From Department of Neurobiology, Care Sciences and Society
Karolinska Institutet, Stockholm, Sweden

DEVELOPMENT OF NOVEL SYNTHETIC
LUNG SURFACTANTS FOR TREATMENT
OF RESPIRATORY DISTRESS SYNDROME

Othana Basabe Burgos

S5 I,

“ Karolinska

ﬁ gﬁ > Institutet
4’\’1\10 1%\0

Stockholm 2020


https://core.ac.uk/display/288855595?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Cover: Painting named “Para Oihan” by Ibai Basabe Burgos

All previously published papers were reproduced with permission from the publisher.
Published by Karolinska Institutet.

Printed by Eprint AB 2020

© Oihana Basabe Burgos, 2020

ISBN 978-91-7831-738-7



DEVELOPMENT OF NOVEL SYNTHETIC LUNG
SURFACTANTS FOR TREATMENT OF RESPIRATORY
DISTRESS SYNDROME

Thesis for doctoral degree (Ph.D.)

Public defense: Friday 20th of March 2020 at 9.30 am.
Erna Mollersalen, Neo, floor 5, Blickagangen 16, Huddinge

By

Oihana Basabe Burgos

Principal Supervisor:

Prof. Jan Johansson
Karolinska Institutet
Department of Neurobiology,
Care Sciences and Society
Division of Neurogeriatrics

Co-supervisor:

Prof. Anna Rising
Karolinska Institutet
Department of Neurobiology,
Care Sciences and Society
Division of Neurogeriatrics
&

Swedish University of
Agricultural Sciences
Department of Anatomy,
Physiology and Biochemistry

Opponent:

Prof. Henk P. Haagsman
Utrecht University
Department of Infectious
Diseases and Immunology

Examination Board:

Prof. Lena Mailer

Stockholm University
Department of Biochemistry and
Biophysics

Prof. Gudmundur Hrafnh Gudmundsson
University of Iceland
Department of Natural Sciences

Prof. Ola Didrik Saugstad
Oslo University Hospital
Department of Pediatric
Research






To my tru[y missed fatﬁer
and my fami(y






ABSTRACT

Pulmonary surfactant is a complex mixture of lipids and specific proteins found in the alveoli
and its main role is to reduce the surface tension of the alveolar air/water interface, thereby
preventing lung collapse. Lack of pulmonary surfactant in premature babies results in lethal
respiratory distress syndrome (RDS), which is today treated with surfactant replacement
therapy, i.e. delivery of pulmonary surfactant extracted from animal lungs into the airways.
Despite the effectiveness of surfactant replacement therapy, it has several limitations:
pronounced batch to batch variability, risk of disease transmission, and expensive source
material and production procedures. Moreover, RDS secondary to surfactant inhibition in
adults (ARDS) has turned out to be difficult to treat with existing natural derived surfactant
preparations, probably for a combination of reasons, such as limited supply and sensitivity to
inhibition. The development of synthetic pulmonary surfactants is a tempting solution that
could overcome these limitations, but in spite of more than 30 years of development work,

there still no synthetic surfactant in clinical use.

The two surfactant proteins B (SP-B) and C (SP-C) that are present in natural derived
surfactants are difficult to produce or replicate and the lipid composition of natural surfactants
is very complex. As a result, the development of simple lipid compositions and surfactant
protein analogues that can reproduce the activity of animal derived surfactants is not trivial. In
this thesis, we designed surfactant protein analogues and tested their activities in animal models
of neonatal RDS and ARDS. We investigated the importance of intramolecular disulfide bonds
in an SP-B analogue, and we improved the recombinant production of the SP-C analogue SP-
C33Leu. Artificial surfactant based on recombinant SP-C33Leu improved lung mechanics in

an RDS model and enhanced lung function and reduced inflammation in an ARDS model.

Finally, we investigated the novel concept of creating surfactant protein analogues that
combine both SP-B and SP-C activities in one polypeptide. We designed and recombinantly
produced polypeptides that fuse an SP-B analogue and an SP-C analogue - Combo peptides -
and tested mixtures of these analogues with two phospholipid species in an RDS model
ventilated without stabilizing end expiration pressures in the lung. Mixtures containing low
amounts of Combo peptides improve lung function in a similar manner as a clinically used
natural derived surfactant. The Combo peptide approach can deliver simple synthetic

surfactants that match currently used natural preparations and can be produced efficiently.
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LIST OF ABBREVIATIONS

ALI Acute lung injury

ARDS Acute respiratory distress syndrome

AP Amyloid-f

BAL Bronchoalveolar lavage

CD Circular dichroism

CRD Carbohydrate recognition domains

DPPC Dipalmitoylphosphatidylcholine (=1,2-dipalmitoyl-sn-glycero-3-phosphocholine)

ER Endoplasmic reticulum

FTIR Fourier transform infrared

IAPP Islet amyloid polypeptide

ILD Interstitial lung disease

LB Lamellar bodies

MVB Multivesicular bodies

NT N-terminal domain

PC Phosphatidylcholine

PEEP Positive end expiratory pressure

PG Phosphatidylglycerol

POPG Palmitoyl-oleyl-phosphatidylglycerol(=1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol)

RDS Respiratory distress syndrome

SAPLIP Saposin-like protein

SDS Sodium dodecyl sulfate

SP Surfactant protein

™ Tubular myelin

VILI Ventilator induced lung injury



Three and one letter abbreviations of the 20 genetically encoded amino acid residues

Amino acid Three letter code One letter code
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val A%



1 INTRODUCTION

1.1 Background

The breathing cycle and the tree-like structure of the lungs lay the foundation for gas exchange.
The airways are branched 23 times (/) from the trachea to the alveoli, producing a large area
of 50-100 m? exposed to air in an adult lung, and normal breathing refreshes part of the air in
the airways and alveoli every 3-5 seconds. There is an air/water interface lining the alveoli and
since the forces between neighboring water molecules are stronger than the forces between the
water and the gas phase, a surface tension is created that promotes lung collapse (von
Neergaard, 1929). However, under physiological conditions surface active agents are able to
reduce the alveolar surface tension to near zero values, which markedly facilitates lung
expansion and reduces the efforts of respiration (Gruenwald, 1947). In other words, creation of

a low alveolar surface tension is a prerequisite for normal lung function (2).

In the 1950s two researchers, Pattle and Clements, independently identified the surface-active
agent referred to as lung or pulmonary surfactant, which reduces the surface tension of the
air/water interface in the mature alveoli (3, 4). Shortly thereafter, the lack or insufficient
amounts of lung surfactant was associated to what was then called hyaline membrane disease
by Avery and Mead (5). The hyaline membrane disease is nowadays known as respiratory
distress syndrome (RDS) and is primarily associated with premature birth, usually before 30
gestational weeks, when the babies have immature lungs that are not able to produce sufficient
amounts of lung surfactant. Even though the cause of RDS was established at this time, the
development and clinical implementation of a treatment of this lethal condition took over two

decades.

The first attempts to treat RDS in clinical trials employed instillation of
dipalmitoylphosphatidylcholine (DPPC) based lipid mixtures, and were unsuccessful (6). Even
though DPPC is the major component of pulmonary surfactant and is able to reduce surface
tension to low values in vitro, it needs to be combined with proteins and other phospholipids
to show rapid enough spreading properties in vivo (7). In 1972 Enhorning and Robertson
showed that tracheal instillation of natural-derived surfactant, extracted from adult animal

lungs was able to increase lung expansion in premature rabbits (8).

The first successful clinical study with human babies with RDS using bovine natural-derived
surfactant instillation was performed just a few years after the first demonstration of efficacy

in animals, and was published in 1980 by Fujiwara and coworkers (9). At about the same time,



at Karolinska Institutet Robertson and Curstedt developed a surfactant preparation derived
from porcine lung, which is nowadays known under the name Curosurf® (/0). Curosurf® was
tested successfully in randomized clinical trials in the 1980s, which proved the efficacy and
optimal dosage against neonatal RDS (71, 12). Several other natural derived pulmonary
surfactant preparations, for example Survanta®, Infasurf® and Alveofact®, prepared from
different animal sources, purified in slightly different ways, and with somewhat different
compositions in terms of phospholipid profiles and protein contents, were also developed and
tested successfully in clinical trials, see (/3-22). Natural derived surfactant preparations are
still in clinical use, having saved the lives of thousands of babies per year worldwide since their
introduction. There are still, however, several reasons to develop synthetic lung surfactants for

treatment of RDS, which will be described further below.

1.2 Lung surfactant biosynthesis

In the alveolar region we can observe three major types of cells: alveolar macrophages and type
I and type II alveolar epithelial cells. The macrophages take part in lung host defense and can
phagocytize inhaled particles, invading microorganisms, and also remnants of alveolar
pulmonary surfactant (23). The alveolar type I epithelial cells form the main part of the alveolar
wall. They are elongated and thin cells that contribute most of the alveolar surface area (90-
95%) and mediate the diffusion of gas between inhaled air and the pulmonary capillaries (24).
The alveolar type II cells make up the remaining 5-10% of the alveolar wall, are globular in

shape and, importantly, produce and secrete lung surfactant components (25).

In the alveolar type II cells, pulmonary surfactant lipids and proteins are synthesized in the
endoplasmic reticulum (ER), transferred to the Golgi apparatus for modifications like
attachment of glycosyl moieties, and then transported to multivesicular bodies (MVB), which
eventually mature into the intracellular storage form of surfactant - lamellar bodies (LB) (26)
(Figure 1). As the name implies, the MVB are vesicles where the outer membrane invaginates
and forms smaller vesicles within, the MVB is thus a vesicle with multiple vesicles inside.
During the formation of the MVB, the complex and unique lipid and protein composition of
pulmonary surfactant is established. The LB are onion-like structures in the sense that they
contain multiple tightly packed phospholipid bilayers. The LB are transported out of the
alveolar type II cells and into the alveoli by exocytosis, where the densely packed bilayers
unpack, and turn into a more loosely organized network called tubular myelin (TM). Eventually

the pulmonary surfactant phospholipids will form a monolayer at the air/water interface, in



which the hydrophobic phospholipid fatty acyl tails face air and the hydrophilic phospholipid
head groups face the water layer (27). (Figure 1)
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Figure 1. Alveolar components and pulmonary surfactant production. The alveolus is defined
by and contains three different types of cells: alveolar macrophages that phagocytize particles
including residual surfactant and microorganisms, alveolar type I cells that mediate oxygen
and carbon dioxide diffusion and form the major part of the alveolar wall, and alveolar type Il
cells that produce and secrete pulmonary surfactant. Pulmonary surfactant is produced in the
endoplasmic reticulum (ER) and travel through the Golgi apparatus to form multivesicular
bodies (MVB) and eventually lamellar bodies (LB). The LB are transported out of the cell by
exocytosis, where after the tubular myelin (TM) is formed and eventually phospholipids, and

probably proteins, form a monolayer at the air/water interface.

1.3 Lung surfactant composition

The composition of the surface-active pulmonary surfactant was initially believed to be only
lipids until, in the 1970s, small amounts of proteins were observed in natural surfactant (7, 28).
Years later the hydrophobic surfactant protein (SP)-B and SP-C were shown to be part of the
organic solvent extracts of lung tissue or bronchoalveolar lavage that were used to produce

natural derived surfactant preparations (29). Nowadays is known that pulmonary surfactant



obtained by bronchoalveolar lavage of mammals consists of about 80% (w/w) phospholipids,

10% neutral lipids (mostly cholesterol) and 10% proteins (30) (Figure 2).
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Sp-B SP-CSP-D

2% 2% 1%

DPPC
40%

90% Lipids

Figure 2. Composition of pulmonary surfactant. DPPC, dipalmitoylphosphatidylcholine;
PC: phosphatidylcholine; PG: phosphatidylglycerol; PL, phospholipids; SP-A, -B, -C, -D,
surfactant protein -A, -B, -C, -D. The percentages are by mass.

Phospholipids are amphiphilic molecules, i.e. they have one polar part and one non-polar part,
that consist of a glycerol skeleton linked to one hydrophilic phosphate group, which in turn is
esterified with an alcohol group, and to two hydrophobic fatty acyl chains. The fatty acyl chains
are linked via hydroxyl esters to glycerol and contain either only single bonds (saturated fatty
acyl chains) or contain also carbon-carbon double bonds (unsaturated fatty acyl chains). The
different combinations that can be formed by esterifying the phosphate group at position 3 of
the glycerol moiety with one of five alcohols (glycerol, choline, ethanolamine, serine or
inositol) combined with the attachment of different fatty acyl tails to positions 1 and 2 of the
glycerol moiety result in that more than 50 different phospholipid species are found in lung
surfactant of mammals (37). However, the main single component of lung surfactant (about

40% by mass) is DPPC, which is present only in minimal amounts in other phospholipid



membranes, and therefore the high percentage of DPPC is in principle unique to lung
surfactant. DPPC contains two saturated fatty acyl chains (palmitoyl groups, with 16 carbon
atoms) (Scheme 1) and is mainly responsible for reducing the surface tension at the alveolar
air/water interphase. Pulmonary surfactant also contains about 25% by mass of unsaturated
phosphatidylcholine (PC) species, 10% of phosphatidylglycerol (PG) species and about 5% of
other ~ phospholipid  species  (phosphatidylinositols, = phosphatidylserines  and
phosphatidylethanolamines) (32). The high percentage of PG species is, like the high DPPC
content, an apparently unique feature of lung surfactant compared to other phospholipid
membranes, and strongly suggest that these phospholipids have specific and important

functions that are necessary for lung surfactant activity.
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Scheme 1. Molecular structure of the saturated phospholipid DPPC. DPPC is the most
abundant molecule in pulmonary surfactant and has a melting temperature of 41°C, which
means that DPPC bilayer membranes are too rigid for efficient spreading in the alveoli at
physiological body temperatures of mammals, but DPPC can efficiently reduce surface tension

under in vitro conditions when the rate of spreading is not limiting.

The protein content in pulmonary surfactant is divided between four specific proteins: about
6% by mass of the pulmonary surfactant dry weight is made up of the multimeric and
hydrophilic proteins SP-A and SP-D and about 4% of lung surfactant mass is made up of the
comparatively small and hydrophobic proteins SP-B and SP-C (30, 33-36) (Table 1).



Table 1. Characteristics of lung surfactant proteins

Solubilit Monomer Protein Dry weight in
bt l Y . Family Main role ry g
properties mass subunits native surfactant

innate pulm
SP-A  Hydrophilic ~ ~35kDa 18 Collectin Jnnate putmonaty -5 %

immune response

L. d 1
SP-B Hydrophobic 8.7 kDa 2 Saposin-like r'e u?e surlace . ~2 %
tension in the alveoli

d f:
SP-C  Hydrophobic 4.2 kDa 1 ; recuce suttace 2%
tension in the alveoli

innate pulmonary

SP-D Hydrophilic ~43 kDa 12 Collectin .
immune response

~1 %

1.4 LUNG SURFACTANT PROTEINS A AND D

SP-A and SP-D belong to the collectin (collagenous lectin, i.e. carbohydrate-binding proteins)
family and are expressed in the lung, primarily in the alveolar type II cells but also in upper
airways and so called Clara cells and in other organs and tissues like the gastric and intestinal
mucosae (37, 38). SP-A and SP-D may have several different functions in lung surfactant, SP-
A for example binds to the crossings in TM. However, the main function of both SP-A and
SPD is in lung immunity, i.e. to take part in the defense against invading pathogens. SP-A and
SP-D are comparatively big water-soluble proteins that can bind to pathogens through their C-
terminal carbohydrate recognition domains (CRD) that form globular head groups (39, 40).
Both the pulmonary collectins are oligomers formed by joining several trimeric units together;
SP-A is composed of six trimers, i.e. totally 18 subunits of ~35 kDa each (41, 42), while SP-D
is built up by four trimers, i.e. totally 12 subunits of ~43 kDa each (43, 44). The SP-A and SP-
D activities in the innate pulmonary immune response are manifold; they stimulate chemotaxis,
promote phagocytosis and contribute to aggregation and opsonization of pathogens (45). SP-A
has also been shown to participate in the uptake and secretion of surfactant from alveolar type
II cells, as well as in the formation of TM, while SP-D has shown to contribute to the surfactant
homeostasis (46, 47). SP-D deficiency is associated to an increased concentration of surfactant
in lung cells and the alveolar space (48, 49). Neither SP-A nor SP-D apparently has any direct
role in reducing surface tension in the alveoli (50), which is indirectly supported by the fact
that they are not present in natural derived surfactant preparations (29, 57). The surfactant
preparations derived from animal origins used for exogenous replacement therapy are obtained
by one or several purification steps in organic solvents, which results in that the hydrophilic

SP-A and SP-D are efficiently removed, while phospholipids, SP-B and SP-C remain soluble.



Therefore SP-B and SP-C are the target proteins for development of synthetic lung surfactant

preparations and the main focus of the present thesis.

1.5 Lung surfactant proteins B and C

SP-B and SP-C are small lipid-associated polypeptides that are important for lowering the
surface tension in the alveoli (57). SP-B and SP-C are synthesized in the type II alveolar cells
from different precursor proteins that go through multiple proteolytic cleavages and other
posttranslational modifications as they traverse the Golgi apparatus, MVB and LB (52-55). The
above facts as regards overall properties of SP-B and SP-C may suggest that they also are
structurally and functionally similar. This is however not the case: SP-B and SP-C are
structurally completely unrelated, and they apparently perform different functions in lung

surfactant (56-62).

1.5.1 Surfactant protein B

The native SP-B molecule consists of a polypeptide chain with 79 amino acid residues, that is
covalently linked into a homodimer with a total molecular weight of 17.4 kDa (58, 63). The
primary structure of SP-B is characterized by the presence of seven cysteines, six of which
form three intra-molecular disulfide bridges (Cys8 to Cys77, Cysll to Cys71 and Cys35 to
Cys46) and Cys48 that forms an inter-molecular disulfide bridge with a second subunit,
resulting in the covalently linked homodimer (60, 64). The tertiary structure of SP-B has not
been experimentally resolved, however it is known that it has a high a-helical content in lipid
environments and in organic solvents, as determined using circular dichroism (CD) and Fourier
transform infrared (FTIR) spectroscopy (65-69). SP-B belongs to the saposin-like protein
(SAPLIP) superfamily and the structural homology between proteins from this family
combined with experimental structural studies of other SAPLIP members, have given some
important insights into the SP-B structure. Modeling studies using NK-lysin (70) and saposin
B (71), for which there are experimentally determined NMR and X-ray structures, respectively,
suggested that the SP-B structure contains 4-5 a-helices folded into a V-shape arrangement
with helices 1 and 5 on one side, helices 2 and 3 on the other side and helix 4 in between (Figure
3). It should be pointed out that SP-B differs in some aspects from the other SAPLIP members:
it is a dimer, soluble in organic solvents, whereas the other members are water-soluble
monomeric proteins. This makes modeling of SP-B based on other SAPLIP structures difficult
and all models proposed should be interpreted with caution. The covalent disulfide-linked



nature of SP-B puts some constraints on what parts of the two subunits are close, and based on
this the SP-B homodimer has been suggested to be promoted by salt bridges at the subunit
interface, created between the charged residues Glu51 and Arg52 from different subunits (70).

; /

Figure 3. Hypothetical structural model of monomeric SP-B. Cartoon representation of the
polypeptide backbone structure of the SP-B homologous protein NK-lysin from pig. The
hypothetical intra- and inter-molecular disulfide bonds are represented with red lines. N and

C indicate the N- and C- terminus of the peptide respectively. PDB code INKL (72).

In native SP-B, the net charge of +14 (9 positively and 2 negatively charged residues per
subunit) and the about 60% of the amino acid residues with strictly hydrophobic side chains
are likely important for its strong interaction with lung surfactant phospholipids (73). In spite
of the overall hydrophobic nature and requirement of organic solvents for solubilization, SP-B
attaches only peripherally to bilayers of phospholipids and lacks transmembrane regions (74,

75). The detailed molecular mechanisms of SP-B function in pulmonary surfactant are still



unknown. However, the dimeric nature and ability of SP-B to interact with the outer parts of
phospholipid membranes can make it able to cross-link two different phospholipid layers (62,
70, 76, 77). Such interactions of SP-B could promote dense phospholipid bilayer packing,
induce fusion and lysis of phospholipid layers as well as mediate transport of phospholipids
between membranes. Dense packing of layers of pulmonary surfactant phospholipids, possibly
mediated by SP-B, can be beneficial in formation of the densely packed LB and also help to
stabilize different phospholipid layers at the end of expiration (62, 78). The ability to fuse or
lyse phospholipid layers has been observed for isolated SP-B segments (79) and under
physiological conditions, such actions of SP-B could promote fast adsorption of phospholipids
to the air/water interphase during dynamic respiratory cycling (34, 80). It has also been
suggested that SP-B dimers can associate to form larger oligomers with a ring-shape, which

could promote the transport of phospholipids between layers (71).

ProSP-B is the precursor protein of SP-B, which undergoes glycosylation outside the SP-B
region. ProSP-B consists of 381 residues, has a molecular weight of 42 kDa and is synthesized
into the ER, directed by the presence of a signal peptide (63). The subsequent maturation
process occurs in the Golgi apparatus and possibly in the MVB and it is mediated by at least
three different proteolytic enzymes: napsin A, cathepsin H, and pepsinogen C (53, 87). The
details of the proteolytic maturation are still uncertain. Mutations in the SF7PB gene (that
encodes proSP-B) in humans as well as in mouse models are associated with SP-B deficiency,
which causes lethal RDS in the neonatal period (82-84). SP-B deficiency is linked to an
aberrant processing of proSP-C (see further below) that results in formation of an inactive,
misprocessed SP-C variant that is secreted into the extracellular alveolar space and accumulates
in the alveoli (85, 86). Lung transplantation is currently the only available treatment for SP-B

deficiency caused by SFTPB mutations (26).

1.5.2 Surfactant protein C

SP-C is a 35 amino acid residue lipopeptide and has a molecular weight of 4.2 kDa (59, 61). It
is a cationic peptide with a net charge of +3 and it is probably the most hydrophobic protein so
far described in mammals since it consists of about 80 % amino acid residues with hydrophobic
side chains and it contains one or two (depending on animal species of origin) covalently
attached fatty acyl chains to Cys5 and/or Cys6 via thioester bonds (87, 88). SP-C does not
belong to any known protein family and is exclusively expressed by the alveolar type II cells.

The tertiary structure of porcine SP-C dissolved in organic solvents was described in 1994 and



shows one long a-helix that makes up the C-terminal two thirds of the peptide and a structurally
disordered N-terminal part (89) (Figure 4). More specifically, the a-helix is composed of
residues 9-34 and its length of 37A perfectly matches the thickness of a fluid DPPC bilayer
(90). Also, the length of the helix segment that contains only non-polar residues matches the
thickness of the hydrophobic fatty acyl part of a DPPC phospholipid bilayer (90). These
correlations strongly suggest that SP-C is inserted in a transmembrane orientation in a
phospholipid (DPPC) bilayer, whereby the non-polar residues of the a-helix are positioned to
interact with the hydrocarbon chains of the phospholipids, and the positively charged residues
Lys11 and Argl?2 are suitably located to interact with the polar phospholipid head groups (90).
It has been suggested that SP-C could alternatively interact with phospholipids in a monolayer,
like the monolayer supposedly located at the alveolar air/water interface, by adopting a tilted

position of about 70° (91).

Figure 4. Human SP-C structure. Three-dimensional structure of the polypeptide backbone
of human SP-C determined in a mixed solvent containing C:H3;Cl/C2H30OH/ 1 M HCI 32:64:5
(by volume). The portion of the structure marked in red represents the location of the
cysteines that are palmitoylated in native SP-C. N and C indicate the N- and C- terminus of
the peptide respectively. PDB code: 1SPF (89).

The a-helix of SP-C contains a high number of valines that are prone to form B-sheet aggregates
in vitro resulting in amyloid-like fibrils (92, 93). The dominance of Val residues in the SP-C
a-helix is unexpected, since Val has the highest B-strand propensity of all 20 naturally
occurring gene-encoded residues (92, 93). This feature is unique to SP-C and the reason why

its a-helix contains a poly-valine region is unknown, however several possible explanations

10



have been suggested. The poly-valine a-helix confers a very stable and rigid structure that could
be used to promote rapid adsorption by perturbing the phospholipid layers (90, 94). Another
possible explanation is that amyloid fibrils are formed under certain conditions, promoted by
the high B-strand propensity of Val and that they play a physiological role, for example, in the
defense against bacteria or viruses (95), in a similar manner as certain defensins can form

fibrillar nets in the gastrointestinal tract in the defense against bacteria (96, 97).

The precursor protein of SP-C, proSP-C contains a BRICHOS domain that prevents the
aggregation and misfolding of the SP-C part during biosynthesis (98-100). The BRICHOS
domain is able to bind nonhelical poly-valine segments and to promote their folding into helical
conformations (98, 101, 102). In addition to its physiological target peptide, the BRICHOS
domain has turned out to be able to prevent amyloid formation also of other proteins, for
example amyloid-f (AB) and islet amyloid polypeptide (IAPP) (/03-107). These features make
the BRICHOS domain an interesting candidate for development of therapeutic strategies
against amyloid diseases, in particular the BRICHOS domain from the Bri2 protein seems to

have properties that can be harnessed against neurodegenerative diseases (103, 108, 109).

ProSP-C is a 21 kDa protein of 197 amino acid residues, cotranslationally inserted into the ER
membrane and transported to the Golgi apparatus where it is palmitoylated (//0). During the
maturation process, proSP-C is cleaved by several enzymes (/117-113), eventually releasing the
mature form of SP-C, which like SP-B ends up in the extracellular alveolar space after secretion
together with phospholipids in the LB. Again, although SP-B and SP-C are overall similar in
being secreted together with phospholipids, the details differ. ProSP-C gets membrane-inserted
already into the ER, where the SP-C part acts as a signal peptide and is then transported and
processed all the way to the alveoli as an integral membrane protein (/70, 114). ProSP-B, in
contrast, is translocated into the ER lumen, directed by a traditional, N-terminally located signal
peptide that is removed after translocation to the ER lumen, and the proteolytically released
SP-B part becomes associated with surfactant membranes at a later stage, probably in the MVB

(52, 115, 116).

Mutations in the gene encoding proSP-C, SFTPC, are more common than mutations in SF7PB
and most of them are located in the BRICHOS domain (100, 117). SFTPC mutations result in
lack, or reduced levels, of mature SP-C and also result in aberrant protein folding and (pro)SP-
C aggregation and amyloid fibril formation. Misfolding of (pro)SP-C associated with SFTPC
mutations results in disease, with different degrees of pathology, from mild interstitial lung

disease (ILD) to severe pulmonary fibrosis (/00, 118-122). Notably, mutations in SFTPC, in
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particular those that affect the BRICHOS domain, result in amyloid disease in early infancy, in
contrast to other amyloid diseases, which do not affect humans until late life. This attests to the
extreme amyloidogenic potential of the (pro)SP-C poly-Val segment. Interestingly, pulmonary
surfactant from birds does not contain SP-C and is less effective in lowering the surface tension
in vitro than surfactant from mammals. Bird lungs have a different physiology and morphology
compared to mammalian lungs. Therefore, the function of bird surfactant is not to prevent

alveoli from collapsing but to keep the air capillaries open (/23).

1.6 Neonatal and acute respiratory distress syndrome

Respiratory distress syndrome (RDS) in neonates is characterized by insufficient amounts of
pulmonary surfactant and results in respiratory failure. The lungs of more than about 10 weeks
prematurely born infants are simply not prepared to breathe air and have an underdeveloped
surfactant system. The lack of pulmonary surfactant is associated with alveolar collapse and
with concomitant difficulties in oxygenation and damage to the alveolar epithelium including
the surfactant producing type II cells, which results in a vicious cycle (/24). The by far most
common reason for the lack of sufficient pulmonary surfactant in prematurely born neonates is
that their immature lungs are unable to produce sufficient amounts of pulmonary surfactant.
Genetic defects can also affect pulmonary surfactant function, and mutations in the genes
encoding proSP-B (SFTPB) or ABCA3, a phospholipid transporter present in LB can give rise
to neonatal RDS in full term infants (/25). RDS is a life-threatening disease and the
development of surfactant replacement therapy with natural derived surfactant preparations in

the 1980s have saved millions of lives (95).

Another condition associated with pulmonary surfactant dysfunction is acute respiratory
distress syndrome (ARDS), also referred to as acute lung injury (ALI). The pathogenesis
behind reduction of pulmonary surfactant activity in ARDS, where surfactant inhibition is a
prime cause, differs qualitatively from that in neonatal RDS, where surfactant deficiency is the
main underlying factor (Table 2). ARDS can be elicited by several different conditions,
including direct lung injury, for example pneumonia or aspiration of toxic substances, or be a
result of severe systemic diseases, for example sepsis or multitrauma (/26). ARDS can occur
in individuals of all ages and is associated with high mortality, up to 40%, the exact risk
depending on the severity and nature of the underlying condition (/27, 128). ARDS is
characterized by bilateral pulmonary infiltrates and arterial hypoxemia identified when the

partial pressure of arterial oxygen (PaO>) divided by the inspired fraction of oxygen (FiO) is
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equal to or less than 300 mmHg (PaO2/FiO; < 300 mmHg) (/29). The infiltrates and hypoxia
are a result of a pulmonary edema that releases blood proteins and other molecules in the
alveolar space, altering the gas exchange and reducing the pulmonary surfactant activity (/30).
The pathology of ARDS is more complicated than the surfactant deficiency in RDS and despite
the study of numerous therapies to treat ARDS (surfactants, glucocorticoids, antioxidants) there
is still no specific treatment (/37-134). The surfactant activity in ARDS can be impaired by
reducing the adsorption of the surfactant to the air/water interface (by blood proteins), changing
the composition of the surfactant (by fatty acids and phospholipids) and/or chemically altering
the phospholipids and proteins of the surfactant (by phospholipases, proteases and reactive
oxygen and nitrogen species) (/35-138). The development of a surfactant preparation that is
more resistant to inactivation and increasing the concentration of active pulmonary surfactant
by instilling high amounts of exogenous surfactant in the patient could contribute to the

development of a successful therapy for ARDS.

Table 2. Prominent features of neonatal and acute RDS.

Neonatal RDS Acute RDS (ARDS)
Age of patient Neonate Any age
Caracterized by Insufficient pulmonary surfactant Inactivation of pulmonary surfactant

Prematurity of the lungs or mutations in precursors of Direct lung injury (for example: pneumonia or aspiration of

Causes surfactant proteins or proteins related to the surfactant toxic substances) or severe systemic diseases: (for
production example: sepsis or multitrauma)
Supportive care and protective ventilation
Treatment Surfactant replacement therapy

Treatment of comorbidities

1.7 Surfactant replacement therapy

The most effective and only commercially available drug treatment for neonatal RDS is
surfactant replacement therapy, using natural derived surfactant preparations from bovine or
porcine lungs. These preparations contain phospholipids and the hydrophobic surfactant

proteins SP-B and SP-C (29, 51).

Today different natural derived surfactants are approved. In USA five surfactant preparations
have FDA approval but the two synthetic surfactants colfosceril palmitate (Exosurf®) and

Lucinactant (Surfaxin®) are not commercially available any longer in contrast to the three
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natural derived surfactants: beractant (Survanta®), calfactant (Infasurf®), and poractant alfa
(Curosurf®) (Table 3). In other countries bovactant (Alveofact®) and/or surfactant-TA

(Surfacten®) are available.

Table 3. Composition of natural derived surfactants approved by FDA

Poractat alfa Beractant Calfactant
Commercial name Curosurf® Survanta® Infasurf®
Preparation Minced porcine lung extract Minced bovine lung extract Bovine lung lavage
PL (mg/ml) 76 25 35
Disaturated PC (mg/ml) 30 11-15.5 16
Total proteins (mg/ml) 1 0.1-1 0.65
SP-B (mg/ml) 0.45 Not specified 0.26
SP-C  (mg/ml) 0.59 Not specified 0.39
Dose (mg/kg) 100-200 100 100
Volume 1.25-2.5 ml/kg 4 mi/kg 3 ml/kg
FDA approval 1999 1991 1998

PL, phospholipid; FDA, Food and Drug Administration

As described above, the natural derived surfactants provide an effective therapy of neonatal
RDS. However, their production is costly, there is a limited supply, the rather crude preparation
methods may give batch to batch variability, and there is a theoretical risk of transmitting
infectious diseases. These drawbacks motivate the attempts to complement or replace the
natural derived surfactant preparations with fully synthetic alternatives, which have been
ongoing since the 1980s. Nevertheless, the development of synthetic surfactant alternatives that
are at least as effective as the natural surfactants and that can be produced at low cost has turned

out to be a significant challenge (95).

Surfactant replacement therapy with natural derived surfactants to treat ARDS, although
attractive from a theoretical point of view, has been inefficient in clinical trials, mostly due to
surfactant inactivation (/317). Synthetic surfactants that could be efficiently produced at a large

scale, and possibly made more resistant to inactivation than the natural derived counterparts
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are therefore good candidates for the development of a surfactant preparation that can be used

to treat ARDS patients (/39-141).

1.8 Synthetic lung surfactant protein analogues

Endogenous surfactant has a very complex and diverse composition that is difficult to replicate
faithfully in synthetic preparations. The first synthetic surfactant preparations developed
contained only phospholipids, primarily a large fraction of DPPC and they were not efficient,
because DPPC has a high melting temperature (41°C) and does not spread efficiently under
physiological conditions (/42). An active surfactant with good surface activity and efficient
spreading properties therefore needs to combine DPPC with other phospholipids and with
proteins in order to lower the melting temperature and promote spreading. Much effort has
been put into finding a simple phospholipid composition that can be used to produce synthetic
pulmonary surfactants, but still there is no consensus on what is the optimal composition (/43,
144). In addition, as described above, SP-B and SP-C are structurally and likely also
functionally distinct, and in line with this notion both proteins are necessary for the optimal
function of reconstituted surfactant preparations in animal models of RDS (56, 57). However,
native SP-B and SP-C are difficult to produce due to several factors, including complex intra-
and intermolecular disulfide linkages, strict hydrophobicity, posttranslational modifications in
the form of thioester-linked fatty acyl chains, and a pronounced tendency to aggregate. In fact,
with the exception of recombinant SP-C (/435), production of functional SP-B, independent of
production method (recombinant or synthetic), or synthetic SP-C has not been reported to date.
Attempts have been made, but it was for example shown by fluorescence anisotropy that native
SP-B and synthetically produced full length SP-B interact differently with lipid bilayer surfaces
(146). For these reasons, the development of functional SP-B and SP-C analogues that can be

produced in a robust manner is needed.

1.8.1 SP-B analogues

Attempts to produce recombinant full length SP-B fused to urokinase (/47) or in the proprotein
form (/48) have been made, however the produced proteins’ abilities to reduce surface tension
has to our knowledge not been published. Given the structural complexity of native SP-B,
development of SP-B analogues has to a large extent aimed to reproduce its function but using
less complex peptide designs. The studies of small linear peptide fragments of SP-B have
helped to understand the structure-function relationships of individual regions of the SP-B
polypeptide chain. The fragment corresponding to residues 7-22 that comprise the first helix
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induce liposome lysis. A longer fragment, corresponding to residues 1-22, was shown to
promote lipid mixing, but only when the peptide included also parts corresponding to helix 2
(residues 1-37) it was able to induce liposome fusion. Neither the C-terminal fragment (residues
43-79) nor the synthetic full length SP-B were able to enhance the fusogenic activity shown by
the N-terminal half alone (79). From these results it was concluded that the N-terminal half of
SP-B is the main responsible region for SP-B ability to fuse and lyse phospholipid membranes,
and also to reduce surface tension in vitro. Another study showed that dimerization of the SP-
B fragment containing residues 1-25, mediated by a disulfide bridge, resulted in a peptide that,
when mixed with phospholipids, was more efficient in reducing surface tension in vitro than
the monomeric form, and it was comparable in vitro to native SP-B (/49). The results of this
study support the concept that SP-B function relies to some extent on a homodimeric nature

and also points to the importance of the presence of at least two helices in SP-B analogues.

Walther and Waring designed a 34-residue SP-B analogue called Mini-B, which is composed
of a linear polypeptide corresponding to residues 8-25 and 63-78 of native SP-B (/50). These
two polypeptide segments correspond to the first and last predicted helices of SP-B, which are
overall hydrophobic but contain 4 and 3 positive charges, respectively. The tertiary structure
of Mini-B in sodium dodecyl sulfate (SDS) micelles determined by NMR spectroscopy shows
that the two predicted helices indeed form a helix-loop-helix hairpin stabilized by two
intramolecular disulfide bonds (corresponding to Cys8-Cys77 and Cys11-Cys71 in native SP-
B) (151) (Figure 5). Synthetic surfactant created by combining phospholipids and Mini-B
showed comparable activity in vitro and better performance in a rat model of surfactant
deficiency than a mixture of phospholipids and native SP-B (/50). Mini-BLeu is an SP-B
analogue that is similar to Mini-B except that two methionines have been substituted by
leucines to promote hydrophobicity and to avoid unintentional oxidation of the methionines

(143).
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Figure 5. Three-dimensional structure of the SP-B analogue Mini-B. Cartoon representation
of the polypeptide backbone of Mini-B where the disulfide bonds are marked in red. N and C
indicate the N- and C- terminus of the peptide respectively. PDB code: 2DWF (151).

Later studies suggested an important role for the N-terminal 7 residues of SP-B, which are not
included in Mini-B (/52). The analogue formed when these 7 residues were linked to Mini-B
in one polypeptide was referred to as Super Mini-B (/417). The 7-residue N-terminal motif is
very hydrophobic, and its presence in Super Mini-B, or native SP-B, could thus favor
interactions with phospholipid membranes of synthetic and native pulmonary surfactant,
respectively. CD spectroscopy of a peptide corresponding to only the 7 N-terminal residues of
SP-B suggest a lack of a-helical structure and the possibility of random coil or B-sheet
structures. This correlates with the presence of three prolines that can prevent helix formation.
Moreover, Super Mini-B has an a-helical content observed by CD spectroscopy that is similar
to that of Mini-B (/52), a result which further supports that the N-terminal seven residues lack
stable secondary structure also when they are part of Super Mini-B. At submicellar
concentrations of SDS Super Mini-B is a more stable non-covalent dimer than Mini-B, and it
thus more resembles the dimeric structure of native SP-B (/47). In addition, Super Mini B
mixtures with phospholipids have been shown to be more active than Mini-B mixtures in vitro

and in vivo (140, 141).

In order to create a more stable and, in particular easier to manufacture SP-B analogue, the
analogue B-YL was produced, in which the four Cys of Super Mini B were substituted by Tyr

and the two Met were replaced by Leu. B-YL showed good surface activity in vitro and the
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mixture of B-YL with synthetic phospholipids resulted in similar oxygenation and compliance

as Curosurf® in a surfactant deficiency adult rabbit model (153).

A different type of analogue designed based on SP-B is called KL.4. KL4 is a linear peptide
formed by the pentapeptide segment LysLeulLeulLeuleu repeated four times and ending with
a Lys (Table 4). This results in a 21-residue peptide that is rather straightforward to synthesize
due to its lack of Cys and that forms an a-helix (/54). The KL4 design was reportedly based
on features of the C-terminal part of SP-B and it was supposed to interact with superficial parts
of phospholipid membranes, like SP-B (/54). This hypothesis has been questioned based on
results that showed that the KI.4 helix is localized in a transmembrane manner in phospholipid
bilayers, thus more resembling SP-C (755, 156). Synthetic surfactant preparations based on
KL4 have shown promising results in vitro and in vivo (157-160). A synthetic surfactant
preparation, called Lucinactant (Surfaxin®), containing KL.4 mixed with mainly synthetic
phospholipids but also palmitic acid was approved by the US Federal Drug Administration in
2012 for prevention of RDS in premature infants, after conduction of successful clinical trials
(161). However, the company ceased with the production of Surfaxin® as part of a restructuring

plan.

Several other molecules have been reported to behave as functional analogues of SP-B, for
example polymyxin E (70) and peptoids (/62). These analogues are not further described here
since our studies have been focused on conventional L-amino acid peptide-based analogues,

which have the advantage that they can be produced by recombinant methods.

Table 4. Comparison of amino acid sequences of human SP-B and SP-B analogues. The

sequence differences of the SP-B analogues from the human SP-B are marked in red.

Pol ypepti de Sequence
1 10 20 30 40 50 60 70

Human SP-B FPI PLPYCW.CRALI KRI QAM PKGAL AVAVAQVCRVVPLVAGGH CQCLAERYSVI LLDTLLGRM.PQLVCRLVLRCSM
Mni-B - CWLCRALI KRI QAM PKG- - = = = = === == m s mm e mm e GRMLPQLVCRLVLRCS-
Mni-BLeu ------- CWLCRALI KRI QALI PKG- - = = === - oo s s oo mmm o GRLLPQLVCRLVLRCS-
Super Mni-B FPI PLPYCWL.CRALI KRI QAM PKG- - = - = - = - - - oo oo oo e GRMLPQLVCRLVLRCS-
B- YL FPI PLPYYWLYRALI KRI QALI PKG- - - - === == - s oo s oo oo m oo GRLLPQLVYRLVLRYS-
KLA oo KLLLLKLLLLKLLLLKLLLLK
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1.8.2 SP-C analogues

Native SP-C is difficult to obtain both by chemical synthesis and by recombinant production
due to the pronounced propensity of the poly-valine segment to form -sheet aggregates instead
of the native a-helix. However, it has been shown that production of recombinant human SP-
C with the two palmitoylated Cys substituted by Phe can result in a helical peptide (/63). A
synthetic surfactant called Lusupultide (Venticute®) containing this recombinant version of SP-
C, rSP-C and a synthetic phospholipid mixture improved lung function in animal models (/63-
166), and was tested in clinical trials for efficacy against ARDS, but turned out not to show
significant positive effects (139, 167). A lot of effort has likewise been put into designing active
SP-C analogues that avoid B-sheet formation, by modifying the poly-valine sequence. After
observing a high helical content, no aggregation and a good in vitro surface activity of an SP-
C analogue where the entire poly-valine region was substituted by the second transmembrane
helix of bacteriorhodopsin, it was suggested that an a-helical transmembrane conformation is
important for the biological function of SP-C, while the exact amino acid sequence of the

transmembrane helix is of less importance (/68).

Based on the results with the SP-C/bacteriorhodopsin hybrid, another analogue called SP-
C(Leu) was created by substituting every helical valine by leucine (that favors o-helix
conformation), and replacing the palmitoylated cysteines by serines (to avoid unwanted
disulfide bridges in the absence of palmitoyl-Cys) (Table 5). A method for chemical acylation
of SP-C analogues has been developed (/69) but palmitoylated SP-C(Leu) did not show better
activity than the non-acylated peptide in a rabbit model of RDS (/44). For this reason and the
added complexity of synthesizing acylated SP-C analogues, further analogues all have had Ser
instead of palmitoyl-Cys.

SP-C(Leu) was shown to have an a-helical content and surface-active properties in vitro similar
to those of native SP-C. It was also shown that a mixture of synthetic phospholipids and 2%
SP-C(Leu) improved lung dynamics in preterm rabbit fetuses, an RDS model, in comparison
to non-treated controls. However, SP-C(Leu) can form helical oligomers, a property that differs
compared to the mainly monomeric form of native SP-C under the same conditions (/70). It
has indeed been shown that SP-C with a poly-valine sequence can form a dimer, mediated by
a motif in the C-terminal part (95, /45) but higher order oligomers as observed for SP-C(Leu)
are likely less functional than monomers. In order to avoid oligomerization of SP-C(Leu), three

lysines spaced with four residues were introduced. This analogue was called SP-CLKS and it
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was shown to promote phospholipid adsorption to an air/water interface in vitro (171).
However, SP-CLKS did not improve lung function in the premature rabbit RDS model (/44)
and therefore yet another analogue with only one added lysine in the beginning of the poly-
leucine region, deletion of the two N-terminal residues (resulting in a 33-residue peptide) was
designed, referred to as SP-C33. SP-C33 did not show oligomerization and in mixture with
phospholipids it was as active as the natural derived surfactant Curosurf® in a premature rabbit
model of RDS, provided that a positive end expiratory pressure (PEEP) was applied during
artificial ventilation (/44). Later on, it was shown that in the absence of PEEP, surfactants
containing both SP-C33 and native SP-B, or Mini-B, were more active in an animal model of
neonatal RDS than surfactant preparations containing only SP-C33 or only SP-B (56, 57).
Additional peptide and peptoid analogues of SP-C and SP-C(Leu) have been designed and
analyzed, but for the same reason as for non-peptide SP-B analogues they are not described in
here. A recent review of the development of synthetic surfactant preparations describe these

analogues in detail (95).

Finally, SP-C33Leu (Figure 6) is an SP-C analogue similar to SP-C33 but the methionine in
position 31 has been substituted by leucine, in an analogous manner as Mini-BLeu was created
to avoid unintentional oxidation. SP-C33Leu is structurally similar to SP-C33 and it has been

shown to be as active as Curosurf® in vitro and in vivo (172-174).

N

Figure 6. Three-dimensional structure of the SP-C analogue SP-C33Leu determined in
organic solvents. Cartoon representation of the polypeptide backbone. N and C indicate the

N- and C- terminus of the peptide respectively. PDB code: SNDA (172).
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Table 5. Comparison of amino acid sequences of human SP-C and SP-C analogues. The two
Cys in yellow in human SP-C are palmitoylated. The sequence differences of the SP-C

analogues from the human SP-C are marked in red.

Pol ypepti de Sequence
1 10 20 30

Human SP-C FA PCCPVHLKRLLI VWWWLI VWI VGALLMA
rSP-C FA PFFPVHLKRLLI VWWWLI VWWI VGALLMAE
SP- C bact eri or hodopsi n FG PCCPVHLKRFYAI TTLVAAI AFTLYLSLLLGY
SP- C( Leu) FA PSSPV- LKRLLI LLLLLLLE LLLI LGALLMA
SP- CLKS FA PSSPVHLKRLLI LKLLLLKLLLLKLGALLMA
SP- C33 - - I PSSPVHLKRLKLLLLLLLLI LLLI LGALLMA
SP- C33Leu - - I PSSPVHLKRLKLLLLLLLLI LLLI LGALLLG

1.9 Synthetic lung surfactants

As described above several lung surfactants containing synthetic phospholipids and different
single peptides, for example, recombinant SP-C, Mini-B, Super Mini-B, SP-C(Leu), or SP-C33
have been created over the years. These surfactants have overall shown good results in vitro
and in vivo and it has been shown that synthetic surfactants containing analogues of both SP-B

and SP-C are more efficient than surfactants with only one peptide analogue (56, 143, 175).

A synthetic surfactant preparation called CHF5633, containing both Mini-BLeu (0.2%) and
SP-C33Leu (1.5%) mixed with DPPC:palmitoyl-oleyl-phosphatidylglycerol (POPG) (1:1,
w/w)) is now in clinical trials (/74). CHF5633 is as good, or better than animal-derived
surfactants in rabbit and lamb models of preterm RDS or surfactant inhibition, respectively

(173, 176).

The cost and therefore the availability of a synthetic surfactant can potentially be reduced if the

peptide analogues are produced recombinantly instead of by chemical synthesis. In addition,
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chemical synthesis can result in truncated versions of the peptide or other by-products that can
be difficult to remove. Therefore, recombinant production of SP-B and SP-C analogues is an

attractive strategy, which we have explored in papers I, III and IV of this thesis.

22



2 THIS STUDY

21 Aims
The main and overall aim of this thesis was to develop surfactant protein analogues that
combined with simple phospholipid mixtures can be used to treat neonatal RDS and ARDS in

animal models, with at least the same efficiency as natural derived surfactant preparations.
The four individual projects of this thesis were based on the following more specific aims:

e to design SP-B analogues with different intramolecular disulfide patterns and study the
effects of mixtures of each of these analogues with an SP-C analogue and phospholipids

in a rabbit fetus model of neonatal RDS (Paper I).

e to optimize the purification process of recombinant SP-C33Leu, mix the purified
peptide with synthetic phospholipids to obtain a cost-efficient synthetic pulmonary
surfactant (rSP-C33-surfactant) (Paper II), and to evaluate it in animal models of

neonatal RDS (Paper II) and ARDS (Paper I1I).

e to design, produce, purify and analyse novel analogues that potentially combine the
properties of SP-B and SP-C in one polypeptide chain and to investigate if mixtures of
these Combo peptides with phospholipids are functional in a rabbit model of neonatal

RDS, even in the absence of lung-stabilising ventilation with PEEP (Paper IV).
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2.2 Methods

This section is a summary of the salient features of the more unconventional methods used in
papers I-IV. For a more complete description see the material and methods sections of the

respective papers.

Modified N-terminal domain (NT) from spidroins as solubility tag for recombinant

protein production

The target proteins produced recombinantly in papers I, III and IV have been expressed as
fusion proteins using solubility tags to enhance their solubility and avoid aggregation during
expression. The solubility tags used were NT* (also called NT*wmasp) in papers II and IIT and
FISpNT* (also called NT*risp) in paper IV. These tags are based on the N-terminal domain
(NT) of two different spider silk proteins (spidroins) developed by our group, from the idea
that NT works as a solubility enhancer that keeps the aggregation-prone spidroins in solution
during storage in the silk gland (172, 177). During spider silk formation NT dimerizes (78,
179) and in order to avoid dimerization NT* in which Asp40 was substituted with Lys and
Lys65 with Asp was developed (172, 180, 181). In addition to being a constitutive monomer,
NT* is very stable and hypersoluble, and can successfully be used to produce recombinant,

active SP-C33Leu (rSP-C33Leu) in E. coli (172).

Alkaline hydrolysis and two-phase separation

For purification of peptides, the bacterial lysates obtained after recombinant production in
paper IV, were subjected to alkaline hydrolysis using 0.2 M KOH at 40°C for 60 min. The ester
bonds in the lipids (see Scheme 1) are cleaved forming above all free fatty acids, glycerol, and
phosphoric acid. Following the hydrolysis, a two-phase separation was performed using
chloroform/methanol/water 8:4:3 (by volume). The lower phase was washed by removing the
upper phase and adding more methanol/water 1:1 to create a new upper phase. The upper phase

contained most of the hydrolyzed lipids while the peptide stayed in the lower organic phase.
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Lipidex-5000 chromatography

Reverse phase Lipidex-5000 liquid chromatography was used in papers II, III and IV in order
to separate the target peptides from remaining lipids. Samples resuspended in
methanol:dichloroethane:water, 85:10:5 (by volume) in papers II and III and in
methanol/ethylene chloride/0.1 M HCI, 85:10:5 (by volume) in paper IV were applied to a first
Lipidex-5000 column. The first column volume was collected, dried, resuspended in the same
solvent and subjected to separation with higher resolution using a longer Lipidex-5000 column
than the first one. The fractions containing the target peptide were selected from the appearance
of Coomassie stained bands after SDS-PAGE. In the reverse phase Lipidex-5000 column the
polypeptides are expected to elute early followed by the phospholipids and finally by neutral
lipids. The use of an acidic mobile phase in paper IV was intended to acidify the peptide and

therefore reduce the risk of aggregation.

Sephadex LH 60 chromatography

In paper IV, the components obtained after the Lipidex-5000 chromatography gave rise to two
bands in the same fractions, observed by SDS-PAGE, that were possible to separate in the
Sephadex LH 60 column. Sephadex LH 60 is a size exclusion lipophilic column that can be
used to separate lipophilic molecules in organic solvents, for example, lipids and small peptides
(51). The sample (that contained two bands) obtained from the second column of Lipidex-5000
in the purification of Combo peptide 6 in paper IV was dried, resuspended in
chloroform/methanol/0.1 HCI, 19:19:2 (by volume) and applied to a Sephadex LH 60 column.
Combo peptide 6 was identified as the upper band on SDS-PAGE and eluting first on Sephadex
LH 60 chromatography, by using N-terminal sequence analysis by Edman degradation.

Synthetic surfactant mixtures

Different percentages (0.75-8%, by weight) of the peptides obtained after chemical synthesis
in papers I and I'V and recombinant expression and purification in papers II, III and IV were
mixed with phospholipids to create different synthetic surfactants. We used two different
phospholipid compositions: DPPC/egg yolk-PC/POPG, 50:40:10 (by weight) that has been
shown to be effective in previous studies (/43) and DPPC/POPG, 50:50 (by weight) that is
used in the synthetic surfactant CHF5633 (/73). Dried phospholipids and dried peptides were
resuspended in chloroform/methanol, 2:1 (by volume) and mixed. After drying the samples
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carefully under reduced pressure, they were resuspended in physiological saline (154 mM NaCl
in water) to 80 mg/ml of phospholipids.

RDS rabbit model

The RDS premature rabbit fetus model essentially as introduced by Enhorning and Robertson
(8) was used in papers I, IT and I'V. This model was used to test the mechanical properties of
the lungs of premature rabbit fetuses with RDS after tracheal instillation of different pulmonary
surfactant preparations (Figure 7). The animals were ventilated after the instillation of
surfactant, with the help of a ventilator using high pressures, which creates tidal volumes that
are much higher than the physiological values. This is a good screening model to evaluate the
in vivo activity of exogenously delivered surfactant. Animals that are not instilled with any
surfactant mixture are used as negative controls and should have very low tidal volumes and
thus low lung compliance, to verify the immaturity of the litter. The lung gas volumes are a
quantification of the residual gas inside the lungs after the end of mechanical ventilation, and
are measured using a water displacement technique (/82). The studies to test the surfactant
preparations containing phospholipids only or phospholipids and the SP-C analogue rSP-
C33Leu (i.e. no SP-B analogue present) were performed with PEEP (papers II and III), while
the studies that were aimed to test surfactants containing phospholipids and two peptide
analogues (paper I) or one analogue that is designed to combine the properties of both SP-C
and SP-B (paper IV) were performed without PEEP. Even though the use of PEEP is extensive
in the clinics to improve oxygenation and prevent alveolar collapse, the absence of PEEP can
better asses the performance of a pulmonary surfactant. Previous studies have shown that a
synthetic pulmonary surfactant containing all three essential elements (phospholipids, SP-B or
SP-B variant and SP-C or SP-C variant) is able to achieve results similar to natural derived
surfactants in the RDS rabbit model without PEEP (56, 57, 143), while the same surfactant
lacking the SP-B or the SP-C element needs PEEP to achieve similar results (172, 183).
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Figure 7. Timeline of the RDS animal experiments. The animals were tracheotomized and
treatment was administrated before placing the animals in the ventilator. The animals were
ventilated during 30 min with air at different pressures followed by 5 min of ventilation with
N> at 25 cmH>O0. The animals were sacrificed and the lungs were excised to measure the lung

gas volumes.

ARDS rabbit model

An adult rabbit model of ARDS was developed in paper III. This animal model includes mild
lung lavages that do not remove endogenous surfactant completely and induces an ARDS like
state via ventilator induced lung injury (VILI), i.e. injurious ventilation that causes epithelial

damage via high tidal volumes and low PEEP.

This model was used to test the ability of a synthetic surfactant based on only rSP-C33Leu to
restore lung function and reduce inflammation after ARDS induction, and after treatment the

animals were ventilated with physiological tidal volumes and PEEP.

Rabbit as model for RDS and ARDS

There is no perfect animal model that can be used to completely simulate a human lung
disorder. However, there are some models that are better than others. Rabbits have been shown
to be good candidates to simulate RDS and ARDS. The rabbit is phylogenetically closer to
humans than mice or guinea pigs and cheaper than pigs and monkeys, and their relatively big
size allows the study of lung mechanics even in premature fetuses. Anatomically the lungs of
rabbits and humans are similar, with trachea, bronchi, bronchioles and alveoli but important

differences are present. For example: the rabbit does not possess respiratory bronchioles, the

27



human lung is more vascularized than the rabbit lung, with seven capillaries per mm compared
to five in rabbits, the human airway branching has less number of generations compared to the
rabbit branching, and the two new airways generated in every branching have almost the same

diameter in humans, but different diameters in rabbits (/84).
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3 RESULTS AND DISCUSSION

The development of synthetic surfactant preparations for the treatment of RDS has been
ongoing for about 30-40 years. The research has evolved from the first synthetic surfactants
that only contained phospholipids to mixtures of phospholipids with one or two surfactant
protein analogues. In spite of all this effort, the development of synthetic surfactants is still a
challenge. The native pulmonary surfactant is hard to replicate and produce because first, the
lipid composition is very complex with multiple and diverse lipid species and second, the two
hydrophobic lung surfactant proteins SP-B and SP-C are particularly hard to reproduce. During
the last 30 years the main focus has been on the development and production of SP-B and SP-

C analogues.

In paper I, we investigated the possibility to develop an SP-B analogue that lacks cysteines and
therefore can not form disulfide bridges, for the reason that such analogues will likely be more
straightforward to synthesize since inadvertent intermolecular disulfide pairings and need for
Cys side-chain blocking groups are avoided. We evaluated in vivo the importance of the two
disulfide bridges in an SP-B analogue called Mini-B27. Different versions of Mini-B27 with
two, one or no intramolecular disulfide bridges (Figure 8) were mixed with the SP-C analogue
SP-C33Leu and phospholipids, to form synthetic surfactants that were investigated in a
premature rabbit fetus model of RDS. Curosurf® was used as positive control and untreated

fetuses were used as an indication of immature animals that fulfill the criteria for RDS.

Mini-B27 was designed with the idea of creating an analogue similar to Mini-B, that was
already proven to have good in vivo activity (56, 150), but containing a shorter and therefore
probably more stable loop connecting the two a-helices. The stable turn could potentially
maintain the hairpin structure of Mini-B27 even in the absence of the covalent disulfide bonds
connecting the cysteine residues of each helix in Mini-B. The development of an active SP-B
analogue without cysteines would be of interest because of the possibility to scale up its

production in a cost-efficient manner.
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Mini-B27 Mini-B27w

Figure 8: Schematic representations of the four SP-B analogues and their different half-
cystine content used in paper 1. SP-B analogues containing two (Mini-B27), one inner or outer
(Mini-B27i and Mini-B270), or no (Mini-B27w) intramolecular disulfide bridge(s) were
studied.

Synthetic surfactant containing Mini-B27 with two intramolecular disulfide bridges was shown
to give lung gas volumes similar to Curosurf® indicating a good ability to reduce alveolar
surface tension and prevent alveolar collapse at the end of expiration. The synthetic surfactants
containing Mini-B27 versions with one or no intramolecular disulfide bridges all showed an
inferior ability to avoid alveolar collapse at the end of expiration (Figure 9). The results of
paper I indicate that the presence of at least two disulfide bridges in Mini-B27 are important to

create high lung gas volumes and avoid alveolar collapse at the end of expiration.
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Figure 9. Lung gas volumes of the animals treated with pulmonary surfactants that included
Mini-B27 analogues containing different disulfide patterns. Curosurf® was used as positive
control and the untreated controls (no treatment) were used to confirm lack of sufficient
endogenous surfactant in the animals. The synthetic surfactants contained phospholipids, 2%
SP-C33Leu and 2% of Mini-B27, Mini-B27w, Mini-B27i, or Mini-B270. The histograms and
the error bars indicate the median values and the interquartile range, respectively. *** p <
0.001 against both Curosurf® and Mini-B27. Data from paper 1. See Figure 8 for primary

structures of the Mini-B27 analogues.

Another study, published a few months before paper I, developed an SP-B analogue based on
Super Mini-B, called B-YL, where the cysteines were substituted by tyrosines suggesting that
the hairpin structure could be maintained by aromatic interactions between the tyrosines (/53).
The in vitro and in vivo results shown by Walther et al. (/53) differ from those in paper I in the
sense that B-YL is as active as Curosurf®, suggesting that the design of an active SP-B analogue
lacking cysteines is indeed possible. There are many differences between the studies in paper
I and Walther et al. (/53), for example peptide design (Mini-B vs Super Mini-B), surfactant

lipid composition and animal model, that could contribute to the different results obtained.

In paper II, we optimized the purification method of the recombinant SP-C analogue, rSP-
C33Leu by including a chromatography step that removes lipid contaminants. The non-
chromatographic purification of rSP-C33Leu previously described by Krongvist et al. (/72)
efficiently isolated rSP-C33Leu from protein impurities, and by adding a two-step Lipidex-
5000 chromatography we further removed non-protein contaminants that correspond to about
90% of the weight of the initially purified sample. The pure peptide was mixed with
phospholipids (DPPC:egg yolk-PC:POPG in 50:40:10) to produce a surfactant that was then
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tested in a premature rabbit fetus model of RDS (paper II) and in an adult rabbit model of
ARDS (paper III).

In the rabbit model for neonatal RDS, the porcine derived surfactant Curosurf® was used as
positive control, untreated fetuses were used to verify immaturity and presence of an RDS like
state (very low lung compliance and low lung gas volumes at the end of the ventilation period).
A mixture of only phospholipids (DPPC:egg yolk-PC:POPG in 50:40:10) was used to verify
the importance of the presence of rSP-C33Leu. The premature rabbits treated with the
surfactant containing 2% of rSP-C33Leu showed tidal volumes and lung gas volumes lower
than the animals treated with Curosurf® but higher than the ones treated with only
phospholipids (Figure 10). These results indicate that the synthetic surfactant containing rSP-

C33Leu is able to improve the lung mechanics compared to a mixture of only phospholipids.

30 - *kkk

—_ B rSP-C33Leu surfactant, n=34
1 T Bl Phospholipids, n=18
[ Curosurf, n=34
1 no treatment, n=35

10+

Lung gas volumes (ml/kg)

=t

O

Figure 10: Lung gas volumes after treatment of a premature rabbit model of RDS with rSP-
C33Leu surfactant and controls. Lung gas volumes calculated after ventilation with PEEP of
untreated animals (no treatment), or animals treated with the synthetic surfactants containing
phospholipids and rSP-C33Leu (rSP-C33Leu surfactant) or only phospholipids
(Phospholipids), or the porcine derived surfactant Curosurf®. The histograms and the error
bars indicate the median values and the interquartile range respectively. *** = p <(0.001 and

**%% = p <0.0001. Data from paper II.

It is important to mention that the animal experiments described in paper II were performed
using PEEP, which is required for optimal effect of surfactants that express only the properties
of one surfactant protein and is commonly used in clinical treatment of RDS and ARDS
patients. A synthetic surfactant created with phospholipids and 2% of the SP-C analogue SP-
C33, which is structurally similar to SP-C33Leu (Table 5), was shown to give similar lung gas
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volumes (median >10ml/kg) and tidal volumes as our rSP-C33Leu surfactant in the same RDS
animal model when PEEP was applied (/83). However, when PEEP was not applied the
mixture of phospholipids and 2% SP-C33 showed significantly lower lung gas volumes
(median <5 ml/kg) (56, 57). Also when SP-B or an analogue thereof was added to the mixture
the lung gas volumes in the absence of PEEP were similar to the ones now obtained with our

rSP-C33Leu surfactant in the presence of PEEP (median >10ml/kg) (56, 57, 143).

Even though an optimal effect of a synthetic surfactant is obtained only when compounds with
properties of both SP-B and SP-C are present, rSP-C33Leu surfactant can be clinically relevant
since it can achieve high lung gas volumes when PEEP is applied, and the possibility of
producing SP-C33Leu recombinantly makes the surfactant production possible to scale up, for
example to enable treatment of ARDS patients, as investigated in another rabbit model in paper

I1I.

In paper 111, synthetic pulmonary surfactant containing rSP-C33Leu was used in adult rabbits
that were subjected to repeated bronchoalveolar lavages (BAL) followed by injurious
ventilation in order to reduce oxygenation and induce an ARDS like state. Treatment with
Curosurf® was used as a positive control and treatment with air as negative control. In this
study we showed that the surfactant containing rSPC33Leu was able to increase oxygenation
levels and reduce inflammation and edema in a similar manner as Curosurf®. Previous studies
also investigated the use of synthetic surfactants in the treatment of ARDS showing an increase
in oxygenation and dynamic compliance in lung-lavaged, surfactant deficient rats (/4/) and

rabbits (140).

ARDS is characterized by capillary endothelium and alveolar epithelium damage, which leads
to reduced alveolar surfactant activity and oxygenation, and creates an inflammatory state that
leads to respiratory failure (/85). In spite of that extensive research efforts have gone into
evaluation of exogenous surfactant therapy to treat ARDS, clinical studies and meta-analysis
thereof have failed to show improvement of mortality (/86). However, we suggest that the
activity of rSP-C33Leu surfactant observed in paper I1I, in combination with the possibility
that its production could be scaled up, motivate further attempts to modify it so that resistance
to inactivation by plasma components is increased. One possible way forward could be to
screen for compounds that increase resistance to inactivation using in vitro surface activity
measurements, and then study the most promising ones in the adult rabbit model of ARDS
introduced in paper III. However, the results obtained in paper IV probably motivates to rather
begin screening efforts for inhibitors of surfactant inactivation from an optimized Combo

peptide-based surfactant. The results in paper IV showed that surfactants containing Combo
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peptides are equal to natural derived surfactant also in the absence of PEEP, which is not the

case for rSP-C33Leu surfactant.

In paper IV, we designed six different pulmonary surfactant protein analogues, called Combo
peptides, based on the idea to combine properties of both SP-B and SP-C in one polypeptide
chain. The Combo peptides were produced either by organic synthesis (Combo peptide 1) or
by recombinant production (Combo peptides 2-6), and mixtures of each Combo peptide with
phospholipids were tested in the rabbit model of neonatal RDS without PEEP. The architecture
is similar for all Combo peptides; an N-terminal SP-B analogue part, followed by a linker and
the SP-C analogue SP-C33Leu (Table 6). The sequence of the SP-B analogue and/or linker
segment varied in the respective Combo peptides. The SP-B analogue in Combo peptide 1 was
based on the first helix of Mini-BLeu, the sequence of Combo peptide 2 is based on Super
Mini-B, and the sequences of Combo peptides 3-6 are based on full length Mini-BLeu.
However, further modifications were introduced; in the Combo peptides all or half of the
cysteines present in Mini-BLeu and Super Mini-B have been mutated to leucines to increase
hydrophobicity, reduce complexity and avoid the formation of unwanted disulfide bridges.
Combo peptides 1 and 3-5 do not contain any cysteine, while Combo peptides 3 and 6 contain
2 cysteines. Also, in Combo peptide 2 the methionines were mutated to leucines to avoid
unintentional oxidation. The SP-B analogues present in Combo peptides 3 and 4 are similar to
those in 6 and 5 respectively, however in Combo peptides 6 and 5 all the lysines have been
substituted by arginines to avoid possible inadvertent acylation of the Lys side-chain amino
group (/87). Two linker versions were used, a short (GSG) in Combo peptides 1, 3-6 and a
long (GSGSGSGS) in Combo peptide 2. The sequence of the SP-C analogue is constant in all
Combo peptides and corresponds to SP-C33Leu that was studied in papers II and III with the
exception of Combo peptides 5 and 6 where the lysines in SP-C33Leu were substituted by
arginines (Table 6).
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Table 6. Amino acid sequences of the Combo peptides studied in paper IV. The SP-B
analogue parts are colored in light blue, the linkers in green and the SP-C analogue parts in
dark blue. The amino acid residues are shown by their one letter code. The lysines mutated to

arginines in Combo peptides 5 and 6 and the cysteines are marked in red.

Linker SP-C33Leu
Combo peptide 1 GSG- - - - - | PSSPVHLKRLKLLLLLLLLI LLLI LGALLLGL
Combo peptide 2 GSGSGSGS| PSSPVHLKRLKLLLLLLLLI LLLI LGALLLGL
Combo peptide 3 C C GSG- - - - - | PSSPVHLKRLKLLLLLLLLI LLLI LGALLLGL
Combo peptide 4 GSG- - - - - | PSSPVHLKRLKLLLLLLLLI LLLI LGALLLGL
Combo peptide 5 R R GSG- - - - - | PSSPVHLRRLRLLLLLLLLI LLLI LGALLLGL
Combo peptide 6 C R R C GSG- - - - - | PSSPVHLRRLRLLLLLLLLI LLLI LGALLLGL

The Combo peptides were designed with the idea of creating a synthetic pulmonary surfactant
that contains only one protein component and a simple phospholipid mixture, and still is as
efficient against RDS as animal derived surfactants like Curosurf®. The presence of only one
protein component is beneficial from a regulatory point of view and could potentially reduce
the cost of production of the pulmonary surfactant, allowing to expand its possible use to other

lung diseases.

The Combo peptide 1 was made by chemical synthesis and Combo peptides 2-6 were produced
and purified recombinantly. The purification procedure for Combo peptides 2-6 was based on
the purification described for rSP-C33Leu in paper II, with some modifications. Hydrolysis
and two-phase separation were introduced to hydrolyze phospholipids and isolate the target
peptide from released fatty acids, glycerol, alcohols and phosphate groups. Also, the addition
of Sephadex LH 60 chromatography enabled us to separate the peptide from unknown
contaminant(s), which migrated as a lower band on SDS-PAGE and stained with Coomassie

Brilliant Blue dye.

Each Combo peptide was mixed with phospholipids and the surfactants obtained were used in
the premature rabbit model for RDS described above. Curosurf® was used as positive control

and the mixture of phospholipid only was used as negative control. Also, animals that did not
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receive any treatment were used as controls to confirm the lack of endogenous surfactant and
RDS like state of each litter. The results showed that pulmonary surfactants containing 3%
(w/w) of Combo peptide analogues achieve high lung gas volumes and high tidal volumes in
the absence of PEEP (Figure 11). The absence of PEEP is a more demanding model and is thus
an informative way of assessing the activity of the surfactant in our RDS rabbit model. It is
also interesting to mention that in contrast to the results obtained in paper I, pulmonary
surfactants containing Combo peptides 2 and 4 that lack cysteines are able to produce lung gas

volumes and tidal volumes very similar to Curosurf®.
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Figure 11. Lung gas volumes of animals after instillation of pulmonary surfactants
containing 3% Combo peptide 2-6 and ventilation without PEEP. Curosurf was used as
positive control and the untreated controls were used to detect lack of sufficient endogenous
surfactant in the animals. The histograms and the error bars show the median and the

interquartiles, respectively. **** = p <(0.0001. Data from paper IV.

Native mammalian pulmonary surfactant contains about 2% by dry weight of each
hydrophobic surfactant protein (2% of SP-B and 2% of SP-C) which corresponds to about 1
molecule of dimerized SP-B to 4 molecules of SP-C. Natural derived surfactant preparations
usually contain about 1% or less by dry weight of each surfactant protein (~0.5-1.1%), for
example Curosurf® contains about 0.6% SP-B and 0.7% SP-C which corresponds to about 1
molecule of dimerized SP-B to 5 molecules of SP-C. The synthetic surfactant in clinical trials
CHF5633 contains 0.2% of the SP-B analogue Mini-BLeu and 1.5% of the SP-C analogue SP-
C33Leu, which in this case corresponds to about 1 molecule of Mini-BLeu per 7 molecules of

SP-C33Leu. The synthetic production of SP-C33Leu and especially Mini-BLeu are
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complicated and thus expensive, which probably affects the amount of protein analogues in
CHF5633. The surfactants containing Combo peptides, per design, contain 1 SP-B analogue
domain per 1 SP-C analogue domain, and a 3% Combo peptide surfactant that showed similar
activity to Curosurf® contains about 1.5% by dry weight of each surfactant protein analogue
domain. The protein quantity in the synthetic surfactants containing Combo peptides are thus

comparable to native pulmonary surfactant.

There are not yet any structural data for the Combo peptides, but we hypothesize that the SP-
B analogue domain and the SP-C analogue domain can interact independently with the
phospholipids of surfactant. The Combo peptides could thus tentatively bind to different
phospholipid (bi)layers (Figure 12), allowing membrane fusion, rapid transport between

membranes and membrane stabilization during exhalation.

Figure 12. Hypothetical model of a Combo peptide interacting with phospholipids of
pulmonary surfactant. The SP-B analogue domain is represented by the Mini-B structure in
light blue (pdb: 2DWF) the linker is shown as a green line and the SP-C analogue domain is
illustrated by the SP-C33Leu structure in dark blue (pdb: SNDA). Adapted from paper IV.
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Combo peptides and the possibility to produce them recombinantly is a potential breakthrough
in the development of synthetic pulmonary surfactants. The production of recombinant SP-C
analogues has already been reported, but the production of recombinant SP-B analogues has to
our knowledge never been published, and in our hands recombinant expression of Mini-B using
the NT* tag was unsuccessful (unpublished observations). The Combo peptides thus offer the

first recombinant expression of a protein containing an SP-B analogue domain.
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4 CONCLUSIONS

e A pulmonary surfactant containing 2% Mini-B27, 2% SP-C33Leu and phospholipids
can achieve high lung gas volumes in a premature rabbit model of RDS, provided that

the Mini-B27 peptide contains at least two intramolecular disulfide bridges.

e The purification of recombinant SP-C33Leu can be improved by adding a two step
Lipidex-5000 chromatography that removes lipid contaminants.

e A pulmonary surfactant containing phospholipids and 2% of recombinant SP-C33Leu
gives high lung gas volumes and tidal volumes in a premature rabbit model of RDS, as
well as increased oxygenation and reduced inflammation and oedema in an adult rabbit

model of ARDS.

e The production of recombinant Combo peptide analogues that harness properties of

both SP-B and SP-C in one polypeptide chain is possible.

e Mixtures of 3% Combo peptide analogues with phospholipids give high tidal volumes
and high lung gas volumes in a premature rabbit model of RDS in the absence of PEEP,
which is comparable to the results obtained with a natural derived surfactant preparation
and superior to those obtained by synthetic surfactant based on single surfactant peptide

analogues.
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5 FUTURE PRESPRECTIVES

Despite the increasing knowledge on surfactant protein structure and function as well as the
advances in development of hydrophobic surfactant protein analogues, there are still important
questions that need to be resolved in order to enable rational design of synthetic surfactant.
First, the specific activities and mechanisms of action of SP-B and SP-C are still not well
understood, nor are their molecular interactions with surfactant phospholipids. Second, the 3D
structure of native SP-B has not been resolved and there are severe limitations to the proposed
structural models, mainly because SP-B differs in many ways from the proteins on which it has
been modelled and only low-resolution structural data on SP-B is available. Third, the optimal
phospholipid mixture that should be the base for synthetic surfactants is unknown. Fourth, an
SP-B analogue that can be cost-efficiently produced and that lacks disulfide bonds to avoid
intermolecular disulfides and complicated synthesis is not available. These are important
research questions to tackle in the near future, not only to enable replacement of natural derived
surfactant preparations for treatment of neonatal RDS, but also because the development of a
cost-efficient synthetic surfactant could realize the since long held possibility to develop a
surfactant for therapy of also other diseases such as ARDS, where high amounts of surfactant
that is resistant to inactivation is needed, or lung infections where surfactant could be used as

a carrier for drugs into the airways.

We believe that the work presented in this thesis brings us a bit closer to achieving some of
these important goals. Even though there is still a lot of research to be done to optimize the
preparations and understand the molecular behavior of the peptide analogues, the synthetic
surfactants containing Combo peptides could potentially be used for both RDS and ARDS. The
fact that these preparations contain only one peptide and that this peptide can be produced
recombinantly could optimize the production yield and cost, resulting in a viable large-scale
production. In addition, this synthetic surfactant could be modified by adding molecules that
could increase the resistance to inactivation, such as SP-A and SP-D or, more likely, synthetic
analogues thereof. Synthetic surfactant containing Combo peptides could also be used as a drug
carrier by mixing it with for example antibiotics or antimicrobial peptides to treat lung
infections. The drugs could thus be efficiently transported to the alveoli using the excellent
spreading and adsorption properties of pulmonary surfactant, avoiding systemic effects and
potentially reducing the amount of drug administrated. Therefore, we speculate that surfactants

containing Combo peptides could be used to treat RDS and other lung diseases.

40



6 ACKNOWLEDGEMENTS

My PhD has been a process full of intense experiences and a lot of learning. I would like to
thank everyone that supported me and contribute positively to my life during the years of my
PhD.

First of all, I would like to thank my official supervisors, Janne and Anna and my supervisor
in the shadows, Tore. You have all been very important in this process and I am very grateful
to be part of your research groups. Thank you very much Janne for the trust you placed in me,
for all your advice, for your enthusiasm and for your positive attitude even in the not so glorious
times. You have been the best mentor and I have learned a lot from you. I really admire your
devotion to research, your ability to stay calm during storms and your undoubted availability
to answer emails and calls any time. I am very glad you guided my steps in this process and
helped me to move forward. I am very grateful for all your clever ideas and all your efforts that
have made this thesis a reality. Thanks, Anna, for all your important feedback, clever questions
and mentoring along this process. I admire your passion and enthusiasm for research and your
ambition in life, and I am grateful for your advice and motivation and for all the work you put
into helping me along. Thanks a lot Tore for your so many lessons and your kindness. Thank
you for sharing with me a bit of your deep knowledge in pulmonary surfactant and also in many
other aspects of life. I am very grateful I had the luxury of learning from you. I am thankful
you listened to my simple questions and misguided suggestions and always answer with the
kindest words. I admire the positive attitude you always bring to the lab and your willingness

to see the positive lessons that come from every negative result. You are an inspiration.

I would like to express my gratitude to two very important people, Kerstin and Marie. Kerstin,
thank you for showing me around in the lab during my first days and for guiding me with the
everyday lab techniques. You are the soul of the lab and the most wanted person around (almost
every day when you go for lunch there is someone asking for you). I am very grateful that even
though you do a lot for everyone and you are very busy, you have always made yourself
available to answer my questions and help me with all kind of technical and practical issues. |
am also very happy that you stuck around until the end of my PhD. The lab will not be the same
without you. I wish you the best in your new life. Marie, working with you has been a great
pleasure. I love the friendship we have. I always learn a lot from you, and you give the best life

advice. Thank you for teaching me frequently how to solve new problems with the ventilator

41



© (Tore, Tore!). I am very grateful for our talks, for your sweetness and for all the “sorrys”

and “thank yous”. (Sorry! Sorry! Thank you! Thank you!) ©.

I would also like to thank all my colleagues in the lab. During these years I could not have
asked for a better group of fellows, full of nice helping hands and helping brains. It has been a
pleasure to discuss science and also to share some playful not so scientific moments with you.
Médoune, my defense-preparation buddy, thank you for always being willing to help and for
all the dancing, singing and pet memories together. Tina, thank you for your kindness, laughs
and all our puppy talks. Axel L., I am grateful for your tips and help (specially taking flasks to
autoclave ©). Lorena, gracias por tu vitalidad, tu fuerza y todas nuestras conversaciones.
Gefei, thank you for all the tips and discussions in the lab and for all our lunches. Simone,
thank you for your life tips and the laughs and good times in and out of the lab. Nina, thank
you for all you help in the lab and the insightful scientific discussions. Jakub, thank you for
the hundreds of Petri dishes we plated together, for the dancing and singing and for all the
laughs. Pavol, thank you for the helpful tips and the fun times together. Guido, thank you for
all your guidance in the lab and for the tips and interesting discussions. Michael, thank you for
all your help with the MS experiments. Henrik, thank you for helping me out with your unique
advice in the lab. Axel A., thank you for your dedication and nice conversations. Shaffi,
Juanita, Helen, Olga, Urmi, Sameer, Rakesh, Hoda, Nathalie, thank you for all the shared

moments in the lab.

I also want to express my gratitude to Raul, Julen, Daniel, Emilia, Chenhong, Maria, Nuno,
Mona Lisa, Amit, Laetitia, Joana, Giacomo, Tingting, Susana, Gorka... the NVS crew,

for all the nice conversations, laughs and fun times.

Thanks to the best administrators Eva and Maria. Eva, thank you for helping me from the day
one with all the paperwork and for all the extra help that you are always willing to offer. Maria,
thank you for helping me with the last stretch of this process, booking all the rooms with the

best of the smiles and tons of kindness.

I am also grateful to all working at NVS for all the friendly smiles and occasional greetings

that made the workplace even better.

I would also like to thank all co-authors and collaborators for your input, feedback, scientific

discussions and kind words.

During my PhD I also enrolled in a couple of student organizations and would like to thank all

the people from ESN Stockholm and ESN Sweden for your friendship and all the good times

42



together. Thank you, Giulia, Mert and Jeroen for all the moments of joy we spent together

and specially for the occasional beers full of fun memories.

Gracias a Kike, Cris, Jon, Vir, Arki, Sagar, Sergio, Maite, Andoni y Giulia por todos los
momentos vividos en la UPV y sobre todo porque a pesar de los afios y la distancia seguimos
buscando el momento de reunirnos de vez en cuando para recordar viejos tiempos y crear

nuevos recuerdos. Gracias por todas nuestras aventuras.

Gracias a Miren, Lidia y Saioa porque no hay mar ni tierra que nos separe. Muchas gracias

por todos vuestros consejos, risas y lagrimas.

Por ultimo, muchas gracias a mi familia. Gracias a mi Mama Maricarmen y a mi hermano
Ibai por las largas conversaciones, por aguantar mis enfados y por el apoyo incondicional.
Thank you to Joakim for all the support, all the kind words and for making my days always a
bit brighter. Thank you to Serine, Lysine and Nani for spending hours lying next to me during

the long working days and for putting a smile in my face every time I see you.

“When you are studying any matter, or considering any philosophy, ask yourself only what are
the facts and what is the truth that the facts bear out. Never let yourself be diverted, either by
what you wish to believe, or by what you think would have beneficent social effects if it were
believed. [...] Love is wise, hatred is foolish. In this world, which is getting more and more
closely interconnected, we have to learn to tolerate each other, we have to learn to put up with
the fact that some people say things that we don’t like. We can only live together in that way—
and if we are to live together and not die together—we must learn a kind of charity and a kind

of tolerance, which is absolutely vital to the continuation of human life on this planet.”

Bertrand Russell (1872 - 1970)

43



7 REFERENCES

10.

11.

12.

13.

14.

15.

44

WEIBEL, E. R., Morphometry of the human lung: the state of the art after two decades.
Bull Eur Physiopathol Respir 15, 999-1013 (1979).

HALLIDAY, H. L., Surfactants: past, present and future. J Perinatol 28 Suppl 1, S47-56
(2008).

PATTLE, R. E., Properties, function and origin of the alveolar lining layer. Nature 175,
1125-1126 (1955).

CLEMENTS, J. A., Surface tension of lung extracts. Proc Soc Exp Biol Med 95, 170-
172 (1957).

AVERY, M. E. AND MEAD, J., Surface properties in relation to atelectasis and hyaline
membrane disease. AMA J Dis Child 97, 517-523 (1959).

CHU, J., CLEMENTS, J. A., COTTON, E. K., KLAUS, M. H., SWEET, A. Y., TOOLEY, W.
H., BRADLEY, B. L. AND BRANDORFF, L. C., Neonatal pulmonary ischemia. I. Clinical
and physiological studies. Pediatrics 40, Suppl:709-782 (1967).

KING, R. J. AND CLEMENTS, J. A., Surface active materials from dog lung. II.
Composition and physiological correlations. Am J Physiol 223, 715-726 (1972).

ENHORNING, G. AND ROBERTSON, B., Lung expansion in the premature rabbit fetus
after tracheal deposition of surfactant. Pediatrics 50, 58-66 (1972).

FUJIWARA, T., MAETA, H., CHIDA, S., MORITA, T., WATABE, Y. AND ABE, T., Artificial
surfactant therapy in hyaline-membrane disease. Lancet 1, 55-59 (1980).

CURSTEDT, T., HALLIDAY, H. L. AND SPEER, C. P., A unique story in neonatal
research: the development of a porcine surfactant. Neonatology 107, 321-329 (2015).

NOACK, G., BERGGREN, P., CURSTEDT, T., GROSSMANN, G., HERIN, P., MORTENSSON,
W., NILSSON, R. AND ROBERTSON, B., Severe neonatal respiratory distress syndrome
treated with the isolated phospholipid fraction of natural surfactant. Acta Paediatr
Scand 76, 697-705 (1987).

COLLABORATIVE EUROPEAN MULTICENTER STUDY GROUP, Surfactant replacement

therapy for severe neonatal respiratory distress syndrome: an international
randomized clinical trial. Pediatrics 82, 683-691 (1988).

GITLIN, J. D., SOLL, R. F., PARAD, R. B., HORBAR, J. D., FELDMAN, H. A., LUCEY, J. F.
AND TAEUSCH, H. W., Randomized controlled trial of exogenous surfactant for the
treatment of hyaline membrane disease. Pediatrics 79, 31-37 (1987).

RAJU, T.N., VIDYASAGAR, D., BHAT, R., SOBEL, D., MCCULLOCH, K. M., ANDERSON,
M., MAETA, H., LEVY, P. S. AND FURNER, S., Double-blind controlled trial of single-

dose treatment with bovine surfactant in severe hyaline membrane disease. Lancet 1,
651-656 (1987).

FUNWARA, T., KONISHI, M., CHIDA, S., OKUYAMA, K., OGAWA, Y., TAKEUCHL, Y .,
NISHIDA, H., KiTO, H., FUIIMURA, M., NAKAMURA, H. AND ET AL., Surfactant
replacement therapy with a single postventilatory dose of a reconstituted bovine



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

surfactant in preterm neonates with respiratory distress syndrome: final analysis of a
multicenter, double-blind, randomized trial and comparison with similar trials. The
Surfactant-TA Study Group. Pediatrics 86, 753-764 (1990).

HORBAR, J. D., SOLL, R. F., SUTHERLAND, J. M., KOTAGAL, U., PHILIP, A. G.,
KESSLER, D. L., LITTLE, G. A., EDWARDS, W. H., VIDYASAGAR, D., RAJU, T. N. AND
ET AL., A multicenter randomized, placebo-controlled trial of surfactant therapy for
respiratory distress syndrome. N Engl J Med 320, 959-965 (1989).

LIECHTY, E. A., DONOVAN, E., PUROHIT, D., GILHOOLY, J., FELDMAN, B., NOGUCHI,
A.,DENSON, S. E., SEHGAL, S. S., GROSS, 1., STEVENS, D. AND ET AL., Reduction of
neonatal mortality after multiple doses of bovine surfactant in low birth weight
neonates with respiratory distress syndrome. Pediatrics 88, 19-28 (1991).

LONG, W., CORBET, A., COTTON, R., COURTNEY, S., MCGUINESS, G., WALTER, D.,
WATTS, J., SMYTH, J., BARD, H. AND CHERNICK, V., A controlled trial of synthetic
surfactant in infants weighing 1250 g or more with respiratory distress syndrome. The
American Exosurf Neonatal Study Group I, and the Canadian Exosurf Neonatal Study
Group. N Engl J Med 325, 1696-1703 (1991).

KENDIG, J. W., NOTTER, R. H., CoX, C., REUBENS, L. J., DAVIS, J. M., MANISCALCO,
W. M., SINKIN, R. A., BARTOLETTI, A., DWECK, H. S., HORGAN, M. J. ANDET AL., A
comparison of surfactant as immediate prophylaxis and as rescue therapy in newborns
of less than 30 weeks' gestation. N Engl J Med 324, 865-871 (1991).

GORTNER, L., BARTMANN, P., POHLANDT, F., BERNSAU, U., PORZ, F., HELLWEGE, H.
H., SEITZ, R. C., HIERONIMI, G., BREMER, C., JORCH, G. AND ET AL., Early treatment of
respiratory distress syndrome with bovine surfactant in very preterm infants: a
multicenter controlled clinical trial. Pediatr Pulmonol 14, 4-9 (1992).

GORTNER, L., POHLANDT, F., BARTMANN, P., BERNSAU, U., PORZ, F., HELLWEGE, H.
H., SEITZ, R. C., HIERONIMI, G., KUHLS, E., JORCH, G. AND ET AL., High-dose versus
low-dose bovine surfactant treatment in very premature infants. Acta Paediatr 83,
135-141 (1994).

GRIESE, M., DIETRICH, P. AND REINHARDT, D., Pharmacokinetics of bovine surfactant

in neonatal respiratory distress syndrome. Am J Respir Crit Care Med 152, 1050-
1054 (1995).

NAEEM, A., RAL, S. N. AND PIERRE, L., Histology, Alveolar Macrophages, Treasure
Island (FL), (2019).

WILLIAMS, M. C., Alveolar type I cells: molecular phenotype and development. Annu
Rev Physiol 65, 669-695 (2003).

FEHRENBACH, H., Alveolar epithelial type II cell: defender of the alveolus revisited.
Respir Res 2, 33-46 (2001).

WHITSETT, J. A., WERT, S. E. AND WEAVER, T. E., Diseases of pulmonary surfactant
homeostasis. Annu Rev Pathol 10, 371-393 (2015).

LOPEZ-RODRIGUEZ, E., GAY-JORDI, G., MUCCI, A., LACHMANN, N. AND SERRANO-
MOLLAR, A., Lung surfactant metabolism: early in life, early in disease and target in
cell therapy. Cell Tissue Res 367, 721-735 (2017).

KING, R. J., MARTIN, H., MITTS, D. AND HOLMSTROM, F. M., Metabolism of the

apoproteins in pulmonary surfactant. J App! Physiol Respir Environ Exerc Physiol 42,
483-491 (1977).

45



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

46

BERGGREN, P., CURSTEDT, T., GROSSMAN, G., NILSSON, R. AND ROBERTSON, B.,
Physiological activity of pulmonary surfactant with low protein content: effect of
enrichment with synthetic phospholipids. Exp Lung Res 8, 29-51 (1985).

PARRA, E. AND PEREZ-GIL, J., Composition, structure and mechanical properties

define performance of pulmonary surfactant membranes and films. Chem. Phys.
Lipids 185, 153-175 (2015).

BERNHARD, W., Lung surfactant: Function and composition in the context of
development and respiratory physiology. Ann Anat 208, 146-150 (2016).

VELDHUIZEN, R., NAG, K., ORGEIG, S. AND POSSMAYER, F., The role of lipids in
pulmonary surfactant. Biochim Biophys Acta 1408, 90-108 (1998).

JOHANSSON, J., CURSTEDT, T. AND ROBERTSON, B., The proteins of the surfactant
system. Eur Respir J 7, 372-391 (1994).

HoBL N., GIOLAL M., OLMEDA, B., MIKLAVC, P., FELDER, E., WALTHER, P., DIETL, P.,
FRICK, M., PEREZ-GIL, J. AND HALLER, T., A small key unlocks a heavy door: The
essential function of the small hydrophobic proteins SP-B and SP-C to trigger
adsorption of pulmonary surfactant lamellar bodies. Biochim Biophys Acta 1863,
2124-2134 (2016).

JOBE, A. H. AND IKEGAMI, M., Biology of surfactant. Clin Perinatol 28, 655-669, vii-
viii (2001).

WHITSETT, J. A. AND WEAVER, T. E., Hydrophobic surfactant proteins in lung
function and disease. N. Engl J Med 347, 2141-2148 (2002).

VAN ROZENDAAL, B. A., VAN GOLDE, L. M. AND HAAGSMAN, H. P., Localization and
functions of SP-A and SP-D at mucosal surfaces. Pediatr Pathol Mol Med 20, 319-
339 (2001).

CASALS, C., GARCIA-FOJEDA, B. AND MINUTTI, C. M., Soluble defense collagens:
Sweeping up immune threats. Mol Immunol 112, 291-304 (2019).

WRIGHT, J. R., Immunoregulatory functions of surfactant proteins. Nat Rev Immunol
5, 58-68 (2005).

REID, K. B., Functional roles of the lung surfactant proteins SP-A and SP-D in innate
immunity. Immunobiology 199, 200-207 (1998).

SHANG, F., RYNKIEWICZ, M. J., MCCORMACK, F. X., WU, H., CAFARELLA, T. M.,
HEAD, J. F. AND SEATON, B. A., Crystallographic complexes of surfactant protein A
and carbohydrates reveal ligand-induced conformational change. J Biol Chem 286,
757-765 (2011).

Lu, J., WIEDEMANN, H., TIMPL, R. AND REID, K. B., Similarity in structure between
Clq and the collectins as judged by electron microscopy. Behring Inst Mitt, 6-16
(1993).

CLARK, H. W., MACKAY, R. M., DEADMAN, M. E., HoOD, D. W., MADSEN, J., MOXON,
E.R., TOWNSEND, J. P., REID, K. B. M., AHMED, A., SHAW, A. J., GREENHOUGH, T. J.
AND SHRIVE, A. K., Crystal Structure of a Complex of Surfactant Protein D (SP-D)
and Haemophilus influenzae Lipopolysaccharide Reveals Shielding of Core
Structures in SP-D-Resistant Strains. Infect Immun 84, 1585-1592 (2016).



44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

PERSSON, A., CHANG, D., RUST, K., MOXLEY, M., LONGMORE, W. AND CROUCH, E.,
Purification and biochemical characterization of CP4 (SP-D), a collagenous
surfactant-associated protein. Biochemistry 28, 6361-6367 (1989).

HAAGSMAN, H. P., HOGENKAMP, A., VAN EIJK, M. AND VELDHUIZEN, E. J., Surfactant
collectins and innate immunity. Neonatology 93, 288-294 (2008).

HAAGSMAN, H. P. AND DIEMEL, R. V., Surfactant-associated proteins: functions and
structural variation. Comp Biochem Physiol A Mol Integr Physiol 129, 91-108 (2001).

IKEGAMI, M., HULL, W. M., YOSHIDA, M., WERT, S. E. AND WHITSETT, J. A., SP-D
and GM-CSF regulate surfactant homeostasis via distinct mechanisms. 4m J Physiol
Lung Cell Mol Physiol 281, L697-703 (2001).

KORFHAGEN, T. R., SHEFTELYEVICH, V., BURHANS, M. S., BRUNO, M. D., R0SS, G. F.,
WERT, S. E., STAHLMAN, M. T., JOBE, A. H., IKEGAMI, M., WHITSETT, J. A. AND

FISHER, J. H., Surfactant protein-D regulates surfactant phospholipid homeostasis in
vivo. J Biol Chem 273, 28438-28443 (1998).

BotAs, C., POULAIN, F., AKIYAMA, J., BROWN, C., ALLEN, L., GOERKE, J., CLEMENTS,
J., CARLSON, E., GILLESPIE, A. M., EPSTEIN, C. AND HAWGOOD, S., Altered surfactant

homeostasis and alveolar type II cell morphology in mice lacking surfactant protein
D. Proc Natl Acad Sci U S 4 95, 11869-11874 (1998).

KISHORE, U., GREENHOUGH, T. J., WATERS, P., SHRIVE, A. K., GHAI, R., KAMRAN, M.
F.,BERNAL, A. L., REID, K. B., MADAN, T. AND CHAKRABORTY, T., Surfactant
proteins SP-A and SP-D: structure, function and receptors. Mol Immunol 43, 1293-
1315 (2006).

CURSTEDT, T., JORNVALL, H., ROBERTSON, B., BERGMAN, T. AND BERGGREN, P., Two
hydrophobic low-molecular-mass protein fractions of pulmonary surfactant.
Characterization and biophysical activity. Eur J Biochem 168, 255-262 (1987).

KORIMILLI, A., GONZALES, L. W. AND GUTTENTAG, S. H., Intracellular localization of
processing events in human surfactant protein B biosynthesis. J Biol Chem 275, 8672-

8679 (2000).

UENO, T., LINDER, S., NA, C. L., RICE, W. R., JOHANSSON, J. AND WEAVER, T. E.,
Processing of pulmonary surfactant protein B by napsin and cathepsin H. J Biol Chem
279, 16178-16184 (2004).

WEAVER, T. E., Synthesis, processing and secretion of surfactant proteins B and C.
Biochim Biophys Acta 1408, 173-179 (1998).

BEERS, M. F. AND MULUGETA, S., Surfactant protein C biosynthesis and its emerging
role in conformational lung disease. Annu Rev Physiol 67, 663-696 (2005).

ALMLEN, A., WALTHER, F. J., WARING, A. J., ROBERTSON, B., JOHANSSON, J. AND
CURSTEDT, T., Synthetic surfactant based on analogues of SP-B and SP-C is superior
to single-peptide surfactants in ventilated premature rabbits. Neonatology 98, 91-99
(2010).

ALMLEN, A., STICHTENOTH, G., LINDERHOLM, B., HAEGERSTRAND-BJORKMAN, M.,
ROBERTSON, B., JOHANSSON, J. AND CURSTEDT, T., Surfactant proteins B and C are
both necessary for alveolar stability at end expiration in premature rabbits with
respiratory distress syndrome. J Appl Physiol 104, 1101-1108 (2008).

47



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

48

CURSTEDT, T., JOHANSSON, J., BARROS-SODERLING, J., ROBERTSON, B., NILSSON, G.,
WESTBERG, M. AND JORNVALL, H., Low-molecular-mass surfactant protein type 1.
The primary structure of a hydrophobic 8-kDa polypeptide with eight half-cystine
residues. Eur J Biochem 172, 521-525 (1988).

CURSTEDT, T., JOHANSSON, J., PERSSON, P., EKLUND, A., ROBERTSON, B.,
LOWENADLER, B. AND JORNVALL, H., Hydrophobic surfactant-associated
polypeptides: SP-C is a lipopeptide with two palmitoylated cysteine residues, whereas
SP-B lacks covalently linked fatty acyl groups. Proc Natl Acad Sci U S 4 87, 2985-
2989 (1990).

JOHANSSON, J., CURSTEDT, T. AND JORNVALL, H., Surfactant protein B: disulfide
bridges, structural properties, and kringle similarities. Biochemistry 30, 6917-6921
(1991).

JOHANSSON, J., CURSTEDT, T., ROBERTSON, B. AND JORNVALL, H., Size and structure
of the hydrophobic low molecular weight surfactant-associated polypeptide.
Biochemistry 27, 3544-3547 (1988).

PARRA, E., MOLEIRO, L. H., LOPEZ-MONTERO, I., CRUZ, A., MONROY, F. AND PEREZ-
GIL, J., A combined action of pulmonary surfactant proteins SP-B and SP-C
modulates permeability and dynamics of phospholipid membranes. Biochem J 438,
555-564 (2011).

PILOT-MATIAS, T. J., KISTER, S. E., FOX, J. L., KROPP, K., GLASSER, S. W. AND
WHITSETT, J. A., Structure and organization of the gene encoding human pulmonary
surfactant proteolipid SP-B. DNA 8, 75-86 (1989).

JOHANSSON, J., JORNVALL, H. AND CURSTEDT, T., Human surfactant polypeptide SP-
B. Disulfide bridges, C-terminal end, and peptide analysis of the airway form. FEBS
Lett 301, 165-167 (1992).

ANDERSSON, M., CURSTEDT, T., JORNVALL, H. AND JOHANSSON, J., An amphipathic
helical motif common to tumourolytic polypeptide NK-lysin and pulmonary
surfactant polypeptide SP-B. FEBS Lett 362, 328-332 (1995).

CRuz, A., CASALS, C. AND PEREZ-GIL, J., Conformational flexibility of pulmonary
surfactant proteins SP-B and SP-C, studied in aqueous organic solvents. Biochim
Biophys Acta 1255, 68-76 (1995).

PASTRANA-RIOS, B., TANEVA, S., KEOUGH, K. M., MAUTONE, A. J. AND
MENDELSOHN, R., External reflection absorption infrared spectroscopy study of lung
surfactant proteins SP-B and SP-C in phospholipid monolayers at the air/water
interface. Biophys J 69, 2531-2540 (1995).

PEREZ-GIL, J., CRUZ, A. AND CASALS, C., Solubility of hydrophobic surfactant
proteins in organic solvent/water mixtures. Structural studies on SP-B and SP-C in
aqueous organic solvents and lipids. Biochim Biophys Acta 1168, 261-270 (1993).

VANDENBUSSCHE, G., CLERCX, A., CLERCX, M., CURSTEDT, T., JOHANSSON, J.,
JORNVALL, H. AND RUYSSCHAERT, J. M., Secondary structure and orientation of the
surfactant protein SP-B in a lipid environment. A Fourier transform infrared
spectroscopy study. Biochemistry 31, 9169-9176 (1992).

ZALTASH, S., PALMBLAD, M., CURSTEDT, T., JOHANSSON, J. AND PERSSON, B.,

Pulmonary surfactant protein B: a structural model and a functional analogue.
Biochim Biophys Acta 1466, 179-186 (2000).




71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

OLMEDA, B., GARCIA-ALVAREZ, B., GOMEZ, M. J., MARTINEZ-CALLE, M., CRUZ, A.
AND PEREZ-GIL, J., A model for the structure and mechanism of action of pulmonary
surfactant protein B. FASEB J 29, 4236-4247 (2015).

LIEPINSH, E., ANDERSSON, M., RUYSSCHAERT, J. M. AND OTTING, G., Saposin fold
revealed by the NMR structure of NK-lysin. Nat Struct Biol 4, 793-795 (1997).

PEREZ-GIL, J., CASALS, C. AND MARSH, D., Interactions of hydrophobic lung
surfactant proteins SP-B and SP-C with dipalmitoylphosphatidylcholine and
dipalmitoylphosphatidylglycerol bilayers studied by electron spin resonance
spectroscopy. Biochemistry 34, 3964-3971 (1995).

JOHANSSON, J. AND CURSTEDT, T., Molecular structures and interactions of pulmonary
surfactant components. Eur J Biochem 244, 675-693 (1997).

CRUZ, A., CASALS, C., PLASENCIA, 1., MARSH, D. AND PEREZ-GIL, J., Depth profiles of
pulmonary surfactant protein B in phosphatidylcholine bilayers, studied by
fluorescence and electron spin resonance spectroscopy. Biochemistry 37, 9488-9496
(1998).

ROBICHAUD, N. A. S., KHATAMI, M. H., SAIKA-VOIVOD, I. AND BOOTH, V., All-Atom

Molecular Dynamics Simulations of Dimeric Lung Surfactant Protein B in Lipid
Multilayers. Int J Mol Sci 20, (2019).

CHAVARHA, M., LONEY, R. W., RANANAVARE, S. B. AND HALL, S. B., Hydrophobic
surfactant proteins strongly induce negative curvature. Biophys J 109, 95-105 (2015).

HAWGOOD, S., DERRICK, M. AND POULAIN, F., Structure and properties of surfactant
protein B. Biochim Biophys Acta 1408, 150-160 (1998).

RYAN, M. A., Q1, X., SERRANO, A. G., IKEGAMI, M., PEREZ-GIL, J., JOHANSSON, J. AND
WEAVER, T. E., Mapping and analysis of the lytic and fusogenic domains of surfactant
protein B. Biochemistry 44, 861-872 (2005).

Putz, G., WALCH, M., VAN EUK, M. AND HAAGSMAN, H. P., Hydrophobic lung
surfactant proteins B and C remain associated with surface film during dynamic
cyclic area changes. Biochim Biophys Acta 1453, 126-134 (1999).

GERSON, K. D., FOSTER, C. D., ZHANG, P., ZHANG, Z., ROSENBLATT, M. M. AND
GUTTENTAG, S. H., Pepsinogen C proteolytic processing of surfactant protein B. J
Biol Chem 283, 10330-10338 (2008).

NOGEE, L. M., GARNIER, G., DIETZ, H. C., SINGER, L., MURPHY, A. M., DEMELLO, D.
E. AND COLTEN, H. R., A mutation in the surfactant protein B gene responsible for
fatal neonatal respiratory disease in multiple kindreds. J Clin Invest 93, 1860-1863
(1994).

TOKIEDA, K., WHITSETT, J. A., CLARK, J. C., WEAVER, T. E., IKEDA, K., MCCONNELL,
K. B.,JOBE, A. H., IKEGAMI, M. AND IWAMOTO, H. S., Pulmonary dysfunction in
neonatal SP-B-deficient mice. Am J Physiol 273, 1L.875-882 (1997).

WHITSETT, J. A., NOGEE, L. M., WEAVER, T. E. AND HOROWITZ, A. D., Human
surfactant protein B: structure, function, regulation, and genetic disease. Physiol Rev
75, 749-757 (1995).

Ly, J., HoSIA, W., HAMVAS, A., THYBERG, J., JORNVALL, H., WEAVER, T. E. AND
JOHANSSON, J., The N-terminal propeptide of lung surfactant protein C is necessary

49



86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

50

for biosynthesis and prevents unfolding of a metastable alpha-helix. J Mol Biol 338,
857-862 (2004).

L1 J., IKEGAMI, M., NA, C. L., HAMVAS, A., ESPINASSOUS, Q., CHABY, R., NOGEE, L.
M., WEAVER, T. E. AND JOHANSSON, J., N-terminally extended surfactant protein (SP)
C isolated from SP-B-deficient children has reduced surface activity and inhibited
lipopolysaccharide binding. Biochemistry 43, 3891-3898 (2004).

JOHANSSON, J., PERSSON, P., LOWENADLER, B., ROBERTSON, B., JORNVALL, H. AND
CURSTEDT, T., Canine hydrophobic surfactant polypeptide SP-C. A lipopeptide with
one thioester-linked palmitoyl group. FEBS Lett 281, 119-122 (1991).

JOHANSSON, J., JORNVALL, H., EKLUND, A., CHRISTENSEN, N., ROBERTSON, B. AND
CURSTEDT, T., Hydrophobic 3.7 kDa surfactant polypeptide: structural
characterization of the human and bovine forms. FEBS Lett 232, 61-64 (1988).

JOHANSSON, J., SZYPERSKI, T., CURSTEDT, T. AND WUTHRICH, K., The NMR structure
of the pulmonary surfactant-associated polypeptide SP-C in an apolar solvent contains
a valyl-rich alpha-helix. Biochemistry 33, 6015-6023 (1994).

JOHANSSON, J., SZYPERSKI, T. AND WUTHRICH, K., Pulmonary surfactant-associated
polypeptide SP-C in lipid micelles: CD studies of intact SP-C and NMR secondary
structure determination of depalmitoyl-SP-C(1-17). FEBS Lett 362, 261-265 (1995).

GERICKE, A., FLACH, C. R. AND MENDELSOHN, R., Structure and orientation of lung
surfactant SP-C and L-alpha-dipalmitoylphosphatidylcholine in aqueous monolayers.
Biophys. J. 73, 492-499 (1997).

JOHANSSON, J., NERELIUS, C., WILLANDER, H. AND PRESTO, J., Conformational
preferences of non-polar amino acid residues: an additional factor in amyloid
formation. Biochem Biophys Res Commun 402, 515-518 (2010).

KALLBERG, Y., GUSTAFSSON, M., PERSSON, B., THYBERG, J. AND JOHANSSON, J.,
Prediction of amyloid fibril-forming proteins. J Biol Chem 276, 12945-12950 (2001).

KovAcs, H., MARK, A. E., JOHANSSON, J. AND VAN GUNSTEREN, W. F., The effect of
environment on the stability of an integral membrane helix: molecular dynamics
simulations of surfactant protein C in chloroform, methanol and water. J Mol Biol
247, 808-822 (1995).

JOHANSSON, J. AND CURSTEDT, T., Synthetic surfactants with SP-B and SP-C

analogues to enable worldwide treatment of neonatal respiratory distress syndrome
and other lung diseases. J Intern Med 285, 165-186 (2019).

CHU, H., PAZGIER, M., JUNG, G., NUCCIO, S. P., CASTILLO, P. A., DE JONG, M. F.,
WINTER, M. G., WINTER, S. E., WEHKAMP, J., SHEN, B., SALZMAN, N. H.,
UNDERWOOD, M. A., TSOLIS, R. M., YOUNG, G. M., LU, W., LEHRER, R. 1., BAUMLER,
A.J. AND BEVINS, C. L., Human alpha-defensin 6 promotes mucosal innate immunity
through self-assembled peptide nanonets. Science 337, 477-481 (2012).

EHMANN, D., WENDLER, J., KOENINGER, L., LARSEN, L. S., KLAG, T., BERGER, J.,
MARETTE, A., SCHALLER, M., STANGE, E. F., MALEK, N. P., JENSEN, B. A. H. AND
WEHKAMP, J., Paneth cell alpha-defensins HD-5 and HD-6 display differential
degradation into active antimicrobial fragments. Proc Natl Acad Sci U S 4 116, 3746-
3751 (2019).




98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

JOHANSSON, H., ERIKSSON, M., NORDLING, K., PRESTO, J. AND JOHANSSON, J., The

Brichos domain of prosurfactant protein C can hold and fold a transmembrane
segment. Protein Sci 18, 1175-1182 (2009).

SAENZ, A., PRESTO, J., LARA, P., AKINYI-OLOO, L., GARCIA-FOJEDA, B., NILSSON, 1.,
JOHANSSON, J. AND CASALS, C., Folding and Intramembraneous BRICHOS Binding
of the Prosurfactant Protein C Transmembrane Segment. J Biol Chem 290, 17628-
17641 (2015).

WILLANDER, H., ASKARIEH, G., LANDREH, M., WESTERMARK, P., NORDLING, K.,
KERANEN, H., HERMANSSON, E., HAMVAS, A., NOGEE, L. M., BERGMAN, T., SAENZ,
A., CASALS, C., AQVISTG, J., JORNVALL, H., BERGLUND, H., PRESTO, J., KNIGHT, S. D.
AND JOHANSSON, J., High-resolution structure of a BRICHOS domain and its
implications for anti-amyloid chaperone activity on lung surfactant protein C. Proc
Natl Acad Sci U S 4 109, 2325-2329 (2012).

JOHANSSON, H., NORDLING, K., WEAVER, T. E. AND JOHANSSON, J., The Brichos
domain-containing C-terminal part of pro-surfactant protein C binds to an unfolded
poly-val transmembrane segment. J Biol Chem 281, 21032-21039 (2006).

JOHANSSON, H., NERELIUS, C., NORDLING, K. AND JOHANSSON, J., Preventing amyloid
formation by catching unfolded transmembrane segments. J Mol Biol 389, 227-229

(2009).

CHEN, G., ABELEIN, A., NILSSON, H. E., LEPPERT, A., ANDRADE-TALAVERA, Y.,
TAMBARO, S., HEMMINGSSON, L., ROSHAN, F., LANDREH, M., BIVERSTAL, H., KOECK,
P.J.B., PRESTO, J., HEBERT, H., FISAHN, A. AND JOHANSSON, J., Bri2 BRICHOS client
specificity and chaperone activity are governed by assembly state. Nat Commun 8,
2081 (2017).

HERMANSSON, E., SCHULTZ, S., CROWTHER, D., LINSE, S., WINBLAD, B.,
WESTERMARK, G., JOHANSSON, J. AND PRESTO, J., The chaperone domain BRICHOS
prevents CNS toxicity of amyloid-beta peptide in Drosophila melanogaster. Dis
Model Mech 7, 659-665 (2014).

BUXBAUM, J. N. AND JOHANSSON, J., Transthyretin and BRICHOS: The Paradox of
Amyloidogenic Proteins with Anti-Amyloidogenic Activity for Abeta in the Central
Nervous System. Front Neurosci 11, 119 (2017).

WILLANDER, H., HERMANSSON, E., JOHANSSON, J. AND PRESTO, J., BRICHOS domain

associated with lung fibrosis, dementia and cancer--a chaperone that prevents amyloid
fibril formation? FEBS J 278, 3893-3904 (2011).

NERELIUS, C., GUSTAFSSON, M., NORDLING, K., LARSSON, A. AND JOHANSSON, J.,
Anti-amyloid activity of the C-terminal domain of proSP-C against amyloid beta-
peptide and medin. Biochemistry 48, 3778-3786 (2009).

CHEN, G., ANDRADE-TALAVERA, Y., TAMBARO, S., LEPPERT, A., NILSSON, H. E.,
ZHONG, X., LANDREH, M., NILSSON, P., HEBERT, H., BIVERSTAL, H., FISAHN, A.,
ABELEIN, A. AND JOHANSSON, J., Augmentation of Bri2 molecular chaperone activity
against amyloid-beta reduces neurotoxicity in mouse hippocampus in vitro. Commun
Biol 3, 32 (2020).

TAMBARO, S., GALAN-ACOSTA, L., LEPPERT, A., CHEN, G., BIVERSTAL, H., PRESTO, J.,
NILSSON, P. AND JOHANSSON, J., Blood-brain and blood-cerebrospinal fluid passage of
BRICHOS domains from two molecular chaperones in mice. J Biol Chem 294, 2606-
2615 (2019).

51



110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

52

KELLER, A., EISTETTER, H. R., VOSS, T. AND SCHAFER, K. P., The pulmonary

surfactant protein C (SP-C) precursor is a type Il transmembrane protein. Biochem. J
277 (Pt 2),493-499 (1991).

BEERS, M. F., KiM, C. Y., DODIA, C. AND FISHER, A. B., Localization, synthesis, and
processing of surfactant protein SP-C in rat lung analyzed by epitope-specific
antipeptide antibodies. J Biol Chem 269, 20318-20328 (1994).

BEERS, M. F. AND LOMAX, C., Synthesis and processing of hydrophobic surfactant
protein C by isolated rat type II cells. Am J Physiol 269, L 744-753 (1995).

TEN BRINKE, A., VAN GOLDE, L. M. AND BATENBURG, J. J., Palmitoylation and
processing of the lipopeptide surfactant protein C. Biochim Biophys Acta 1583, 253-
265 (2002).

WANG, W. J.,RUSSO, S. J., MULUGETA, S. AND BEERS, M. F., Biosynthesis of
surfactant protein C (SP-C). Sorting of SP-C proprotein involves homomeric
association via a signal anchor domain. J Biol Chem 277, 19929-19937 (2002).

LN, S., PHILLIPS, K. S., WILDER, M. R. AND WEAVER, T. E., Structural requirements
for intracellular transport of pulmonary surfactant protein B (SP-B). Biochim Biophys
Acta 1312, 177-185 (1996).

LIN, S., AKINBL H. T., BRESLIN, J. S. AND WEAVER, T. E., Structural requirements for
targeting of surfactant protein B (SP-B) to secretory granules in vitro and in vivo. J
Biol Chem 271, 19689-19695 (1996).

NOGEE, L. M., Interstitial lung disease in newborns. Semin Fetal Neonatal Med 22,
227-233 (2017).

CAMERON, H. S., SOMASCHINI, M., CARRERA, P., HAMVAS, A., WHITSETT, J. A.,
WERT, S. E., DEUTSCH, G. AND NOGEE, L. M., A common mutation in the surfactant
protein C gene associated with lung disease. J Pediatr 146, 370-375 (2005).

PERCOPO, S., CAMERON, H. S., NOGEE, L. M., PETTINATO, G., MONTELLA, S. AND
SANTAMARIA, F., Variable phenotype associated with SP-C gene mutations: fatal case
with the 73T mutation. Eur Respir J 24, 1072-1073 (2004).

MULUGETA, S., MAGUIRE, J. A., NEWITT, J. L., RUSSO, S. J., KOTORASHVILI, A. AND
BEERS, M. F., Misfolded BRICHOS SP-C mutant proteins induce apoptosis via
caspase-4- and cytochrome c-related mechanisms. Am J Physiol Lung Cell Mol
Physiol 293, 1.720-729 (2007).

MAGUIRE, J. A., MULUGETA, S. AND BEERS, M. F., Endoplasmic reticulum stress
induced by surfactant protein C BRICHOS mutants promotes proinflammatory
signaling by epithelial cells. Am J Respir Cell Mol Biol 44, 404-414 (2011).

THOMAS, A. Q., LANE, K., PHILLIPS, J., 3RD, PRINCE, M., MARKIN, C., SPEER, M.,
SCHWARTZ, D. A., GADDIPATI, R., MARNEY, A., JOHNSON, J., ROBERTS, R., HAINES, J.,
STAHLMAN, M. AND LOYD, J. E., Heterozygosity for a surfactant protein C gene
mutation associated with usual interstitial pneumonitis and cellular nonspecific
interstitial pneumonitis in one kindred. Am J Respir Crit Care Med 165, 1322-1328
(2002).

BERNHARD, W., GEBERT, A., VIETEN, G., RAU, G. A., HOHLFELD, J. M., POSTLE, A. D.
AND FREIHORST, J., Pulmonary surfactant in birds: coping with surface tension in a
tubular lung. 4m J Physiol Regul Integr Comp Physiol 281, R327-337 (2001).




124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

SARDESAL S., BINIWALE, M., WERTHEIMER, F., GARINGO, A. AND RAMANATHAN, R.,

Evolution of surfactant therapy for respiratory distress syndrome: past, present, and
future. Pediatr Res, (2016).

WERT, S. E., WHITSETT, J. A. AND NOGEE, L. M., Genetic disorders of surfactant
dysfunction. Pediatr Dev Pathol 12, 253-274 (2009).

DUSHIANTHAN, A., CUSACK, R., GOSS, V., POSTLE, A. D. AND GROCOTT, M. P.,
Clinical review: Exogenous surfactant therapy for acute lung injury/acute respiratory
distress syndrome--where do we go from here? Crit Care 16,238 (2012).

NKADI P. O., MERRITT, T. A. AND PILLERS, D. A., An overview of pulmonary

surfactant in the neonate: genetics, metabolism, and the role of surfactant in health
and disease. Mol Genet Metab 97, 95-101 (2009).

RUBENFELD, G. D., CALDWELL, E., PEABODY, E., WEAVER, J., MARTIN, D. P., NEFF,
M., STERN, E. J. AND HUDSON, L. D., Incidence and outcomes of acute lung injury. N
Engl J Med 353, 1685-1693 (2005).

BERNARD, G. R., ARTIGAS, A., BRIGHAM, K. L., CARLET, J., FALKE, K., HUDSON, L.,
Lamy, M., LEGALL, J. R., MORRIS, A. AND SPRAGG, R., The American-European
Consensus Conference on ARDS. Definitions, mechanisms, relevant outcomes, and
clinical trial coordination. Am J Respir Crit Care Med 149, 818-824 (1994).

MATTHAY, M. A. AND ZEMANS, R. L., The acute respiratory distress syndrome:
pathogenesis and treatment. Annu Rev Pathol 6, 147-163 (2011).

MENG, H., SUN, Y., LU, J., FU, S., MENG, Z., SCOTT, M. AND LI, Q., Exogenous
surfactant may improve oxygenation but not mortality in adult patients with acute
lung injury/acute respiratory distress syndrome: a meta-analysis of 9 clinical trials. J
Cardiothorac Vasc Anesth 26, 849-856 (2012).

MARIK, P. E., PASTORES, S. M., ANNANE, D., MEDURI, G. U., SPRUNG, C. L., ARLT,
W.,KEH, D., BRIEGEL, J., BEISHUIZEN, A., DIMOPOULOU, 1., TSAGARAKIS, S., SINGER,
M., CHROUSOS, G. P., ZALOGA, G., BOKHARI, F., VOGESER, M. AND AMERICAN
COLLEGE OF CRITICAL CARE, M., Recommendations for the diagnosis and
management of corticosteroid insufficiency in critically ill adult patients: consensus
statements from an international task force by the American College of Critical Care
Medicine. Crit Care Med 36, 1937-1949 (2008).

NIMMO, A.J., CARSTAIRS, J. R., PATOLE, S. K., WHITEHALL, J., DAVIDSON, K. AND
VINK, R., Intratracheal administration of glucocorticoids using surfactant as a vehicle.
Clin. Exp. Pharmacol. Physiol. 29, 661-665 (2002).

RuaN, S. Y., LIN, H. H., HUANG, C. T., Kuo, P. H.,, WU, H. D. AND YU, C. J.,
Exploring the heterogeneity of effects of corticosteroids on acute respiratory distress
syndrome: a systematic review and meta-analysis. Crit Care 18, R63 (2014).

HoLwm, B. A. AND NOTTER, R. H., Effects of hemoglobin and cell membrane lipids on
pulmonary surfactant activity. J Appl Physiol (1985) 63, 1434-1442 (1987).

HoLwMm, B. A., ENHORNING, G. AND NOTTER, R. H., A biophysical mechanism by which
plasma proteins inhibit lung surfactant activity. Chem Phys Lipids 49, 49-55 (1988).

HoLwMm, B. A., WANG, Z. AND NOTTER, R. H., Multiple mechanisms of lung surfactant
inhibition. Pediatr Res 46, 85-93 (1999).

53



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

54

WANG, Z., SCHWAN, A. L., LAIRSON, L. L., O'DONNELL, J. S., BYRNE, G. F., FOYE, A.,
HoLM, B. A. AND NOTTER, R. H., Surface activity of a synthetic lung surfactant
containing a phospholipase-resistant phosphonolipid analog of dipalmitoyl
phosphatidylcholine. Am J Physiol Lung Cell Mol Physiol 285, 1L.550-559 (2003).

SPRAGG, R. G., LEWIS, J. F., WALMRATH, H. D., JOHANNIGMAN, J., BELLINGAN, G.,
LATERRE, P. F., WITTE, M. C., RICHARDS, G. A., RIPPIN, G., RATHGEB, F., HAFNER, D.,
TAUT, F. J. AND SEEGER, W., Effect of recombinant surfactant protein C-based
surfactant on the acute respiratory distress syndrome. N Engl J Med 351, 884-892
(2004).

NOTTER, R. H., WANG, Z. AND WALTHER, F. J., Activity and biophysical inhibition
resistance of a novel synthetic lung surfactant containing Super-Mini-B DATK
peptide. PeerJ 4, 1528 (2016).

WALTHER, F. J., WARING, A. J., HERNANDEZ-JUVIEL, J. M., GORDON, L. M., WANG,
Z.,JUNG, C. L., RUCHALA, P., CLARK, A. P., SMITH, W. M., SHARMA, S. AND NOTTER,
R. H., Critical structural and functional roles for the N-terminal insertion sequence in
surfactant protein B analogs. PLoS One 5, 8672 (2010).

ROBILLARD, E., ALARIE, Y., DAGENAIS-PERUSSE, P., BARIL, E. AND GUILBEAULT, A.,
Microaerosol Administration of Synthetic Beta-Gamma-Dipalmitoyl-L-Alpha-
Lecithin in the Respiratory Distress Syndome: A Preliminary Report. Can Med Assoc
J 90, 55-57 (1964).

CALKOVSKA, A., LINDERHOLM, B., HAEGERSTRAND-BJORKMAN, M., PIOSELLL B.,
PELI1ZZI, N., JOHANSSON, J. AND CURSTEDT, T., Phospholipid Composition in
Synthetic Surfactants Is Important for Tidal Volumes and Alveolar Stability in
Surfactant-Treated Preterm Newborn Rabbits. Neonatology 109, 177-185 (2016).

JOHANSSON, J., SOME, M., LINDERHOLM, B. M., ALMLEN, A., CURSTEDT, T. AND
ROBERTSON, B., A synthetic surfactant based on a poly-Leu SP-C analog and
phospholipids: effects on tidal volumes and lung gas volumes in ventilated immature
newborn rabbits. J Appl Physiol 95, 2055-2063 (2003).

Luy, B., DIENER, A., HUMMEL, R. P., STURM, E., ULRICH, W. R. AND GRIESINGER, C.,
Structure and potential C-terminal dimerization of a recombinant mutant of
surfactant-associated protein C in chloroform/methanol. Eur J Biochem 271, 2076-
2085 (2004).

BaATz,J. E., SARIN, V., ABSOLOM, D. R., BAXTER, C. AND WHITSETT, J. A., Effects of
surfactant-associated protein SP-B synthetic analogs on the structure and surface
activity of model membrane bilayers. Chem. Phys. Lipids 60, 163-178 (1991).

RUPPERT, C., MAHAVADI, P., WYGRECKA, M., WEAVER, T. E., MAGDOLEN, V., IDELL,
S., PREISSNER, K. T., SEEGER, W., GUNTHER, A. AND MARKART, P., Recombinant
production of a hybrid plasminogen activator composed of surfactant protein B and
low-molecular-weight urokinase. Thromb Haemost 100, 1185-1192 (2008).

BANARES-HIDALGO, A., BOLANOS-GUTIERREZ, A., GIL, F., CABRE, E. J., PEREZ-GIL, J.
AND ESTRADA, P., Self-aggregation of a recombinant form of the propeptide NH2-

terminal of the precursor of pulmonary surfactant protein SP-B: a conformational
study. J Ind Microbiol Biotechnol 35, 1367-1376 (2008).

VELDHUIZEN, E. J., WARING, A. J., WALTHER, F. J., BATENBURG, J. J., VAN GOLDE, L.
M. AND HAAGSMAN, H. P., Dimeric N-terminal segment of human surfactant protein



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

B (dSP-B(1-25)) has enhanced surface properties compared to monomeric SP-B(1-
25). Biophys J 79, 377-384 (2000).

WARING, A. J., WALTHER, F. J., GORDON, L. M., HERNANDEZ-JUVIEL, J. M., HONG, T.,
SHERMAN, M. A., ALONSO, C., ALIG, T., BRAUN, A., BACON, D. AND ZASADZINSKI, J.
A., The role of charged amphipathic helices in the structure and function of surfactant
protein B. J Pept Res 66, 364-374 (2005).

SARKER, M., WARING, A. J., WALTHER, F. J., KEOUGH, K. M. AND BOOTH, V.,
Structure of mini-B, a functional fragment of surfactant protein B, in detergent
micelles. Biochemistry 46, 11047-11056 (2007).

SHARIFAHMADIAN, M., SARKER, M., PALLEBOINA, D., WARING, A. J., WALTHER, F. J.,
MORROW, M. R. AND BOOTH, V., Role of the N-terminal seven residues of surfactant
protein B (SP-B). PLoS One 8, 72821 (2013).

WALTHER, F. J., GUPTA, M., GORDON, L. M. AND WARING, A. J., A sulfur-free peptide
mimic of surfactant protein B (B-YL) exhibits high in vitro and in vivo surface
activities. Gates Open Res 2, 13 (2018).

COCHRANE, C. G. AND REVAK, S. D., Pulmonary surfactant protein B (SP-B):
structure-function relationships. Science 254, 566-568 (1991).

GUSTAFSSON, M., VANDENBUSSCHE, G., CURSTEDT, T., RUYSSCHAERT, J. M. AND
JOHANSSON, J., The 21-residue surfactant peptide (LysLeu4)4Lys(KL4) is a
transmembrane alpha-helix with a mixed nonpolar/polar surface. FEBS Lett 384, 185-
188 (1996).

MARTINEZ-GIL, L., PEREZ-GIL, J. AND MINGARRO, 1., The surfactant peptide KL4
sequence is inserted with a transmembrane orientation into the endoplasmic reticulum
membrane. Biophys J 95, L36-38 (2008).

WOLFSON, M. R., WU, J., HUBERT, T. L., GREGORY, T. J., MAZELA, J. AND SHAFFER, T.
H., Lucinactant attenuates pulmonary inflammatory response, preserves lung

structure, and improves physiologic outcomes in a preterm lamb model of RDS.
Pediatr Res 72, 375-383 (2012).

SALEEM, M., MEYER, M. C., BREITENSTEIN, D. AND GALLA, H. J., The surfactant
peptide KL4 in lipid monolayers: phase behavior, topography, and chemical
distribution. J Biol Chem 283, 5195-5207 (2008).

SINHA, S. K., LACAZE-MASMONTEIL, T., VALLS I SOLER, A., WISWELL, T. E.,
GADZINOWSKI, J., HAIDU, J., BERNSTEIN, G., SANCHEZ-LUNA, M., SEGAL, R.,
SCHABER, C. J., MASSARO, J., D'AGOSTINO, R. AND SURFAXIN THERAPY AGAINST
RESPIRATORY DISTRESS SYNDROME COLLABORATIVE, G., A multicenter, randomized,
controlled trial of lucinactant versus poractant alfa among very premature infants at
high risk for respiratory distress syndrome. Pediatrics 115, 1030-1038 (2005).

SAENZ, A., CANADAS, O., BAGATOLLL L. A., JOHNSON, M. E. AND CASALS, C.,
Physical properties and surface activity of surfactant-like membranes containing the
cationic and hydrophobic peptide KL4. FEBS J 273, 2515-2527 (2006).

BRAIDE-MONCOELUR, O., TRAN, N. T. AND LONG, J. R., Peptide-based synthetic
pulmonary surfactant for the treatment of respiratory distress disorders. Curr Opin
Chem Biol 32,22-28 (2016).

Donm, M. T., KAPOOR, R. AND BARRON, A. E., Peptoids: bio-inspired polymers as
potential pharmaceuticals. Curr Pharm Des 17, 2732-2747 (2011).

55



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

56

LUKOVIC, D., PLASENCIA, 1., TABERNER, F. J., SALGADO, J., CALVETE, J. J., PEREZ-GIL,
J. AND MINGARRO, I., Production and characterisation of recombinant forms of human
pulmonary surfactant protein C (SP-C): Structure and surface activity. Biochim
Biophys Acta 1758, 509-518 (2006).

HAWGOOD, S., OGAWA, A., YUKITAKE, K., SCHLUETER, M., BROWN, C., WHITE, T.,
BUCKLEY, D., LESIKAR, D. AND BENSON, B., Lung function in premature rabbits

treated with recombinant human surfactant protein-C. Am J Respir Crit Care Med
154, 484-490 (1996).

IKEGAMI, M. AND JOBE, A. H., Injury responses to different surfactants in ventilated
premature lamb lungs. Pediatr Res 51, 689-695 (2002).

HERTING, E., RAUPRICH, P., STICHTENOTH, G., WALTER, G., JOHANSSON, J. AND

ROBERTSON, B., Resistance of different surfactant preparations to inactivation by
meconium. Pediatr Res 50, 44-49 (2001).

DAvis, A.J., JOBE, A. H., HAFNER, D. AND IKEGAMI, M., Lung function in premature
lambs and rabbits treated with a recombinant SP-C surfactant. Am J Respir Crit Care
Med 157, 553-559 (1998).

JOHANSSON, J., NILSSON, G., STROMBERG, R., ROBERTSON, B., JORNVALL, H. AND
CURSTEDT, T., Secondary structure and biophysical activity of synthetic analogues of
the pulmonary surfactant polypeptide SP-C. Biochem J 307 ( Pt 2), 535-541 (1995).

YOUSEFI-SALAKDEH, E., JOHANSSON, J. AND STROMBERG, R., A method for S- and O-
palmitoylation of peptides: synthesis of pulmonary surfactant protein-C models.
Biochem J 343 Pt 3, 557-562 (1999).

NILSSON, G., GUSTAFSSON, M., VANDENBUSSCHE, G., VELDHUIZEN, E., GRIFFITHS, W.
J., SJOVALL, J., HAAGSMAN, H. P., RUYSSCHAERT, J. M., ROBERTSON, B., CURSTEDT,
T. AND JOHANSSON, J., Synthetic peptide-containing surfactants--evaluation of
transmembrane versus amphipathic helices and surfactant protein C poly-valyl to
poly-leucyl substitution. Eur J Biochem 255, 116-124 (1998).

PALMBLAD, M., JOHANSSON, J., ROBERTSON, B. AND CURSTEDT, T., Biophysical
activity of an artificial surfactant containing an analogue of surfactant protein (SP)-C
and native SP-B. Biochem J 339 ( Pt 2), 381-386 (1999).

KRONQVIST, N., SARR, M., LINDQVIST, A., NORDLING, K., OTIKOVS, M., VENTURI, L.,
PIOSELLIL B., PURHONEN, P., LANDREH, M., BIVERSTAL, H., TOLEIKIS, Z., SJIOBERG, L.,
ROBINSON, C. V., PELIZZI, N., JORNVALL, H., HEBERT, H., JAUDZEMS, K., CURSTEDT,
T., RISING, A. AND JOHANSSON, J., Efficient protein production inspired by how
spiders make silk. Nat Commun 8, 15504 (2017).

Ricc, F., MURGIA, X., RAZZETTI, R., PELIZZI, N. AND SALOMONE, F., In vitro and in
vivo comparison between poractant alfa and the new generation synthetic surfactant
CHF5633. Pediatr Res 81, 369-375 (2017).

SWEET, D. G., TURNER, M. A., STRANAK, Z., PLAVKA, R., CLARKE, P., STENSON, B. J.,
SINGER, D., GOELZ, R., FABBRI, L., VAROLI, G., PICCINNO, A., SANTORO, D. AND
SPEER, C. P., A first-in-human clinical study of a new SP-B and SP-C enriched
synthetic surfactant (CHF5633) in preterm babies with respiratory distress syndrome.
Arch Dis Child Fetal Neonatal Ed 102, F497-F503 (2017).




175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

WALTHER, F. J., HERNANDEZ-JUVIEL, J. M., GORDON, L. M. AND WARING, A. J.,
Synthetic surfactant containing SP-B and SP-C mimics is superior to single-peptide
formulations in rabbits with chemical acute lung injury. PeerJ 2, €393 (2014).

SATO, A. AND IKEGAMI, M., SP-B and SP-C containing new synthetic surfactant for
treatment of extremely immature lamb lung. PLoS One 7, €39392 (2012).

ASKARIEH, G., HEDHAMMAR, M., NORDLING, K., SAENZ, A., CASALS, C., RISING, A.,
JOHANSSON, J. AND KNIGHT, S. D., Self-assembly of spider silk proteins is controlled
by a pH-sensitive relay. Nature 465, 236-238 (2010).

KRONQVIST, N., OTIKOVS, M., CHMYROV, V., CHEN, G., ANDERSSON, M., NORDLING,
K., LANDREH, M., SARR, M., JORNVALL, H., WENNMALM, S., WIDENGREN, J., MENG,
Q., RISING, A., OTZEN, D., KNIGHT, S. D., JAUDZEMS, K. AND JOHANSSON, J.,
Sequential pH-driven dimerization and stabilization of the N-terminal domain enables
rapid spider silk formation. Nat Commun 5, 3254 (2014).

JAUDZEMS, K., ASKARIEH, G., LANDREH, M., NORDLING, K., HEDHAMMAR, M.,
JORNVALL, H., RISING, A., KNIGHT, S. D. AND JOHANSSON, J., pH-dependent
dimerization of spider silk N-terminal domain requires relocation of a wedged
tryptophan side chain. J Mol Biol 422, 477-487 (2012).

SARR, M., KRONQVIST, N., CHEN, G., ALEKSIS, R., PURHONEN, P., HEBERT, H.,
JAUDZEMS, K., RISING, A. AND JOHANSSON, J., A spidroin-derived solubility tag
enables controlled aggregation of a designed amyloid protein. FEBS J 285, 1873-
1885 (2018).

ABELEIN, A., CHEN, G., KITOKA, K., ALEKSIS, R., OLESKOVS, F., SARR, M., LANDREH,
M., PAHNKE, J., NORDLING, K., KRONQVIST, N., JAUDZEMS, K., RISING, A.,
JOHANSSON, J. AND BIVERSTAL, H., High-yield Production of Amyloid-beta Peptide
Enabled by a Customized Spider Silk Domain. Sci Rep 10, 235 (2020).

SCHERLE, W., A simple method for volumetry of organs in quantitative stereology.
Mikroskopie 26, 57-60 (1970).

ALMLEN, A., STICHTENOTH, G., ROBERTSON, B., JOHANSSON, J. AND CURSTEDT, T.,
Concentration dependence of a poly-leucine surfactant protein C analogue on in vitro
and in vivo surfactant activity. Neonatology 92, 194-200 (2007).

KAMARUZAMAN, N. A., KARDIA, E., KAMALDIN, N., LATAHIR, A. Z. AND YAHAYA, B.

H., The rabbit as a model for studying lung disease and stem cell therapy. Biomed Res
Int 2013, 691830 (2013).

GONZALES, J. N., LucAs, R. AND VERIN, A. D., The Acute Respiratory Distress
Syndrome: Mechanisms and Perspective Therapeutic Approaches. Austin J Vasc Med
2, (2015).

BAER, B., SOUZA, L. M. P., PIMENTEL, A. S. AND VELDHUIZEN, R. A. W., New insights
into exogenous surfactant as a carrier of pulmonary therapeutics. Biochem Pharmacol
164, 64-73 (2019).

GUSTAFSSON, M., CURSTEDT, T., JORNVALL, H. AND JOHANSSON, J., Reverse-phase
HPLC of the hydrophobic pulmonary surfactant proteins: detection of a surfactant
protein C isoform containing Nepsilon-palmitoyl-lysine. Biochemical Journal 326,
799-806 (1997).

57



