].

Notably, AMIS has been demonstrated in FcyRIIb-deficient mice, indicating that this inhibitory
mechanism is not necessary for the induction of efficient AMIS [184, 185]. These studies also
showed preventive effects of prophylaxis when using FcyR-deficient mice, eliminating both the
clearance and inhibition theories. Notably, AMIS was also induced using F(ab’), fragments,
implying that epitope masking was the effective mechanism in these murine studies. The theory
of epitope masking — where anti-D antibodies block the antigen for binding to the B cell
receptor — is not a likely mechanism of action in humans because AMIS occurs efficiently
with only 20% antigen coverage by anti-D antibodies [172, 186]. Particularly, this theory is
also unlikely as anti-K prophylaxis could prevent the development of anti-D antibodies in the

study mentioned above [180].

1.4.2 AMIS was efficiently induced in a murine FNAIT model

Since the effector functions of an antibody prophylaxis are not entirely defined, testing new
treatments directly on pregnant women does not come without safety concerns. Thus, a suitable
mouse model to understand the pathogenesis and assess the potential of various drugs in FNAIT
— treatments or prophylaxes — is highly desirable, and when choosing a murine model for
FNAIT research, there is much to consider. Since the HPA-1 polymorphism is absent in murine
integrin B3 [187], adaptions must be made to mimic the human system for HPA-la
alloimmunization. The first FNAIT mouse model was presented in 2006 by Ni and colleagues
[188]. They introduced the use of integrin p3-deficient (B37") mice that, when challenged with
platelets from wild-type mice, generated anti-B3 antibodies. Subsequent breeding of
preimmunized females with wild-type males caused FNAIT in the corresponding pups. The

pups presented with thrombocytopenia, ICH, and fetal death.

Using the B3-deficient mice, Tiller and colleagues demonstrated the successful use of antibodies
as a prophylactic treatment [189]. Integrin B3-deficient mice were immunized by injection of

wild-type platelets while AMIS was induced by pre-injection of anti-3 sera. Crucially, they

21



also demonstrated AMIS by administering human anti-HPA-1a antibodies or the murine HPA-
la-specific monoclonal antibody (mAb) SZ21 prior to challenge with human HPA-1a" platelets,
thus showing the potential for prophylactic intervention to prevent FNAIT.

1.4.3 A monoclonal prophylactic antibody candidate: mAb 26.4

Based on these promising results demonstrating proof of concept for prophylactic treatment of
FNAIT, the EU-funded PROFNAIT project collected plasma with anti-HPA-1a antibodies from
immunized females for use as a prophylactic drug. Today, this drug (RLYB211, previously
referred to as NAITgam in PROFNAIT) is tested in clinical trials as the first preparation to
reduce the incidence of HPA-la alloimmunization [190]. However, such a prophylactic
approach would, in the long term, eliminate available plasma products; thus, monoclonal
antibodies are attractive alternatives. Other advantages of shifting from polyclonal to
monoclonal prophylaxis are that production is unlimited and that produced batches are more

homogenous and safer than plasma collected from a number of individuals.

In 2015, a human HPA-1a-specific mAb, referred to as 26.4, was reported by Eksteen and
colleagues — it was isolated from an HPA-1a alloimmunized woman that delivered a neonate
with FNAIT [191]. From isolated immune cells, memory B cells were sorted and immortalized
using Epstein-Barr virus, followed by the selection of HPA-1a-specific cells and the generation
of hybridomas. Notably, by pre-incubating HPA-laa platelets with mAb 26.4, binding of
polyclonal HPA-1a-specific sera were inhibited, showing its potential as a therapeutic drug.
Due to its human origin and its ability to bind both allbf3 and aV{33, this monoclonal is also

of interest as a candidate for prophylactic treatment of FNAIT.

1.4.4 The generation of a new murine FNAIT model: APLDQ mice expressing HPA-1a

The previous FNAIT models were able to mimic the pathogenesis of the disease, but a more
translational model allowing the testing of human HPA-1a-specific antibodies as therapeutic or

prophylactic drugs is more ideal.

Reintroducing the HPA-1-defining Leucine 33 in the murine integrin B3 was insufficient for
recreating the HPA-1a epitope, while additional humanization of the remaining amino acid
residues in close proximity in the plexin-semaphorin-integrin (PSI) domain, differing between
humans and mice (residues 30, 32 and 39, Figure 7), allowed efficient binding of mAb SZ21 to

murine platelets [187]. To further understand the polyclonal immune response to HPA-1a,
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Newman and colleagues generated two CRISPR/Cas modified transgenic mice strains with
humanized integrin f3: the first harbor four amino acid substitutions in the PSI domain
(C57BL/6N-APLD: T30A, S32P, Q33L, and N39D) while the second also harbors an additional
substitution in the epidermal growth factor 1 (EGF1) domain (C57BL/6N-APLDQ: T30A,
S32P, Q33L, N39D, and M470Q) [192]. mAb 26.4 was unreactive to platelets from APLD
mice; however, efficient binding was achieved with platelets from APLDQ mice. Interestingly,
another monoclonal HPA-1a-specific antibody, mAb B2G1, required even further substitutions
in neighboring domain, and tentatively, other human monoclonals generated may require
additional substitutions. Notably, the integrin B3 humanization will be systemic in the
humanized APLDQ mice and, as such, all cells and tissues expressing integrin B3 should

comprise the HPA-1a epitope required for 26.4 binding in these mice.

Because mAb 26.4 was non-reactive to wild-type murine platelets but efficiently bound
APLDQ platelets expressing an HPA-1a-like epitope, the APLDQ mice (Figure 7) was the

preferred model for our prophylactic studies presented further in this thesis.

C57BL/6N-APLDQ

Humanized integrin 83 to PSI domain
mimick the HPA-1a epitope

A30,P32,L.33,039,Q470

24 33 39 470
Human integrin B3 (HPA-1a) AWCSDEALPLGSPRCD.... Q

Human integrin B3 (HPA-1b) AWCSDEALPPGSPRCD.... Q
Murine integrin B3 AWCSDETLSQGSPRCN.... M
Murine integrin 3-APLDQ AWCSDEALPLGSPRCD..... Q

Figure 7: Illustration of transgenic mice with humanized integrin p3 to express HPA-la.
Highlighted APLDQ residues in integrin 3 from both the PSI and EGF1 domains. PDB entry
3FCS [193], visualized by PyMOL v2.5.5. Mouse from BioRender.com.
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2 Aims of thesis

The main aim of this thesis was to characterize and evaluate the potential of the human mAb
26.4 as a prophylactic candidate for the prevention of HPA-la alloimmunization related to
FNAIT. By developing antibody isoforms designed to include functions believed to be
important in antibody-mediated immune suppression, candidates were tested in vitro and in

vivo in the APLDQ FNAIT mouse model.

Data have emerged suggesting that subtypes of anti-HPA-1a antibodies may exist — tentatively
mounted against placenta-derived epitopes. It is yet unknown the extent to which mAb 26.4
also holds the potential to prevent such immunization; thus, comparative studies of such
antibodies and mAb 26.4 would be valuable. An additional aim was therefore to characterize
binding patterns of FNAIT-related antibodies for evaluation of the developed antibody response

that, in some cases, leads to ICH.

More specific aims:

e Characterize mAb 26.4 isoforms in vitro by assessing their binding abilities to
recombinant FcyRs and FcRn, and by evaluation of their effector functions.

e Evaluate antibody ability to clear platelets and induce AMIS in vivo in a murine FNAIT
model and assess the outcome of delivered pups.

e Produce soluble recombinant integrin B3 proteins, both as monomers and dimers, using
baculovirus and insect cells as a eukaryotic protein production platform.

e Analyze antibodies from women giving birth to FNAIT-affected neonates with respect

to concentration and binding patterns using recombinant proteins.
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3 Summary of papers

Paper/

Prevention of Fetal/Neonatal Alloimmune Thrombocytopenia in Mice: Biochemical and

Cell Biological Characterization of Isoforms of a Human Monoclonal Antibody

TV Mertberg, H Zhi, G Vidarsson, S Foss, S Lissenberg-Thunnissen, M Wuhrer, TE
Michaelsen, B Skogen, TB Stuge, JT Andersen, PJ Newman, and MT Ahlen

Today, there are no prevention of FNAIT as there are no prophylactic drugs available on the
market to prevent HPA-1a alloimmunization. The aim of this study was to test the potential of
the fully human HPA-la-specific mAb 26.4 as a prophylactic candidate to prevent
alloimmunization. The specific mechanisms of AMIS are not entirely understood, and a panel
of mADb 26.4 isoforms with modified Fc regions or altered Fc glycosylation was generated. The
variants were evaluated for their binding ability to recombinant FcyRs and FcRn, and in vivo

plasma half-lives investigated using mice with human FcRn.

A novel mouse strain expressing a humanized HPA-1a epitope on integrin B3 was used as an
antigen source. Platelets were isolated and transfused to BALB/c mice to mimic FNAIT
alloimmunization. Immunized mice developed substantial levels of antibodies, and by breeding
with male mice expressing humanized HPA-1a, newborn pups showed signs of FNAIT. By
administering mAb 26.4 wild-type and an effector-silent isoform to BALB/c mice prior to
platelet challenge, induction of AMIS was demonstrated to be most efficient with the wild-type
antibody isoform. This study generated proof of principle for FNAIT prevention using human

HPA-1a-specific monoclonal antibodies.
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Paper I/

Preclinical evaluation of an HPA-1a-specific human mAb IgG1 modified for enhanced

effector properties

TV Mertberg, S Foss, LM van Ligtenberg, EL Bertelsen, O Ottersen, G Vidarsson, B Skogen,
TB Stuge, JT Andersen, and MT Ahlen

In a prophylactic regimen, it would be advantageous to administer a drug with long half-life to
reduce frequency of administration. Here we present a novel Fc-engineered isoform of mAb
26.4 (REW), modified to entail increased binding properties to FcRn and C1q, which leads to
enhanced plasma half-life and increased on-target complement activation. Interestingly, this
isoform also demonstrated higher binding affinity for FcyRs in ELISA assays, which could
allow for better induction of AMIS. In addition, mAb 26.4.REW demonstrated efficient
phagocytosis, and increased C3d deposition on beads containing integrin 3 compared to mAb

26.4.WT.

Based on a recent report demonstrating efficient prevention of alloimmunization at lower doses,
we designed murine experiments testing our novel antibody candidate together with the wild-
type antibody at 10 IU/ml and 2 IU/ml. mAb 26.4.REW was able to induce efficient suppression
of alloimmunization at both doses, and normal platelet counts were displayed in the delivered
pups. On the contrary, pups from immunized mice without antibody prophylaxis had
thrombocytopenia, bleeding symptoms and ICH. In summary, this new modified antibody
candidate shows promising results as a human prophylaxis, and with increased plasma half-life
and effector functions, this candidate may also allow for reduced dosing and frequency of

administration in a human prophylaxis regimen.
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Paper Il

Exploring recombinant glycoproteins as reagents for anti-HPA-1a antibody subtype

specificity in FNAIT

TV Moertberg, E Bertelsen, H Tiller, B Skogen, TB Stuge, and MT Ahlen

Today, there are no prophylactic drugs to prevent HPA-1a alloimmunization. Most women are
immunized in connection with delivery, although studies show that a significant proportion of
women are immunized early during their first HPA-1-incompatible pregnancy. It is unlikely
that the number of platelets required to induce immunization originate from fetomaternal
hemorrhage this early in the course; thus, other cells or tissues might contribute with integrin

B3 causing HPA-1a alloimmunization.

Consistent with previous studies displaying HPA-1a-specific aVB3-dependent antibodies in
FNAIT samples with ICH outcomes, we aimed to evaluate anti-HPA-1a antibodies in maternal
plasma samples from referral FNAIT cases with ICH outcome in Norway during the last
decades, investigated at Norwegian National Unit for Platelet Immunology (NNUPI).
Antibodies that bind independently of associated a-chain were preabsorbed from plasma
samples using allbp3-coated beads. The remaining supernatant was analyzed both in flow
cytometric assays using recombinant integrin 3 proteins and in antigen capture assays using
aVp3-expressing cell lines. Prior to absorption, samples showed efficient binding to protein-
coated beads and aVB3-expressing cell lines. Interestingly, samples bound in similar patterns
to all the beads (allbB3, aVB3 and monomeric 3), showing that most of the HPA-1a-specific
antibodies might bind independently of associated a-chain. Notably, HPA-la-specific
antibodies of the anti-aVP3 subtype were not significantly detected in preabsorbed samples
from FNAIT cases with ICH. This highlights the challenge of detecting these potentially

clinically harmful antibodies in maternal samples.
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4 Methodological considerations
4.1 The quest for the optimal prophylaxis: Papers | and

The main aim of this thesis was to evaluate the use of the human mAb 26.4 as a prophylaxis for
FNAIT using murine models. Since the optimal antibody properties to be used as a prophylaxis

are still under investigation, we wanted to test a panel of candidates.

4.1.1 Selecting antibody subclass

The first requirement of an antibody prophylaxis is its binding to the antigen of interest. Central
to this thesis was the use of mAb 26.4, a human HPA-1a-specific antibody originating from a
woman who gave birth to a child with severe FNAIT [191]. mAb 26.4 binds to HPA 1a-bearing
integrin B3 independently of the associated a-chain, while completely ignoring HPA-1b. The
characterized antibody was isolated from a single immortalized B cell and was of the 1gG3
subclass. In principle, IgG1 or IgG3 antibodies because of their superior effector functions
would be more suitable as effector functional drugs compared to IgG2 and IgG4. The longer
hinge region found in IgG3 antibodies has been shown by Chu and colleagues to improve
ADCP compared to antibodies of the IgG1 subclass, as demonstrated by modifying IgG1
antibodies by inducing longer hinge regions [108]. They also found that phagocytosis of serum-
treated antibodies with elongated hinges was not affected, indicating that hinge length does not
lead to decreased antibody stability [108]. This is contrary to another study showing that its
long hinge makes it predisposed to proteolysis [194]. In addition, Wuhrer and colleagues
reported a negative effect on ADCC with increased hinge length [195]. By producing all known
allotypes of IgG, they showed that although IgGl, IgG2, and IgG4 allotypes performed
similarly in ADCC assays, IgG3 allotypes demonstrated variations in their ADCC activity
through variation in hinge length and in the CH2 domain [195]. In their study, IgG3 allotypes
with short hinges — but also with IgG1 hinge — exerted stronger induction of ADCC even
though the affinity for FcyRIIla was similar.

Nevertheless, there has been a lack of interest in the IgG3 subclass in drug development because
of its short half-life compared to the other IgG subclasses, and today most antibody drugs on
the market are of the IgG1 subclass [196]. In addition, [gG3 holds many more polymorphisms
than the other subclasses [106, 197]; some induce immense aggregation during production
[198]. Considering this, we decided to produce the mAb 26.4 specificity with an IgGl

backbone, as introduced in Papers I and II.
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4.1.2 Fc-region modifications alters effector functions

For prevention of alloimmunization toward RhD, prophylaxis is given by subcutaneous
injection postnatally, but in the recent years it has also been given antenatally in gestational
week ~28. Because the effect and dosing of 26.4 wild-type (WT; unmodified IgG1) as an
antenatal prophylaxis are still undetermined, we expanded our candidate panel to include an
effector-silent variant. This variant (26.4.AAAG) has the well-characterized PG-LALA
mutations in the Fc region, although to completely abolish effector functions, an additional

mutation was included in the conserved glycan-site N297 from an asparagine to an alanine.

In Paper II, we introduced a novel candidate, 26.4.REW, produced with the REW technology
by introducing three mutations in the Fc region; Q311R, M428E, and N434W [199]. Harboring
these three mutations generates an antibody with increased binding to FcRn and C1q; thus, the
antibody shows an enhanced plasma half-life and an increased ability to activate complement.
Our interest in this variant was to potentially lower the dosage and frequency of administration.
In addition, the prophylactic effect of a candidate having enhanced complement activation has

not been studied in the context of FNAIT prophylaxis.

The mechanism behind the success of the RhD antibody prophylaxis is still not definite, but
likely combines mechanisms such as ADCC, ADCP and CDC, which influences the rapid
clearance of antigen-containing particles, and the inhibition of B-cells through FcyRIIb binding.
As the conserved glycan at N297 affects FcyR binding, important for most effector functions,
we wanted to produce mAb 26.4 with altered glycans to accommodate the likely effects of a
prophylaxis using techniques for glyco-engineering [200]. Because antibodies with low fucose
levels increase binding to FcyRlIlla, followed by enhanced effector functions such as ADCC
[159-161], it is believed to be important for AMIS and, as such, mAb 26.4.WT and 26.4.REW
were produced as variants with low fucose levels (~20%). In addition, we produced mAb
26.4.WT and 26.4.REW with high galactose levels (~80%). The aim here was to explore the

effect of higher C1q binding in our in vitro assay.

4.2 Production of recombinant integrin B3 allows for in vitro testing

To allow in vitro characterizations of our antibody panel, we made HPA-la antigens for

antibody immobilization to evaluate Fc region effects, and for direct binding assays and ADCP
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assays (Papers I and II). In addition, to analyze binding patterns of antibodies from FNAIT-

affected pregnancies, integrin dimer complexes were produced (Paper III).

To generate recombinant soluble proteins with eukaryotic post-translational modifications and
protein folding, we used insect cell protein production. To ensure soluble proteins, the
transmembrane and cytoplasmic domains were excluded. To produce dimer complexes, an a-
helical coiled-coil was included to ensure self-dimerization. A purification tag was included on
the a-chain while a 6xHis-tag for binding to Dynabeads was located on the B-chain. Therefore,
following purification, proteins captured through the His-tag on beads should be in a dimer

complex.

In our current production, we also used the native sequences of integrin B3 for the monomeric
form. Other studies have used monomeric chimeric integrin 33 where the Bl domain is replaced
with the ol domain from an oL integrin, generating an integrin 3 able to bind ligand [201,
202]. Even though it demonstrates that the overall structure resembles the integrin 3 structure,
this is not guaranteed [201]. However, as the native integrin 3 were produced in satisfactory
amounts and showed binding by mAb 26.4 and other HPA-1a-specific and integrin 3-specific

antibodies, we used these monomeric antigens to capture antibodies by ELISA.

4.3 Murine studies: doses of platelets and prophylactic drug

In our prophylactic studies (Papers I and II), we wanted to mimic fetomaternal hemorrhage by
introducing APLDQ platelets intravenously in the tail vein. Even though no adjuvant was
included in this platelet challenge procedure, we chose to use the same number of injections
(two administrations) and platelets (1x10%) as Zhi and colleagues [203], which was also defined
as “high platelet dose” by Tiller and colleagues in their prophylactic study [189]. Sufficient
immunization levels are required in the control mice to allow evaluation of a prophylactic
intervention in antibody-treated mice. When challenging BALB/c mice by transfusion of
APLDQ platelets, the developed anti-APLDQ antibody response was acceptable but not as high
as when supplying adjuvant. Upon successive breeding with APLDQ males, the delivered pups
were thrombocytopenic (Papers I and II). For prophylactic intervention, we primarily decided
(Paper 1) to also use the highest dose (20 pg) as was tested using mAb SZ21 in the integrin $3-
deficient mice study [189].
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4.3.1 Limitations to bleeding assessments of pups

A limitation to the study in Paper II, is that the assessment of bleeds in pups and brain bleeds
are evaluated by a single person, not specialized in examination of bleeds. The ideal setting
would be to include a second trained person unaware of litter groups. Weight of the pups was
not considered relevant as they are examined between 3-48 hours after delivery and the weight
increase is rapid. Also, for the microscopy imaging, few brain sections are included here, and

sections were from a few selected pups only.

4.4 Ethical consideration for murine studies

The use of animal models to test therapeutic or prophylactic drugs for FNAIT is essential as
there are obvious ethical difficulties in performing research on pregnant women. The number
of mice were reduced to a minimum, although at a level still achieving significant data.
Sacrificed mice were used further in other in vitro studies to reduce the total number of research
animals. To ensure animal welfare, the mice were housed in enriched environments containing
houses, tunnels, and chewable material, with food and water always available. Because mice
are social animals, they were housed together as much as possible, although pregnant mice were

separated to link the moms with the corresponding pups.

The animal studies in Paper I were performed at Biological Resource Center at the Medical
College of Wisconsin. All animal protocols were approved by the Medical College of
Wisconsin Institutional Animal Care and Use Committee performed according to the human
and animal experimentation guidelines of the U.S. Department of Health and Human Services
and in adherence with the National Institutes of Health Guide for the Care and Use of

Laboratory Animals.

The animal studies performed in Paper II were performed at UiT The Arctic University of

Norways; all protocols were approved by the Norwegian Food Safety Authority (FOTS 23182).
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5 Discussion

In order to reduce morbidity and mortality of FNAIT, efficient treatment or prevention of
alloimmunization is required. Because there is still no prophylaxis available to date, the main
aim of this thesis was to test the prophylactic potential of mAb 26.4 isoforms with altered Fc
regions or modified Fc glycan structures. In conclusion, after in vitro characterization relevant
for potential AMIS mechanisms, certain candidates were tested in vivo in a murine FNAIT
model. Using prophylactic treatment, AMIS was successfully induced, and pups with normal

platelet counts were delivered from incompatible pregnancies (Papers I and II).

5.1 Prophylactic studies using a murine FNAIT model

Using integrin B3-deficient mice, Tiller and colleagues demonstrated proof of concept for
AMIS related to FNAIT by introducing anti-B3 sera prior to challenge by wild-type platelets,
preventing endogenous production of anti-f3 antibodies [189]. This was also shown when using
human HPA-1a+ platelets as antigen and human anti-HPA-1a antibodies or murine mAb SZ21
as prophylactic candidates. By transfusing murine wild-type platelets and anti-B3 sera to
integrin B3-deficient female mice — followed by breeding with wild-type males — the resulting
pups had higher platelet counts compared to pups from immunized mice. However, these
platelet counts do not reach the same level as in pups from compatible pregnancies, and the
authors speculate on the effect of remaining prophylaxis in the circulation upon breeding.
Importantly, they also demonstrated a reduced incidence of ICH and miscarriage, and the
number of live pups was at normal levels. A disadvantage of this study is that when using mAb
SZ21 as a prophylactic treatment, it is not possible to distinguish the endogenous immune
response toward human HPA-1a platelets from the administered SZ21. Furthermore, SZ21 is a
pseudo-specific antibody binding HPA-1b at high concentrations, and the use of human
platelets as an immunogen is not optimal as there are multiple glycoprotein differences between

the platelets of these species.

5.1.1 APLDQ mice expressing HPA-1a used for prophylactic antibody testing

To allow testing of human anti-HPA-1la antibodies as therapies for FNAIT, Newman and
colleagues produced mice with humanized integrin B3 to comprise the HPA-1a epitope, referred
to as APLDQ mice [192]. The use of platelets from APLDQ mice as an antigen source to
challenge wild-type mice for induction of an HPA-1a-like alloimmunization was successfully

demonstrated by Zhi and colleagues [203]. In their immunization setup, they used 1x108
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platelets mixed with adjuvant and injected intraperitoneally in BALB/c mice. After two
injections at days 0 and 7, the mice showed efficient immunization against APLDQ platelets.
By breeding with C57BL/6N-APLDQ males, these preimmunized females delivered
thrombocytopenic pups. Bleeding in various tissues and dead pups were also reported using this
model. Conversely, upon therapeutic intervention by IVIg at two timepoints within pregnancy,

pups were delivered with higher platelet counts and without bleeding.

BALB/c mice are often used to study the mechanisms and effects surrounding antibody
production while C57BL/6 mice seem to be beneficial when exploring cellular mechanisms. It
could be discussed whether BALB/c mice as recipient mice in our studies are the best strain to
use as they also differ in the MHC expression from the C57BL/6N-APLDQ mice. However, a
study determining immune responsiveness by different mouse strains to allogenic platelets,
demonstrated that BALB/c generated high levels of IgG to platelets from C57BL/6 mice, while
the reversed setting mounted low levels of antibodies [204]. With respect to humans, MHC
incompatibility during pregnancy is quite common. Nonetheless, in our studies, the level of
anti-MHC antibodies toward C57BL/6N wild-type platelets was minimal compared to the
levels of anti-APLDQ antibodies (Papers I and II).

The use of a new murine model, as in the current study, requires careful interpretation of
measurable antibodies and clinical outcomes. In mice that have received both APLDQ platelets
and prophylactic antibodies, sera from day 14 can contain both the human prophylactic IgG and
potential in vivo-generated murine anti-APLDQ IgG as well as potential murine anti-human
IgG (also referred to as anti-drug antibodiessMAHA mouse anti-human antibodies). During
detection of developed endogenous murine anti-APLDQ, the human prophylactic mAb 26.4
may compete for the same epitope on APLDQ platelets, which could tentatively give a false-
negative readout of the murine anti-APLDQ response even when using species-specific
secondary detection antibodies. However, we did not see any signs of this in our results. On the
other hand, this phenomenon is a circumstance limited to these kinds of preclinical studies as it
occurs because of species differences. Therefore, this will not be a problem when using human

mAb 26.4 in a human setting.

These transgenic APLDQ mice have normal platelets — as demonstrated by murine platelet
counts, bleeding times, and the ability to aggregate [203]. Notably, just as for the previous
murine FNAIT models, this model also has the disadvantage that it requires preimmunization,

since mice are not immunized by breeding alone. Recently, it has also been demonstrated that
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CDA4+ T cells are required for the development of anti-APLDQ antibodies by B cells in BALB/c
mice challenged with APLDQ platelets [205].

5.1.2 Induction of AMIS is dose-dependent in mice

Using the APLDQ mouse model, we successfully demonstrated AMIS, showing proof of
concept using monoclonal HPA-1a-specific antibodies (Paper I). In the wake of our initial
prophylactic study, Zhi and colleagues further optimized the prophylactic regimen by analyzing
the lowest effective dose of both a monoclonal and a polyclonal batch [206]. Here they tested
the prophylactic candidates RLYB211, the hyperimmune anti-HPA-la IgG preparation
(previously NAITgam), and RLYB212, originating from mAb 26.4. By intravenous injection
of prophylactic antibodies 1 hour prior to transfusion of APLDQ platelets, Zhi and colleagues
could prevent immunization with as low dose as 4 IU/ml for RLYB212 and between 1 and
4 TU/ml for RLYB211. Compared to our initial prophylactic study (20 pg/mouse), these doses
are more than a hundredfold lower, but they still efficiently prevented immunization. In
addition, the setup of prophylactic treatment differs between the two studies, because they
treated the mice only 1 hour prior to platelet challenge. Different from their study, we injected
our mice with the prophylactic dose 24 hours prior; therefore, the injected antibody dose is
subjected to both biodistribution and degradation from the circulation. Measurement of
antibody concentration directly before platelet transfusion was not feasible because of the
volume restrictions for blood sampling in mice and because blood sampling prior to transfusion
complicates the tail vein injection technique caused by lower blood volume in the mouse.
Hence, the effective antibody concentration at the time of the platelet challenge could not be

measured.

Another difference from our studies is that Zhi and colleagues challenged the mice with only
one APLDQ platelet dose [206]; therefore, the developed anti-APLDQ antibody response was
less than the generated response in our studies. However, they chose to rechallenge and
reintroduce the mice with prophylaxis at day 21, and the treated mice still showed lasting
protection. The control mice receiving only platelets generated an immense response toward
APLDQ platelets, showing that three-week immunization by platelet challenge might be a more

optimal test to generate a sufficient response compared to a rechallenge after only one week.
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5.1.3 Panel of mAb 26.4 isoforms as prophylactic candidates

In addition to the successful use of mAb 26.4 wild-type to induce AMIS in BALB/c mice
challenged with APLDQ platelets, other candidates were tested in vivo as prophylactic drugs

and are discussed further here.

mAb 26.4.AAAG: antibody with abolished effector functions

The use of effector-silent antibodies as FNAIT treatments has been demonstrated previously.
SZ21 — generated as an F(ab'), fragment to remove Fc-dependent effector functions — was
able to block binding of HPA-1a-specific antibodies and, as such, prevent clearance of human
HPA-1ab platelets in a NOD/SCID mouse model [207]. Also valuable for a FNAIT treatment,
SZ21 F(ab'), was able to displace bound HPA-la-specific antibodies. However, since
transplacental transfer requires FcRn interaction with the Fc-region, SZ21 F(ab'), cannot inhibit
platelet destruction in fetal circulation. Later, a deglycosylated variant of SZ21, which also
abrogates Fc-related effector functions but retains FcRn transport, was tested as a treatment in
the murine NOD/SCID model [208]. Transplacental transport and the ability to ameliorate
platelet destruction by HPA-1a-specific antibodies were preserved even after deglycosylation.
Because SZ21 is of murine origin, its use as a therapeutic drug in a human setting might induce
the generation of anti-drug antibodies — eliminating them from circulation upon repeated
administration. To overcome this problem, a study introduced the recombinant human antibody
B2G1 modified with a nondestructive constant region, B2G1Anab, as a therapeutic candidate
[209]. The survival of HPA-1ab platelets sensitized with B2G1Anab was similar to unsensitized
platelets, while B2G1-sensitized platelets were rapidly cleared.

In our primary prophylactic study (Paper I), we partially induced AMIS when using mAb
26.4.AAAG (abolished of all effector functions) as a prophylactic candidate. This was
demonstrated by a reduced anti-APLDQ response in wild-type mice administered with mAb
26.4.AAAG followed by transfusion of APLDQ platelets. Importantly, subsequent pups from
breeding with APLDQ males had normal platelet counts. Furthermore, Zhi and colleagues later
showed that 4 IU/ml of HPA-1a-specific antibody binds less than 10% 