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Abstract. Hemoglobin (Hb) plays its vital role through structural and functional properties
evolutionarily optimized to work within red blood cells. i.e., the tetrameric assembly, well-defined
oxygen affinity, positive cooperativity, and heterotropic allosteric regulation by protons, chloride and
2,3-diphosphoglycerate. Outside red blood cells, the Hb tetramer dissociates into dimers, which
exhibit high oxygen affinity and neither cooperativity nor allosteric regulation. They are prone to
extravasate, thus scavenging endothelial NO and causing hypertension, and cause nephrotoxicity. In
addition, they are more prone to autoxidation, generating radicals. The need to overcome the adverse
effects associated with cell-free Hb has always been a major hurdle in the development of substitutes
of allogeneic blood transfusions for all clinical situations where blood is unavailable or cannot be
used due to, for example, religious objections. This class of therapeutics, indicated as hemoglobin-
based oxygen carriers (HBOCs), is formed by genetically and/or chemically modified Hbs. Many
efforts were devoted to the exploitation of the wealth of biochemical and biophysical information
available on Hb structure, function, and dynamics to design safe HBOCs, overcoming the negative
effects of free plasma Hb. Unfortunately, so far, no HBOC has been approved by FDA and EMA,
except for compassionate use. However, the unmet clinical needs that triggered intensive
investigations more than fifty years ago are still awaiting an answer. Recently, HBOCs

“repositioning” has led to their successful application in organ perfusion fluids.



1. Introduction. The structure, dynamics, function, and regulation of proteins are evolutionarily
optimized to work in specific cell compartments, and their improper localization can lead to toxicity.
In this respect, hemoglobin (Hb) is paradigmatic, as oxygen affinity, tetramer stability, oxidation state
and cooperativity are perfectly tailored to work as an oxygen carrier within red blood cells (RBCs),
but wholly unsuitable for this function when free in the plasma, where these properties are profoundly
altered. In fact, cell-free Hb undergoes dissociation to dimers that show increased propensity to
autoxidation, absence of cooperativity and high oxygen affinity. In addition, both free Hb tetramers
and dimers scavenge nitric oxide (NO) generated by endothelial cells, causing hypertension. In vivo,
Hb dimers released from aged RBCs are trapped by haptoglobin and directed to degradation by the

reticuloendothelial system (di Masi et al., 2020).

The compartment-specific activity of Hb has been investigated in the attempt to design Hb-
based oxygen carriers (HBOCs), protein therapeutics intended to deliver oxygen to tissues as an
alternative to RBC transfusions for “oxygen therapeutics”. To efficiently work in the plasma and to
avoid adverse effects, HBOCs were developed using either chemically and/or genetically modified
HbA to alter the functional and structural properties of unmodified Hb. The fine-tuning of these
properties has relied on the enormous amount of information arisen by the decades-long effort to
dissect the complex reactivity and conformational flexibility of Hb. Indeed, Hb and its monomeric
homolog myoglobin (Mb) were investigated in detail in the 20" century, triggering the development
of several biophysical and biochemical methods that later became generally available to understand
protein structure, dynamics, and function. These include i) x-ray protein crystallography, pursued by
Max Perutz and John Kendrew (Kendrew et al., 1960), ii) stopped-flow techniques, pursued by
Quentin Gibson (Gibson and Roughton, 1955), laser flash photolysis, exploited by William Eaton
and coworkers (Henry et al., 1997; Hofrichter et al., 1983) and Mossbauer spectroscopy, pursued by
Fritz Parak (Parak, 1988). This vast body of experimental work was cleverly and clearly reviewed
and presented in the Antonini and Brunori book in 1971 (Antonini and Brunori, 1971). For Hb and

Mb scientists, this book has been the “Bible” for the last 50 years. In our laboratory, we have a single



copy, acquired by Prof. Gian Luigi Rossi when he carried out Kinetic studies on HbA reactivity in
collaboration with Bob Noble (Noble et al., 1972). The book was a unique source of information and
data comparison for many of us. More recent valuable sources on Hb are Imai's book on "Allosteric
Effects in Hemoglobin”, published in 1982 (Imai, 1982), and the Bunn and Forget book on
"Hemoglobin: Molecular, Genetic and Clinical Aspects", published in 1986 (Bunn and Forget, 1986).
In addition, Hb allostery has been discussed in several reviews appeared over the years (Bellelli and
Brunori, 2011; Eaton et al., 2007; Eaton et al., 1999; Miele et al., 2013). Since the inspiring Antonini
and Brunori book was published, Hb has been further investigated with a kaleidoscopic pattern of
different biochemical and biophysical techniques, leading to a structural and functional
characterization unparalleled to that reached for any other protein. In addition, both Hb and Mb have
been genetically engineered for the understanding of the role of almost each amino acid in dictating
their role in structural and functional properties and for tailoring reactivity towards oxygen, NO,

oxidative agents in the development of HBOCs (Dou et al., 2002; Olson et al., 1997).

In this review, we will describe the structural and functional properties of Hb as an oxygen
carrier, with the aim to underline the molecular features that need to be modified for the design of
HBOCs. We will show that protein engineering and chemical modifications have allowed to develop
HBOCs with oxygen-carrying properties suitable for working outside RBCs. Depending on the fine-
tuning of their properties, these products have been proposed for different applications, with recent
examples of "repositioning™ as solutions for organ preservation and plasma expander CO carriers.
Therefore, Hb represents a clear example of how the detailed structural and functional
characterization of a protein, apparently well beyond the needs of biotechnological applications,

turned out to be an invaluable starting point to design life-saving therapeutics.

1.1. Hemoglobin structure, a brief outlook. Hb is a tetramer formed by two homologous subunits,

referred to as a and 3 chains (Figure 1). The B chains contain eight helices (numbered A to H), while



the o chains have only seven. Each monomer contains a heme moiety. An Fe?* ion at the center of
the tetrapyrrole ring is coordinated to a His residue, called proximal His, and reversibly binds oxygen.
This event triggers a series of tertiary conformational changes that destabilize the deoxyHb structure.
The HbA tetramer exhibits two distinct quaternary states, called T, for "tense", and R, for "relaxed",
with the former stabilized by salt bridges and thermodynamically favored in the absence of oxygen,
and the latter thermodynamically favored when oxygen is bound (Figure 1). Functional properties of

Hb depend on the relative population of quaternary states as well as on the relative populations of
tertiary states endowed with different reactivity, t and r (see chapter 1.2 below) (Henry et al., 2002).

Studies by Eaton (Eaton, 1980) and Thornton and colleagues (Pillai et al., 2020) have

dissected the Hb structure and have assigned specific functional roles to each globin portion, and, in

Figure 1. Structure of tetrameric deoxy T-state (left) and oxy R-state HbA (right). Subunits are shown with different
colors.

parallel, to the three exons contained in the globin genes. Specifically, the amino acids associated
with the three coding sequences are distributed to each of Hb functions: i) heme contacts essential for
oxygenation, ii) al-p2 contacts essential for cooperative dimer, iii) al-B1 contacts essential for
cooperative tetramer, iv) Bohr effect, essential for the modulation of oxygen loading and unloading
from lung to tissues, and v) 2,3-diphosphoglycerate (DPG) binding, essential for oxygen affinity

regulation (Eaton, 1980). Furthermore, it was shown that tetrameric Hb evolved from an ancient



monomer and a more recent noncooperative homodimer with high oxygen affinity. Two surface
substitutions are sufficient to markedly reduce oxygen affinity and to confer cooperativity, suggesting

a linkage between the oxygen binding site and the oligomerization interface (Pillai et al., 2020).

1.2. Hemoglobin allostery: state of the art. Hb function is under two allosteric regulations: a
homotropic effect associated with the cooperative oxygen binding, and heterotropic effect, mediated
by binding of effectors (e.g.: protons, CO., chloride ions and organic phosphates) at sites other than
the heme pocket. The latter accounts for different physiological roles of Hb, beyond oxygen transport
from the lungs to peripheral tissues, contributing to control pH and scavenging of CO2. A so complex
behavior intrigued scientists, fascinated by the idea of building a comprehensive model able to
describe and predict how homotropic and heterotropic effectors modulate Hb ligand binding
properties. Both mechanisms of regulation impact on Hb function in vivo and their understanding is

key for the design and optimization of HBOCs with tailored properties.

Historically, homotropic effects have attracted earlier attention, starting from the sequential
model originally proposed by Linus Pauling in the 1930s (Pauling, 1935) and later developed by
Koshland, Nemethy and Filmer (Koshland et al., 1966). Sequential models predict continuous affinity
changes upon binding of subsequent oxygen molecules to the same tetramer, implying cooperativity
within the same quaternary state. On the contrary, concerted models assume a saturation-dependent
equilibrium between pre-existing high and low-affinity states with perfect functional symmetry
among the four subunits within a tetramer, which would exclude cooperativity in the absence of
quaternary relaxations. The most famous concerted model is that proposed by Monod, Wyman, and
Changeux (MWC) (Monod et al., 1965), largely motivated by the pioneer structural studies of Perutz
and coworkers showing a different quaternary arrangement of fully oxygenated and deoxygenated
subunits (Muirhead and Perutz, 1963; Perutz et al., 1964). Other models were proposed over the years,

including the Ackers "Symmetry Code" implying cooperativity within the T state (Ackers et al.,



1992). Since all these models well describe the observed oxygen binding curves, the characterization
of single Hb conformations by blocking or slowing down conformational transitions resulted a
valuable approach to validate allosteric models. Controversies among models were settled in favor of
MWC mainly thanks to oxygen binding studies in T-state Hb crystals carried out by Eaton, Mozzarelli
and coworkers, showing lack of cooperativity in the absence of quaternary relaxations (Mozzarelli et
al., 1997; Mozzarelli et al., 1991; Rivetti et al., 1993). Starting from the mid ‘90s, even more
convincing evidence in favor of the concerted model arose from functional studies carried out by
several groups on Hb encapsulated in wet, nanoporous silica gels (Bettati and Mozzarelli, 1997;
Bruno et al., 2001; Jones et al., 2012; Jones et al., 2014; Juszczak and Friedman, 1999; Khan et al.,
2000; Samuni et al., 2004; Samuni et al., 2006; Schiro and Cupane, 2007; Shibayama and Saigo,
1995). Encapsulation in silica gel offers two major advantages over crystallization. First of all,
conformational changes are not hampered, but slowed down by orders of magnitude, with uncoupling
of tertiary and quaternary relaxations that allow to interrogate the spectroscopic properties of
intermediate conformations by UV-vis absorbance, Raman, near-infrared and circular dichroism
spectroscopy (Das et al., 1999; Khan et al., 2000; Ronda et al., 2006; Schiro and Cupane, 2007;
Viappiani et al., 2004). Moreover, in the absence of crystal lattice constraints, tertiary effects induced
by heterotropic regulators are maintained (Bettati and Mozzarelli, 1997; Bruno et al., 2001; Viappiani
etal., 2004). Overall, no cooperativity in oxygen binding was observed within the T and R quaternary
state for Hb gels. However, the observation of functional heterogeneity within the T state, extensively
investigated by Yonetani, Poyart and others (Ackers et al., 1992; Kister et al., 1987; Lalezari et al.,
1990; Marden et al., 1990; Tsuneshige et al., 2002; Yonetani et al., 2002; Yonetani and Tsuneshige,
2003), raises the issue of a long-known deficiency of the MWC model, which postulates symmetry
of the four subunits. This would allow heterotropic effectors to act on the equilibrium between T and
R quaternary states, but with no effect on their respective equilibrium constant for oxygen binding,
Kt and Kr. It should be noted that by the mid ‘60s, when Monod and coworkers formulated their

model, heterotropic effects on Hb had been only partially investigated, and that the authors were



perfectly aware of the over-simplification of their model, which was just intended to explain in the

easiest, more elegant and general way the cooperative behavior of multi-subunit proteins.

Over the last decades, the wide functional range of T and R conformations has been described
in terms of continuous or discrete distributions of tertiary species accommodated within the two
individual quaternary states (Bettati et al., 1998; Friedman, 1985; Lukin et al., 2003; Peterson et al.,
2004; Rivetti et al., 1993; Yonetani et al., 2002; Yonetani and Tsuneshige, 2003). These findings
motivated Eaton and coworkers to propose an extension of the MWC model, the Tertiary-Two State
(TTS) model (Henry et al., 2002). According to the TTS, oxygen and heterotropic effectors can
modulate the equilibrium between pre-existing, low- and high-reactivity tertiary conformations
(called t and r, respectively), that populate both quaternary states. The tertiary conformation is the
only determinant of oxygen affinity of individual subunits. Ligation and the R structure favor the
highly reactive r state (significantly populated in liganded R, but also liganded T), while T state and
negative heterotropic effectors favor t (significantly populated in deoxygenated T, but also
deoxygenated R). Cooperativity still arises from the quaternary equilibrium, thus preserving the
fundamental postulate of MWC (no cooperative effects are present within T and R conformations),

but oxygen affinity can span the same range in T and R. The TTS model received experimental

support by CO rebinding kinetic experiments on Hb gels (Viappiani et al., 2004; Viappiani et al.,
2014; Henry et al., 2015). It was shown that only two functionally different conformations of the

subunits exist both in unliganded and liganded states, regardless the quaternary structures.

As for the structural basis of functional differences between high and low affinity states, these have
been proposed to be mediated by the so-called "allosteric core", the region containing the proximal
His, the FG corner and part of the F helix that translates structural changes following heme
ligation to the al-B2 and o2-B1 interface (Gelin et al., 1983). Although different structural and
dynamic bases have been put forward over the decades to explain Hb allostery (recently reviewed,

e.g., in (Henry et al., 2015), by Shibayama (Shibayama, 2020) and Ho and coworkers (Yuan et al.,



2015)), an ultimate description still awaits the resolution of key missing structures: those of
oxygenated and deoxygenated Hb in the high-affinity T state (deoxy(Tr) and oxy(Tr) in the
framework of the TTS model) and low-affinity R state (deoxy(Rt) and oxy(Rt)). Progress in cryo-
electron microscopy, with the great advantage over crystallographic techniques to make feasible

solving structures of heterogeneous conformations, might allow to tackle this issue in the future.

The relevant conclusion from these studies for the development of an HBOC is that Hb oxygen
affinity can be modulated by altering the equilibrium distribution of r and t tertiary states within each
quaternary state. However, so far, this key observation has not yet been exploited for the development

of tailored HBOC:s.

2. Towards Hemoglobin-based Oxygen Carriers: chemical and genetic strategies to modulate oxy-
gen affinity, allostery, oxidation propensity, and NO reactivity. In the last decades, artificial oxygen
carriers have been developed to tackle clinical needs not met by allogeneic blood transfusions, and,
particularly, to treat: i) hemorrhagic events outside a hospital setting, ii) patients that refuse human
blood for religious reasons, iii) patients that are immunoreactive to all blood types, iv) pre-term babies
that need transfusions with oxygen properties different from adult blood, and v) patients that need
transfusions in Third World countries where healthy blood donors and national blood banks are rare.
As reported by the World Health Organization’s Global Program for Blood Safety, out of the 118.5
million blood donations collected globally in 2018, 40% are from countries with high Human Devel-
opment Index (HDI), where 16% of the world population live. In addition, 48 out of 171 countries

do not possess a national blood policy (https://www.who.int/news-room/fact-sheets/detail/blood-

safety-and-availability). The median blood donation rate in high-HDI countries is 31.5 donations per

1000 people. This compares with 15.9 donations per 1000 people in upper-middle HDI countries, 6.8
donations per 1000 people in lower-middle HDI countries, and five donations per 1000 people in low-

HDI countries. For 62 countries fewer than 10 donations per 1000 people are reported and, among
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these, 34 countries are in the WHO African Region (https://www.who.int/news-room/fact-sheets/de-

tail/blood-safety-and-availability).

The development of a blood substitute was initially thought to be easily achievable. However, more
than fifty years of investigations, many preclinical, phase I, phase Il and even phase Il clinical trials
have led to no FDA- and EMA-approved blood substitute (Dolgin, 2017). Nevertheless, two products,
Hemopure® and Sanguinate® have received the FDA approval for compassionate use in patients that
cannot receive or refuse transfusions (see below). In addition, a perfluorocarbon derivative, Fluosol-
DA was approved by FDA in 1989 and used in Jehovah’s Witness patients (Krafft and Riess, 2009).
Its production ended in 1994 due to lack of use and a second-generation of perfluorocarbon, Oxygent,

proceeded through phase 111 trials but was never FDA licensed (Krafft and Riess, 2009).

Failures of hemoglobin-based oxygen carriers are due to two main issues: i) HbA works properly
only when confined within RBCs, and ii) the allosteric properties are associated with the integrity of
the tetrameric state and the presence of allosteric effectors. Both these conditions are lost when HbA
is free in the plasma, where no allosteric effectors are present, and diluted Hb dissociates into dimers
that exhibit high affinity and no cooperativity. In addition, dimeric HbA free in the plasma undergoes
accelerated oxidation due also to heme loss, generating oxygen radicals, which in turn cause oxidative
stress. HbA oxidation in the plasma is not counterbalanced by the enzymatic systems present within
RBCs. Moreover, cell-free HbA extravasates easily, scavenging endothelial NO, and thus causing
hypertension. Finally, HbA as a dimer, in contrast to tetramers, is filtered in the renal glomerulus,

causing nephrotoxicity (Figure 2A).

To overcome limitations, different approaches of Hb modification have been exploited, including
protein decoration with polyethylene glycol (PEG) to increase the hydrodynamic radius and avoid
extravasation, intermolecular crosslinking to prevent tetramer dissociation, encapsulation in synthetic
envelopes or different nano- or microarchitectures (Figure 2B) (Bobofchak et al., 2003; Devineau et

al., 2018; Inayat et al., 2006; Jahr et al., 2012; Jansman and Hosta-Rigau, 2018; Kocian and Spahn,

10
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2008; Meng et al., 2018; Mozzarelli et al., 2010; Winslow, 2006a). The development of the first
HBOCs aimed at mimicking the properties of RBCs in terms of oxygen binding, autoxidation rate,
and reactivity with NO. More recently, HBOCs have been considered as "oxygen therapeutics™ for
emergency treatment, and it is now debated whether functional properties close to those of RBCs are
clinically relevant (Belcher et al., 2018; Dolgin, 2017; Mozzarelli et al., 2010). Nevertheless, the
modulation of the oxygen-binding properties, autoxidation rates, and NO reactivity is still an active
field of investigation to obtain HBOCs endowed with different functional properties, possibly to be
used for specific clinical applications and therapeutic treatments. This variety of functional properties
might be more easily achieved by engineering Hb via genetic approaches rather than chemical

modifications (Figure 2B) (Benitez Cardenas et al., 2019; Cooper et al., 2020; Varnado et al., 2013).

11



One caveat of genetic methods for HBOC production is the relative low yield of purified material

from expression systems, leading to a high cost per unit of blood (Graves et al., 2008).
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Figure 2: A. Potential toxic effects caused by cell-free Hb. B. Strategies for the development of HBOCSs: chemical and
genetically encoded modifications to reduce dimer formation, increase of the overall size of the protein or modification

of Hb reactivity towards NO.

Key questions in the development of effective HBOCs are: i) is there a unique ideal oxygen affinity

for an HBOC or should it be dependent on the specific HBOC clinical use? and ii) are tailored HBOC

12



functional properties more “easily” achieved by chemical or genetic methods or by a combination of
both methods? These questions are still awaiting a definite answer. As discussed in the next sections,
developed HBOCs are endowed with oxygen affinity that can be higher, similar, or even lower than
Hb oxygen affinity within RBCs (Table 1). This is somewhat surprising as all products are designed
to deliver oxygen to tissues in hemorrhagic events, orthopedic surgery, ischemic episodes or sickle
cell crises. The rationale for a high affinity HBOC is that oxygen is released only to peripheral tissues
where oxygen tension is low and no triggering of signals controlling vascular tension occurs due to
oxygen release in the pre-peripheral circulation (Winslow, 2008). The rationale for HBOCs with an
oxygen affinity close or lower than that of Hb in RBCs is that this oxygen affinity is physiologically
relevant for oxygen delivery to peripheral tissues (Jahr et al., 2008; Moore et al., 2009). Noteworthy
to mention that for all products, allosteric properties are almost completely abolished, impairing the
well-known critical function of Hb for oxygen release from lungs to tissues. Whereas genetic
manipulation of Hb has demonstrated to be able to generate almost a continuum of individual
functional properties of Hb (Olson et al., 1997), difficulties have raised due to the concomitant

alteration of other properties, given the tight and complex interaction network of the protein matrix.

2.1. Modulation of the oxygen-binding properties. Several modification chemistries of Hb have
tackled the need to control the oxygen-binding properties of HBOCs by modulating the tertiary and

quaternary conformational equilibria of the tetramer.

2.1.1 Control of oxygen binding properties in PEGylated HBOCs. HBOCs consisting of PEGylated
Hbs take advantage of the extensive use of polyethylene glycol (PEG) to conjugate protein
therapeutics and increase their half-life and reduce extravasation (Roberts et al., 2002). PEGylation
of Hb yields products endowed with significantly different oxygen binding properties, depending on
the chemistry of conjugation, the ligation state, and the residues involved in the modification (Table

1). Several researchers have worked towards the characterization of all these variables, including

13



Acharya and coworkers (Li et al., 2006; Manjula et al., 2000; Manjula et al., 2005), Winslow and
coworkers (Winslow, 2004; Young et al., 2005), Perrella and coworkers (Caccia et al., 2009; lafelice
et al., 2007; Portoro et al., 2008), Kluger and coworkers (Lui et al., 2008; Lui and Kluger, 2009), and
our group (Alomari et al., 2018; Portoro et al., 2008; Ronda et al., 2011).

The PEGylation chemistry employed in the preparation of HBOCs has proven crucial in
modulating oxygen affinity, mainly because it dictates which residues are modified. As direct
PEGylation of HbA with urethane linkages produces extensive PEGylation with little control over
the oxygen-binding properties (Bradley et al., 1994), an approach consisting in the thiolation of amino
groups followed by their PEGylation was later introduced (Li et al., 2009; Li et al., 2006). The
resulting HBOCs exhibited oxygen binding properties that depend on whether PEGylation is carried
out under aerobic or anaerobic conditions. A drawback of thiol-directed chemistries is that the
PEGylation of residue Cys93(P) was suggested to perturb the heme-binding pocket. For this reason,
its protection was pursued through several chemical approaches, leading to different conclusions
regarding its relevance in the control of HBOCs properties (Le Coeur et al., 2015; Manjula et al.,
2003; Wang et al., 2014). Residue Cys93(p) is also involved in NO binding under aerobic conditions.
The physiological relevance of the SNO-Hb complex in hypoxia vasodilation via the reversible
release of a SNO derivative during deoxygenation was proposed by Stamler (see for a review
(Premont et al., 2020)). An alternate view, suggested by Gladwin (Gladwin, 2017) proposes the
formation of NO from nitrite by deoxyHb, leading to hypoxic vasodilation. Furthermore, since
Cys93(p) is only reactive in the R state, blocking it by bulky groups hinders the R to T transition,
stabilizing the R state and increasing oxygen affinity.

As PEGylation at the N-terminal Vall(a) and Vall(p) was shown to induce the destabilization
of Hb tetramers, their carboxymethylation and propylation before PEGylation was pursued (Hu et al.,
2009; Hu et al., 2011; Hu et al., 2012).

The ligation state of Hb at the time of PEGylation also proved critical in dictating the oxygen-

binding properties of the final product. By PEGylating oxy-HbA, Winslow and colleagues obtained

14



a HBOC endowed with no cooperativity and oxygen affinity close to isolated dimers and R state Hb
(Caccia et al., 2009; lafelice et al., 2007; Portoro et al., 2008; Winslow, 2005). The PEGylation of
deoxy-HbA, on the other hand, resulted in a low-affinity, high-cooperativity product (Euro-PEG-Hb)
(Caccia et al., 2009; Portoro et al., 2008). We compared high- and low-affinity PEGylated HbA in a
Guinea pig transfusion model, demonstrating a correlation between oxygen affinity and oxidative
stress (Alomari et al., 2018).

PEG was also used in the preparation of phospholipids bilayer vesicles containing purified HbA for
the development of red cell mimics (Sakai et al., 2001). Hb vesicles exhibiting p50 of 8 and 29 torr
were obtained by modulating the amount of pyridoxal 5-phosphate as allosteric effector. In an hamster
model, it was found that vesicles containing higher affinity Hb led to a higher oxygen release (Sakai
et al., 2005).

2.1.2 Control of oxygen binding properties in polymerized HBOCs. HBOCs have been obtained by
introducing crosslinks between dimers to prevent dissociation. Since the first observations on
diaspirin-crosslinked HbA (Chatterjee et al., 1986; Walder et al., 1979), it was concluded that
crosslinking chemistry is crucial in modulating the oxygen-binding properties. For example, Hb
raffimer (Hemolink™) is based on intramolecular/intermolecular HbA crosslinked with oxidized
raffinose (Scatena and Giardina, 2001) and its affinity for oxygen is lower than that of Hb inside
RBCs (Table 1) (Caron et al.,, 1999; Scatena and Giardina, 2001). HbA polymerized with
glutaraldehyde and then pyridoxylated (PolyHeme®, Northfield) exhibits a low affinity (Table 1)
(Gould et al., 1998). As for PEGylated HBOCs, the conditions of the reaction, as well as the ligation

state of HbA, were investigated (Zhang et al., 2011).

2.1.3 Control of oxygen binding properties by using non-human Hbs. Bovine Hb (bHb) naturally
exhibits a low affinity for oxygen and was therefore proposed as a starting point for preparing low-
affinity HBOCs. Hemopure® (Biopure, now HbO2 Therapeutics) (and its most recent version called

HBOC-201), a glutaraldehyde-polymerized bovine Hb, exhibits an oxygen affinity lower than human
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RBCs (Table 1) (Jahr et al., 2008). It has been authorized for compassionate use in patients that cannot
be transfused for any clinical reason or refuse transfusions such as Jehovah's Witnesses. Furthermore,
Hemopure® is approved in South Africa to treat anemia in adult surgical patients, and in Russia for
acute anemia, irrespective of etiology. A partially purified Hemopure®, called Oxyglobin® was ap-
proved by FDA and EMA for veterinary use (Harris and Palmer, 2008). Hemopure® is also used in

organ perfusion solutions (see 4.2).

As for PEGylated HBOCs and glutaraldehyde-polymerized HbA, the ligation state of Hb during the
reaction strongly affected the oxygen-binding properties (Buehler et al., 2010; Zhou et al., 2011).
bHb has been intramolecularly crosslinked with ATP and intermolecularly linked with adenosine
(Simoni et al., 2014; Simoni et al., 2012) and conjugated to dextran upon Cys93(B) protection (Wang
et al., 2017). A more recent approach consisted in the decoration of CO-bHb with PEG, leading to
the product Sanguinate® (Abuchowski, 2016, 2017). Clinical trials were carried out for the use of
Sanguinate® to treat sickle cell crises (Misra et al., 2017) and animal studies for the use as
resuscitation fluid (Guerci et al., 2020). This product was granted the designation of orphan drug for
sickle cell patients as well as compassionate use in severe anemia when transfusions were not possible
or refused (McConachie et al., 2020). However, concern about the benefits of its use in such a

complex clinical frame as sickle cell disease was raised (Alayash, 2017).

Recent studies (Gu et al., 2021) report on the development of a series of HBOCs obtained from cross-
linked bHb PEGylated in the either the T or R state upon tangential flow filtration to separate high
and low molecular weight forms. For both forms, the R state PEG bHb products exhibit p50s close
to 1 torr, whereas the T state PEG bHb exhibits p50 of 20 torr. For all products, cooperativity is close

to 1 (Belcher et al., 2017; Gu et al., 2021).

Another HBOC derived from purified bHb is the zero-linked polymeric hemoglobin, OxyVita®Hb

obtained from the formation of pseudopeptide bonds between carboxyl groups and amino groups on
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the surface of bovine cross-linked tetrameric Hb molecules (Table 1) (Harrington et al., 2011). Stud-
ies are ongoing to investigate oxidation stability (Wollocko et al., 2017a) and formulation (Wollocko

etal., 2017D).

A cluster was produced by cross-linking bHb with human albumin molecules, named HemoAct
(Table 1) (Tomita et al., 2013). HemoAct safety, evaluated in rats, was found acceptable (Haruki et
al., 2015). Using as crosslinking agent N-succinimidyl 3-maleimidopropionate (Funaki et al., 2019),
a product with a p50 of 9 torr and a Hill coefficient of 1.4 was obtained, lower than the control HbA
exhibiting a p50 of 23 torr and a Hill coefficient of 2.6. This suggests a stabilization of the R state
due to constraints to the transition to the T state, as lysine residues were modified.

Besides bHb, crocodile Hb, Trematomus bernacchii Hb and erythrocruorin of the earthworm Lum-
bricus terrestris have also been considered as starting points for low-affinity HBOCs due to their
specific oxygen binding properties (Coppola et al., 2011; Elmer et al., 2012; Jani et al., 2017; Komi-
yama et al., 1995; Rajesh et al., 2018; Roamcharern et al., 2019; Spivack et al., 2018). More recently,
cell-free Hb from Arenicola marina has been proposed as a blood substitute. This lugworm Hb has a
high molecular weight (3600 kDa), with a p50 of 7 mmHg (Table 1) (Mallet et al., 2014; Varney et
al., 2021), and is prepared by the company Hemarina with the name Hemo2Life® M101. This product
has been tested as a preservation fluid for storing healthy and marginal kidney before transplantation

in a preclinical porcine model (Kaminski et al., 2019; Thuillier et al., 2011).

2.1.4 Control of oxygen binding properties by non-natural Hb variants. It was suggested to produce
recombinant Hb variants by introducing mutations capable of modulating oxygen affinity (Benitez
Cardenas et al., 2019; Cooper et al., 2020; Dou et al., 2002; Olson et al., 1997; Ronda et al., 2008;
Varnado et al., 2013), in particular through the stabilization of high or low-affinity conformations,
the alteration of the interactions between oxygen and amino acid side chains in the heme pocket and

the modification of heme accessibility (Birukou et al., 2010).
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Hb Polytaur is a chimeric autopolymerizing recombinant Hb engineered to both increase the
p50 of HbA and its size through autopolymerization via formation of disulfide bonds (Bobofchak et
al., 2003; Faggiano et al., 2011). It is formed by human o chains and bovine B chains, intended to
lower the affinity of Hb. Mutations Cys104Ser(a), Cys93Ala(p), and Ser9Cys(p3) were introduced to
limit polymerization to Ser9Cys(B). The autopolymerized product exhibited a p50 of 16-18 mmHg
under physiological conditions, values close to Hb inside RBCs.

Recently, a double mutant (Cys93Ala(B)/Alal9Cys(c)) was generated and decorated with
PEG20000 Da. This HBOC showed oxygen affinity and cooperativity close to HbA (Cooper et al.,
2021; Cooper et al., 2020).

Towards the development of stable Hb tetramers, a combination of two a2 and 2 homodimers
was obtained from a fusion gene containing two o chains or two B chains, coupled via a specific
linker (Panetta et al., 2008). The modification increased the oxygen affinity, due to a destabilization

of the T quaternary state, and did not increase the autoxidation rate (Panetta et al., 2008).

2.2. Modulation of the autoxidation rates and NO dioxygenase reactivity. HBOCSs are prone to ox-
idization to metHb or ferryl species. These species do not bind oxygen and promote oxidative reac-
tions of proteins, lipids, DNA, which correlate to the oxidative stress observed upon administration
(Mollan and Alayash, 2013; Strader and Alayash, 2017). Indeed, the chemical modifications used in
the preparation of HBOCs increase Hb propensity to autoxidation and production of O2" and H20>
(Mollan and Alayash, 2013). Antioxidants like ascorbate mediate Hb reduction (Cooper et al., 2008),
but their plasma concentration in humans is limited by dietary intake (Rumsey and Levin, 1998). The
extensive mutagenesis studies carried out by Olson and coworkers on Mb and Hb have allowed to
pinpoint residues affecting oxygen affinity as well as oxidation stability (Benitez Cardenas et al.,
2019; Dou et al., 2002). Fetal Hb (HbF) is more stable and less prone to autoxidation in comparison

to HbA (Graves et al., 2008), suggesting its use as a precursor of HBOCs. Recombinant human fetal
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Hb and HbA were prepared and evaluated in terms of oxidative stress (Simons et al., 2018). Differ-
ences in oxidative reactivity were observed but neither form was superior to the other for the prepa-
ration of effective HBOC (Simons et al., 2018).

Another oxidatively stable HBOC was prepared based on the observation that the naturally occurring
K82D variant (Hb Providence) is more resistant towards oxygen peroxide degradation with respect
to wild-type HbA (Strader et al., 2017). The effects of genetic cross-linking of Hb Providence on
autoxidation, hemin loss, and reactions with H20. were compared with HbA and found that cross-
linking and mutation confer higher stability to oxidative reactions, thus suggesting that Hb Providence
is a valuable source for the development of HOBCs (Strader et al., 2017). It was also found that in

Hb Providence Cys93(p) is less prone to oxidation with respect to HbA (Jana et al., 2020).

HbA as well as Mb, under oxidative conditions, form ferryl heme iron and protein-based free radicals.
Ferryl reduction can occur either via direct electron transfer from a reducing agent to heme edges or
via a protein-based pathway that involves tyrosine residues (Reeder et al., 2008). Based on the
observation that in HbA tyrosine Tyr42(«) is involved in the electron transfer between endogenous
antioxidants and the ferryl heme, and that a tyrosine residue is absent in the equivalent position of the
B subunits, the recombinant Hb variant Phe41Y () was designed to improve the reduction rates of 3
subunits (Silkstone et al., 2016). It was found that mutation decreases heme-mediated oxidative
reactivity and enhances NO bioavailability (Silkstone et al., 2016). Several other variants introducing
tyrosine residues in both subunits were generated to minimize Hb pro-oxidant activity, maintaining
Hb oxygen affinity in a range compatible with oxygen delivery to tissues (Cooper et al., 2019).
Among them, Thr84Tyr(p) variant was found to increase the rate of heme reduction by ascorbate,
restoring Hb function. HEK cells showed reduced membrane damage upon treatment with the

Thr84Tyr(p) variant in comparison to HbA (Cooper et al., 2019). When this variant was PEGylated
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and administered to mice, it was found to be retained in the circulation longer than PEGylated HbA

(Cooper et al., 2019).

The reactivity of Hb with NO is also a concern in the design of HBOCs as cell-free Hb is
prone to NO scavenging, which causes hypertension and also results in Hb oxidation (Alayash, 2019;
Doherty et al., 1998; Eich et al., 1996; Olson et al., 2004). NO-induced oxidation was found to be
similar in unmodified, polymerized, crosslinked, or PEGylated Hbs, suggesting that the NO
scavenging effect observed for HBOCs is mostly associated with their extracellular localization rather
than different reactivity towards NO (Meng et al., 2018). However, the thorough investigation of
recombinant variants (Doherty et al., 1998; Fronticelli and Koehler, 2009; Frost et al., 2018; Graves
etal., 2008) has indicated that some residues are particularly involved in the NO dioxygenase activity,
opening the way to produce HBOCs based on recombinant Hbs endowed with lower reactivity

towards NO (Doherty et al., 1998; Cooper et al., 2019).

Instead of altering Hb reactivity, the reduction of adverse effects of reactive nitrogen and
oxygen species has also been tackled by incorporating antioxidant functions in HBOCs. In the late
1990s, Chang and coworkers crosslinked the enzymes catalase and superoxide dismutase (SOD) to a
polyHb (D'Agnillo and Chang, 1998; Powanda and Chang, 2002). Lugworm Hb (Hemo2Life®)

shows also SOD-like activity (Mallet et al., 2014).

3. Clinical trials on HBOCs. Several HBOCs were tested in preclinical and clinical trials, and some
of them, such as PolyHeme®, Hemopure® and Hemospan® (Sangart), HemAssist® (Baxter),
Hemolink™ (Hemosol), reached phase I1l. However, no products have so far obtained approval by
either FDA or EMA, whereas HBOC-201, the most recent version of Hemopure®, is approved in
Russia and in South Africa for anemic patients undergoing surgery and is used in the USA for patients
in critical conditions that refuse transfusions, under investigational or expanded
access/compassionate use (Khan et al., 2020). Here we briefly summarize the latest phase 111 clinical

trials. More information is found in several books on HBOCs published over the years (Chang, 1997;
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Chang, 1992; Kim and Greenburg, 2013; Mozzarelli and Bettati, 2011; Winslow et al., 1996;

Winslow, 2006b).

PolyHeme® was tested on more than 700 patients in USA as a first treatment for hemorrhagic events
vs blood expanders at ambulances and vs transfusions in emergency rooms. Results indicated that
PolyHeme® was not superior with respect to controls when survival was used as therapeutic index.
Therefore, FDA stated that the risk:benefit assessment of the product in trauma was unfavorable.
Moreover, ethic issues were raised since consensus was not collected due to the unconscious patient

conditions, and safe transfusions were available in emergency rooms (Dube et al., 2019).

HBOC-201 was tested vs transfusions using severe adverse effects as therapeutic index. Results
showed an increase in severe adverse effects possibly associated with greater anemia (Dube et al.,
2019). For both HBOC-201 and PolyHeme® clinical evidence indicated significant levels of

cardiovascular dysfunction (Chen et al., 2009).

A Hemospan® (MP40X) phase 11 clinical trial was carried out to determine if the product was able
to prevent hypotension in hip arthroplasty more than a colloidal plasma expander, and to reduce the

incidence of operative and postoperative complications including organ dysfunction and failure until

follow-up at one month following surgery (https://clinicaltrials.gov/ct2/show/NCT00421200). This
study followed a randomized, single-blind, increasing dose safety trial selecting orthopedic surgery
patients with spinal anesthesia (Olofsson et al., 2008). It should be pointed out that the aim of these
trials was not to demonstrate Hemospan® efficacy as an HBOC but as an oxygen-carrying plasma
expander. Results indicated that Hemospan® significantly reduced the incidence of hypotensive
episodes in patients undergoing hip arthroplasty, but the adverse event profile did not support use in

routine low-risk surgical patients (Olofsson et al., 2011).

Another HBOC, HemAssist®, was tested in a phase Il clinical trial in USA but the trial was
suspended when a significant increase in mortality rates as compared to patients treated with blood

products was observed (Chen et al., 2009; Jahr et al., 2007).
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Phase I11 clinical trials were suspended in 2003 also for Hemolink™, since patients treated with this

product suffered from adverse cardiac side effects (Sen Gupta, 2019).

In 2008 Natanson et al. (Natanson et al., 2008) carried out a meta-analysis of 16 clinical trials
associated with five products. Results showed a significantly increased risk of death and myocardial
infarction in patients treated with HBOCSs. This study put an end to a period where three major USA

companies, Northfield, Biopure and Sangart, intensively and parallelly tried to develop a safe HBOC.

However, in spite of the so far unsuccessful investigations for the development of a safe HBOC,
transfusional medicine still urgently needs a drug that i) is able to deliver oxygen, ii) can be stored at
room temperature for prolonged periods, iii) can be administered without any blood group matching

and iv) can effectively replace RBC transfusions when blood is not available (Pusateri et al., 2019).

4. HBOC "'repositioning'". The extensive studies carried out for the development of HBOCs led to a
deeper understanding of Hb function and physiology, and oxygen supply requirements as well as NO
roles in controlling blood vessel tension. Nevertheless, all HBOCs are products that load and unload
oxygen depending on oxygen pressures. For this key function, they have been exploited for supplying

oxygen or other ligands, such as CO, to isolated organs or tissues.

4.1 CO delivery based on HBOCs. A CO derivative of Hemospan®, MP4CO (Belcher et al., 2013),
can deliver CO that at low concentrations shows positive effects including anti-apoptosis, anti-
inflammatory, anti-oxidative and anti-proliferative actions (Taguchi et al., 2020). Transgenic mice
expressing HbS, the Hb responsible for the sickle cell disease in humans, were treated with MP4CO
as a strategy to deliver CO and, thus, to induce the expression of heme oxygenase-1 that inhibits
microvascular stasis in sickle mice. In addition, it was also demonstrated that administration of
MP4CO induces the expression of the cytoprotective Nrf2 transcriptional regulator of heme

oxygenase-1 (Belcher et al., 2013). In the case of Sanguinate®, manufactured as CO derivative and
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as such used for the treatment of sickle cell patients (see above, 2.1.3), the CO-Hb derivative was the

only product developed and investigated (Abuchowski, 2016).

4.2 Organ perfusion fluids based on HBOCs. Every day, in the US and EU, about 50 people die
because of the lack of healthy organs to be transplanted. Moreover, the rate of opt-outs from organ
donation is increasing, reaching for example in Italy, in 2020, the record rate of 34%, with the
consequential increase in mortality for conditions that otherwise would be treatable. Furthermore, not
all the organs used lead to a successful transplantation, worsening the scenario. By the end of 2019,
over 58.000 patients were on a waiting list for organ transplantation in Europe and, on yearly average,
about 3-4% of the patients die before being transplanted (Vanholder et al., 2021). For example, in
2019 in Italy, patients in the kidney transplant list were 8615 and only 3813 were transplanted (data
from the Italian National Center Transplant). Moreover, only a small proportion of donated kidneys
were eligible for transplant (1379 out of 2766), indicating that organs are very susceptible to ischemia
and damage after death. Since the need for organs is significantly larger than the availability of ideal
donors, criteria for donor acceptance have been expanded and led to the use of extended criteria
donation (ECD) after circulatory death (DCD), but this is still not enough. For these reasons, the
development of new methods for improving organ preservation is a very active field. Whereas the
most used method for organ preservation is the normothermic perfusion with crystalloid solutions
and RBCs, recently HBOCs have been explored as an alternative for the improvement of oxygen
supply and conservation of optimal metabolic activity. A key advantage of HBOCs over RBCs is
their ability to diffuse in every organ capillary given the very reduced size (nanometers vs microns).
For instance, HBOCs were employed in machine perfusion of liver and kidney grafts after prolonged
cold ischemia (Mahboub et al., 2020) and were efficacious at improving organ condition of the liver
graft in animal experiments (Bhattacharjee et al., 2020). It was shown that more oxygen was extracted

when HBOC-201 was used with respect to RBCs in a human model of normothermic machine
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perfusion for liver (Laing et al., 2017) and kidney grafts (Aburawi et al., 2019). Ten discarded human
livers were exposed to a continuous cycle of hypo- and normothermic perfusions using HBOC-201
(Boteon et al., 2019). Results indicated that the procedure leads to a mitigation of the oxidative-
mediated tissue injury and an enhancement of hepatic energy stores, similarly to an interrupted
combined protocol, but with a simpler and more clinically applicable procedure (Boteon et al., 2019).
Similar positive results were obtained in a study where hypo- and normothermic perfusions were
sequentially applied to seven livers in order to preserve mitochondria activity as well as hepatic
functions, respectively (de Vries et al., 2019). During the normothermic phase, HBOC-201 was used
for supplying oxygen. Given the optimal metabolic conditions, five livers were transplanted and
100% were still in place after three months (de Vries et al., 2019). In a collaborative study we are
carrying out with the University of Bologna, a combination of bovine crosslinked HBOC and
mesenchymal stromal cell extracellular vesicles was used for human kidney normothermic
perfusions, obtaining very positive results for the preservation and improvement of marginal organs
(unpublished data). Because of this new game-changing application, HBOCs specifically designed
for ex vivo perfusion machines are currently being investigated, although most of the products used

so far are derivatives or HBOCs envisaged for in vivo administration as blood substitutes.
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Table 1. Oxygen properties of HBOCs.

HBOC name p50 (torr) Hill n Refs.
Sanguinate 7-16 - (Misra et al., 2014)
Oxyvita 6 1.1-1.2 (Harrington et al., 2011)
HemoAct 8-11 1.1 (Tomita et al., 2013)
Hemo2L.ife 7-12 - (Mallet et al., 2014)
(Varney et al., 2021)
Hemopure 40 1.4 (Jahr et al., 2008)
Oxyglobin 38 1.3 (Harris et al., 2008)
PolyHeme 26-32 1.5 (Gould et al., 1998)
Hemospan 5-6 1.2 (Vandegriff et al., 2003)
(MP40OX)
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Euro-PEG-Hb 14 1.5 (Portoro et al., 2008)
HemAssist 32 - (Lamy et al., 2000)
Hemolink 30-40 1 (Greenburg and Kim, 2004)

Hb Polytaur 16-18 - (Bobofchak et al., 2003)
Cross-linked 1 (R state PEG bHb) 1 (Belcher et al, 2017)
Pegylated bHb 20 (T state PEG bHb) 1 (Guetal., 2021)
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Response to Reviewers

Reply to reviewers.
In normal character is the reviewer’s comment; in bold, our reply and in red the text inserted in the revised
manuscript

Reviewer #1: General Comments

This is an interesting review although perhaps a bit more comprehensive about the details of Hemoglobin
Allostery rather than its relationship to the development of a hemoglobin based oxygen carrier. So, | think
the area that will need major revision to make this paper more useful is to develop further the link between
the oxygen affinity and new HBOC products. | think the questions that readers would like to know are the

following
1 Why would you choose a particular oxygen affinity for a particular use of a product?
2 How would you go about designing such a product?

| think the authors have the expertise to answer these questions or at least say what the current state of
play is in this area. The absence of such "joined up thinking" is currently the major flaw in this review.
However, | think it is within the capabilities of the others to address this in an interesting way in a revised
review.

First of all, we thank the reviewer for his/her valuable comments. We have removed the extensive part
related to the Tertiary Two State (TTS) model, as, to our knowledge, no experimental work has been
proposed to develop HBOCs on the basis of the different functional properties of alternative tertiary
states, independent of quaternary conformation. Indeed, future activities should be directed along this
line. Regarding the link between allosteric properties of Hb and HBOCs we have revised the text,
highlighting studies that have addressed this issue, although the primary goal of many investigations was
not to conserve allostery but to stabilize the tetramer, to reduce oxidation, and to obtain a defined
oxygen affinity. As a matter of fact, no experimental answer has been provided to the first question:
Why would you choose a particular oxygen affinity for a particular use of a product?.

We have inserted the following text:

“Key questions in the development of effective HBOCs are: 1) is there a unique ideal oxygen affinity
for an HBOC or should it be dependent on the specific HBOC clinical use? and ii) are tailored HBOC
functional properties more “easily” achieved by chemical or genetic methods or by a combination of
both methods? These questions are still awaiting a definite answer. As discussed in the next sections,
developed HBOCs are endowed with oxygen affinity that can be higher, similar, or even lower than
Hb oxygen affinity within RBCs (Table 1). This is somewhat surprising as all products are designed
to deliver oxygen to tissues in hemorrhagic events, orthopedic surgery, ischemic episodes, or sickle
cell crises. The rationale for a high affinity HBOC is that oxygen is released only to peripheral tissues
where oxygen tension is low and no triggering of signals controlling vascular tension occurs due to

oxygen release in the pre-peripheral circulation (Winslow, 2008). The rationale for HBOCs with an

oxygen affinity close or lower than that of Hb in RBCs is that this oxygen affinity is physiologically



relevant for oxygen delivery to peripheral tissues (Jahr et al., 2008; Moore et al., 2009). Noteworthy
to mention that for all products, allosteric properties are almost completely abolished, impairing the
well-known critical function of Hb for oxygen release from lungs to tissues. Whereas genetic
manipulation of Hb has demonstrated to be able to generate almost a continuum of individual
functional properties of Hb (Olson et al., 1997), difficulties have raised due to the concomitant

alteration of other properties, given the tight and complex interaction network of the protein matrix.*

| also have concerns that the literature review is a bit biased towards areas the authors are more
comfortable with and/or more knowledgeable of. For example, there is a major gap in not addressing in
more detail John Olson's extensive work on recombinant Hb and Mb, as this has proved so insightful in
suggesting how you could alter the oxygen affinity or NO scavenging properties of haemoglobin. Also, | was
surprised to see no mention of the product developed by Abraham Abuchowski - SANGUINATE. This
PEGylated Hb is still (I think) in phase Il clinical trials for sickle cell disease (as far as | know it is the only
HBOC in current clinical trials though this seems to have stalled with no updates since 2018). Interestingly it
is the CO form of bovine Hb that was being trialled. The use of HbCO and bovine Hb in an HBOC is a
development the authors discuss in this review without mentioning the one current "live" product that
uses this formulation. Sanguinte was also (like Hemopure) approved for compassionate use as a blood
substitute in Jehovah's Witness patients (McConachie et al, 2020, Journal of Pharmacy Practice

) and has been granted orphan drug status for treatment of sickle cell disease by the FDA. Other current
"live" or semi-dormant GMP HBOC products in preclinical testing could at least be mentioned briefly in this
review. These might include OxyVita, HbVesicles and HemoAct.

We fully agree with the reviewer that we missed citations of the extensive and valuable work carried out
by Olson’s group in pinpointing the role of individual amino acids in modulating Hb, as well as Mb,
structural and functional properties. We have revised the manuscript quoting the most relevant papers
by Olson and coworkers. We have also quoted HBOCs presently under investigation, all of them (with the

exception of Sanguinate), still at the laboratory and preclinical levels.
We have inserted the following texts:

“This variety of functional properties might be more easily achieved by engineering Hb via genetic
approaches rather than chemical modifications (Figure 2B) (Benitez Cardenas et al., 2019; Cooper et
al., 2020; Varnado et al., 2013). One caveat of genetic methods for HBOC production is the relative
low vyield of purified material from expression systems, leading to a high cost per unit of blood

(Graves et al., 2008).”

“Hemopure® (Biopure, now HbO2 Therapeutics) (and its most recent version called HBOC-201), a

glutaraldehyde-polymerized bovine Hb, exhibits an oxygen affinity lower than human RBCs (Jahr et



al., 2008). It has been authorized for compassionate use in patients that cannot be transfused for any
clinical reason or refuse transfusions such as Jehovah's Witnesses. Furthermore, Hemopure® is
approved in South Africa to treat anemia in adult surgical patients, and in Russia for acute anemia,
irrespective of etiology. A partially purified Hemopure®, called Oxyglobin® was approved by FDA
and EMA for veterinary use (Harris and Palmer, 2008). Hemopure® is also used in organ perfusion

solutions (see 4.2).”

“A more recent approach consisted in the decoration of CO-bHb with PEG, leading to the product
Sanguinate® (Abuchowski, 2016, 2017). Clinical trials were carried out for the use of Sanguinate®
to treat sickle cell crises (Misra et al., 2017) and animal studies for the use as resuscitation fluid
(Guerci et al., 2020). This product was granted the designation of orphan drug for sickle cell patients
as well as compassionate use in severe anemia when transfusions were not possible or refused
(McConachie et al., 2020). However, concern about the benefits of its use in such a complex clinical
frame as sickle cell disease was raised (Alayash, 2017).

Recent studies (Gu et al., 2021) report on the development of a series of HBOCs obtained from cross-
linked bHb PEGylated in the either the T or R state upon tangential flow filtration to separate high
and low molecular weight forms. For both forms, the R state PEG bHb products exhibit p50s close
to 1 torr, whereas the T state PEG bHb exhibits p50 of 20 torr. For all products, cooperativity is close

to 1 (Belcher et al., 2017; Gu et al., 2021).

Another HBOC derived from purified bHb is the zero-linked polymeric hemoglobin, OxyVita®Hb
obtained from the formation of pseudopeptide bonds between carboxyl groups and amino groups on
the surface of bovine cross-linked tetrameric Hb molecules (Harrington et al., 2011). Studies are
ongoing to investigate oxidation stability (Wollocko et al., 2017a) and formulation (Wollocko et al.,

2017D).



A cluster was produced by cross-linking bHb with human albumin molecules, named HemoAct
(Table 1) (Tomita et al., 2013). HemoAct safety, evaluated in rats, was found acceptable (Haruki et
al., 2015). Using as crosslinking agent N-succinimidyl 3-maleimidopropionate (Funaki et al., 2019),
a product with a p50 of 9 torr and a Hill coefficient of 1.4 was obtained, lower than the control HbA
exhibiting a p50 of 23 torr and a Hill coefficient of 2.6. This suggests a stabilization of the R state

due to constraints to the transition to the T state, as lysine residues were modified.”

“This lugworm Hb has a high molecular weight (3600 kDa), with a p5S0 of 7 mmHg (Mallet et al.,
2014; Varney et al., 2021), and is prepared by the company Hemarina with the name Hemo2Life®
M101. This product has been tested as a preservation fluid for storing healthy and marginal kidney

before transplantation in a preclinical porcine model (Kaminski et al., 2019; Thuillier et al., 2011).

Comments about specific sections of the text
Page 3

"undergoes dissociation to dimers that show increased propensity to autoxidation, absence of
cooperativity, high oxygen affinity and reactivity with nitric oxide (NO)"

This sentence implies - although does not actually state - that Hb dimers react fast with NO. It is fast, but no
faster than tetramers. Maybe this statement could be altered to make this clearer?

We have revised the text:
“In fact, cell-free Hb undergoes dissociation to dimers that show increased propensity to
autoxidation, absence of cooperativity and high oxygen affinity. In addition, both Hb tetramers and

dimers scavenge nitric oxide (NO) generated by endothelial cells causing hypertension.”

Page 11
"hemorrhagic events associated with childbirths one of the leading causes of death for African women".

This statement needs a reference. Also, it seems slightly, old fashioned, all-encompassing and (dare | say)
colonial to refer to a whole continent which has widely diverse economics and healthcare. | think you need
to be far more specific, both in terms of geography and the different healthcare economics in different
countries.



We have revised the text:

“As reported by the World Health Organization’s Global Program for Blood Safety, out of the 118.5
million blood donations collected globally in 2018, 40% are from countries with high Human
Development Index (HDI), where 16% of the world’s population live. In addition, 48 out of 171

countries do not possess a national blood policy (https://www.who.int/news-room/fact-

sheets/detail/blood-safety-and-availability). The median blood donation rate in high-HDI countries is

31.5 donations per 1000 people. This compares with 15.9 donations per 1000 people in upper-middle
HDI countries, 6.8 donations per 1000 people in lower-middle HDI countries, and five donations per
1000 people in low-HDI countries. For 62 countries fewer than 10 donations per 1000 people are

reported and, among these, 34 countries are in the WHO African Region (https://www.who.int/news-

room/fact-sheets/detail/blood-safety-and-availability).

"However, after more than fifty years of investigations, many preclinical and even phase lll clinical trials
have led to no FDA- and EMA-approved blood substitute"

Not strictly true as the PFC Fluosol was FDA approved as a blood substitute in 1989. In terms of HBOC, the
EMA approved Oxyglobin as a Veterinary product in 2002

We have revised the text:

“The development of a blood substitute was initially thought to be easily achievable. However, more
than fifty years of investigations, many preclinical, phase I, phase 1l and even phase I11 clinical trials
have led to no FDA- and EMA-approved blood substitute (Dolgin, 2017). Nevertheless, two products,
Hemopure® and Sanguinate® have received the FDA approval for compassionate use in patients that
cannot receive or refuse transfusions (see below). In addition, a perfluorocarbon derivative, Fluosol-
DA was approved by FDA in 1989 and used in Jehovah’s Witness patients (Krafft and Riess, 2009).
Its production ended in 1994 due to lack of use and a second-generation of perfluorocarbon, Oxygent,

proceeded through phase 111 trials but was never FDA licensed (Krafft and Riess, 2009).”


https://www.who.int/news-room/fact-sheets/detail/blood-safety-and-availability)
https://www.who.int/news-room/fact-sheets/detail/blood-safety-and-availability)
https://www.who.int/news-room/fact-sheets/detail/blood-safety-and-availability)
https://www.who.int/news-room/fact-sheets/detail/blood-safety-and-availability)
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And in a following section we have inserted the text:

“PEG was also used in the preparation of phospholipids bilayer vesicles containing purified HbA for
the development of red cell mimics (Sakai et al., 2001). Hb vesicles exhibiting p50 of 8 and 29 torr
were obtained by modulating the amount of pyridoxal 5-phosphate as allosteric effector. In an hamster
model, it was found that vesicles containing higher affinity Hb led to a higher oxygen release (Sakai

etal., 2005).

Page 12

Figure 3 should be modified to include the view that heme loss may also be partly responsible for damage
as it acts as a pro-inflammatory DAMP (damage associated molecular pattern)

Figure 3 (now Figure 2) has been modified according to reviewer’'s comment.
Page 13

If discussing altering betaCys93, | think you need to at least refer to the Stamler and Gladwin controversy
re its SNO vs nitrite reductase activity.

We have revised the text:

“Residue Cys93(P) is also involved in NO binding under aerobic conditions. The physiological
relevance of the SNO-Hb complex in hypoxia vasodilation via the reversible release of a SNO
derivative during deoxygenation was proposed by Stamler (see for a review (Premont et al., 2020)).
An alternate view, suggested by Gladwin (Gladwin, 2017) proposes the formation of NO from nitrite
by deoxyHb, leading to hypoxic vasodilation. Furthermore, Cys93(B) is only reactive in the R state,
thus blocking it by bulky groups hinders the R to T transition, stabilizing the R state and increasing

oxygen affinity.”

Page 14

Section 2.1.2 1 you need to be careful here when talking about high p50s at the same time as talking about
high affinity. | would stick to one term so as not to confuse the reader or be crystal clear somewhere that a
high p50 is low affinity and a low p50 is high affinity.



We have revised the text discussing changes in oxygen affinity and avoiding to confuse readers with
changes of p50s. We have also inserted a table, Table 1, that reports values of oxygen affinity and Hill
coefficient for the main developed HBOCs.

Page 15

"preclinical porcine model (Kaminski et al., 2019) as well as in clinical studies on kidneys."

Please provide a reference for the clinical study if it is not Kaminski et al. Otherwise put the reference at the
end of the sentence if it refers to both the model and the clinical data

We have revised the text:
”This product has been tested as a preservation fluid for storing healthy and marginal kidney before

transplantation in a preclinical porcine model ; Kaminski et al., 2019).”

Page 16

Based on the observation that specific residues might be responsible for the higher ......... (Ratanasopa et
al., 2016; Simons et al., 2018).

| am not sure these are the right references for these mutations. No beta subunit mutations were in either
paper. | think the correct reference is likely to be one by John Olson (who also used the Providence
mutation described in this paragraph much earlier than the Jana reference). Finally, the Simons paper does
not conclude that recombinant foetal has higher autoxidation nor that it contributes to greater oxidative
stress than adult Hb. It is in opposition to the Ratanasopa study in that respect (although Ratanasopa used
native not recombinant proteins).

The Reviewer is absolutely right. These were wrong citations. We have revised the text:
“The extensive mutagenesis studies carried out by Olson and coworkers on Mb and Hb have allowed

to pinpoint residues affecting oxygen affinity as well as oxidation stability (Benitez Cardenas et al.,
2019; Dou et al., 2002). Fetal Hb (HbF) is more stable and less prone to autoxidation in comparison
to HbA (Graves et al., 2008), suggesting its use as a precursor of HBOCs. Recombinant human fetal
Hb and HbA were prepared and evaluated in terms of oxidative stress (Simons et al., 2018).
Differences in oxidative reactivity were observed but neither form was not superior to the other for
the preparation of effective HBOC (Simons et al., 2018).”

In the final paragraph you discuss Y42 and Y84. The former enhances ferryl reduction and the latter ferric
reduction. So, the use of "particularly" is not appropriate. | think the section would benefit from a brief

comment at the beginning that tyrosine residues in haemoglobin can function as electron transfer centers
in their own right.



We have revised the text:

“Another oxidatively stable HBOC was prepared based on the observation that the naturally occurring
K82D variant (Hb Providence) is more resistant towards oxygen peroxide degradation with respect
to wild-type HbA (Strader et al., 2017). The effects of genetic cross-linking of Hb Providence on
autoxidation, hemin loss, and reactions with H2O> were compared with HbA and found that cross-
linking and mutation confer higher stability to oxidative reactions, thus suggesting that Hb Providence
is a valuable source for the development of HOBCs (Strader et al., 2017). It was also found that in

Hb Providence Cys93(B) is less prone to oxidation with respect to HbA (Jana et al., 2020).

HbA as well as Mb, under oxidative conditions, form ferryl heme iron and protein-based free radicals.
Ferryl reduction can occur either via direct electron transfer from a reducing agent to heme edges or
via a protein-based pathway that involves tyrosine residues (Reeder et al., 2008). Based on the
observation that in HbA tyrosine Y42(a) is involved in the electron transfer between endogenous
antioxidants and the ferryl heme, and that a tyrosine residue is absent in the equivalent position of the
[ subunits, the recombinant Hb variant F41Y () was designed to improve the reduction rates of f3
subunits (Silkstone et al., 2016). It was found that mutation decreases heme-mediated oxidative
reactivity and enhances NO bioavailability (Silkstone et al., 2016). Several other variants introducing
tyrosine residues in both subunits were generated to minimize Hb pro-oxidant activity, maintaining
Hb oxygen affinity in a range compatible with oxygen delivery to tissues (Cooper et al., 2019).
Among them, T84Y(P) variant was found to increase the rate of heme reduction by ascorbate,
restoring Hb function. HEK cells showed reduced membrane damage upon treatment with the
T84Y(B) variant in comparison to HbA (Cooper et al., 2019). When this variant was PEGylated and
administered to mice, it was found to be retained in the circulation longer than PEGylated HbA

(Cooper et al., 2019).”

Page 17



Again paragraph 2 would benefit from citing the key Olson papers that showed that blood pressure changes
correlate with rate of NO reactivity in different mutants. This strongly suggests that both the location AND
the intrinsic reactivity of Hb are important.

We have revised the text:

“The reactivity of Hb with NO is also a concern in the design of HBOC:s as cell-free Hb is prone to
NO scavenging, which causes hypertension and also results in Hb oxidation (Alayash, 2019; Doherty
et al., 1998; Eich et al., 1996; Olson et al., 2004). NO-induced oxidation was found to be similar in
unmodified, polymerized, crosslinked, or PEGylated Hbs, suggesting that the NO scavenging effect
observed for HBOCs is mostly associated with their extracellular localization rather than different
reactivity towards NO (Meng et al., 2018). However, the thorough investigation of recombinant
variants (Doherty et al., 1998; Fronticelli and Koehler, 2009; Frost et al., 2018; Graves et al., 2008)
has indicated that some residues are particularly involved in the NO dioxygenase activity, opening
the way to produce HBOCs based on recombinant Hbs endowed with lower reactivity towards NO

(Doherty et al., 1998; Cooper et al., 2019).”

Page 18
"safe transfusions were available in emergency rooms (Dube et al., 2019)."

Though at the time | think Northfield argued the patient would benefit if offered Polyheme in the hospital,
so this was the more ethical thing to do in the trial. Of course - in retrospect - this was a disastrous decision
commercially and for the HBOC field as the pre hospital data showed a positive effect.

We agree that was a disastrous decision.
Page 19

"A key strategic weakness that eventually led to multiple failures was that each company had only one
HBOC product in the pipeline, without any options to change or to optimize it on the basis of the results
from clinical and lab studies."

| am not sure this is relevant for two reasons. First - and this is the major criticism of the study - Natanson
lumped all HBOC together and so it is unlikely a second product would have helped with the regulatory
process at the time. And secondly the US Navy did move on to a "secondary" product (to decrease NO
scavenging as suggested by Natanson) by adding nitrite to the Biopure product (though this actually made
things worse in preclinical studies).

We have deleted the sentence.



"As above reported, no HBOCs did gain approval for their primary role as a blood substitute".

None of the Natanson-criticised clinical trials - with the possible exception of Northfield - were explicitly
seeking approval as a "blood substitute". Indeed, Sangart's trauma trials explicitly stated that RBC should
be given in addition to MP4 according to standard best practice.

We have deleted the sentence.

page 20

See comments above about the HbCO product, Sanguinate.

We have revised the text reporting on Sanguinate product: “ In the case of Sanguinate®,
manufactured as CO derivative and as such used for the treatment of sickle cell patients (see above,

2.1.3), the CO-Hb derivative was the only product developed and investigated (Abuchowski, 2016).

Reviewer #2: The manuscript by Faggiano et al. reports on the allosteric behaviour of hemoglobin and the
possible chemical modifications to adapt this behaviour to the necessities of an oxygen carrying
resuscitation fluid. The logical approach of the authors is sound, but the relationships between the first and
second part of the manuscript may be improved, e.g. the effects of the chemical modifications described
are discussed qualitatively, rather than in the very quantitative terms used to describe the details of
hemoglobin oxygenation. Indeed some of the experiments and hypotheses described in the first section of
the manuscript, like the "tertiary two state model" do not find any application in the second section. |
understand that many of the preparations tested as blood replacement do not lend themselves to the
refined experiments necessary to evaluate which allosteric model provides a strict agreement with the
experimental data; but, if so, it is unclear why these models should be part of the manuscript.

We have removed the extensive part related to the Tertiary Two State (TTS) model, as, to our knowledge,
no experimental work has been proposed to develop HBOCs on the basis of the different functional
properties of alternative tertiary states, independent of quaternary conformation. Indeed, future
activities should be directed along this line. Regarding the link between allosteric properties of Hb and
HBOCs we have revised the text highlighting studies that have addressed this issue, although the primary
goal of many investigations was not to conserve allostery but to stabilize the tetramer, to reduce
oxidation, and to obtain a defined oxygen affinity.

Regarding the effects of the chemical modifications that are “discussed qualitatively, rather than in the
very quantitative terms used to describe the details of hemoglobin oxygenation”, we feel that a clear,
quantitative relationship between chemical modifications and oxygen affinity is still missing and a trial-
and-error approach has been used. One attempt was carried out by us when comparing PEGylated Hb
obtained under oxy or deoxy conditions (Caccia et al., 2009). It was found that PEGylation of Hb under
oxy conditions generates a dimeric high oxygen affinity, non-cooperative product, whereas PEGylation
under deoxy conditions generates a tetrameric product with oxygen affinity and cooperativity closer to
HbA within RBCs. This experiment is reported in the manuscript. In order to provide readers quantitative
information on oxygen affinities and cooperativity properties of HBOCs we have inserted a Table, Table
1, that reports values of the main developed HBOCs.
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Abstract. Hemoglobin (Hb) plays its vital role through structural and functional properties
evolutionarily optimized to work within red blood cells. i.e., the tetrameric assembly, well-defined
oxygen affinity, positive cooperativity, and heterotropic allosteric regulation by protons, chloride and
2,3-diphosphoglycerate. Outside red blood cells, the Hb tetramer dissociates into dimers, which
exhibit high oxygen affinity and neither cooperativity nor allosteric regulation. They are prone to
extravasate, thus scavenging endothelial NO and causing hypertension, and cause nephrotoxicity. In
addition, they are more prone to autoxidation, generating radicals. The need to overcome the adverse
effects associated with cell-free Hb has always been a major hurdle in the development of substitutes
of allogeneic blood transfusions for all clinical situations where blood is unavailable or cannot be
used due to, for example, religious objections. This class of therapeutics, indicated as hemoglobin-
based oxygen carriers (HBOCs), is formed by genetically and/or chemically modified Hbs. Many
efforts were devoted to the exploitation of the wealth of biochemical and biophysical information
available on Hb structure, function, and dynamics to design safe HBOCs, overcoming the negative
effects of free plasma Hb. Unfortunately, so far, no HBOC has been approved by FDA and EMA,
except for compassionate use. However, the unmet clinical needs that triggered intensive
investigations more than fifty years ago are still awaiting an answer. Recently, HBOCs

“repositioning” has led to their successful application in organ perfusion fluids.



1. Introduction. The structure, dynamics, function, and regulation of proteins are evolutionarily
optimized to work in specific cell compartments, and their improper localization can lead to toxicity.
In this respect, hemoglobin (Hb) is paradigmatic, as oxygen affinity, tetramer stability, oxidation state
and cooperativity are perfectly tailored to work as an oxygen carrier within red blood cells (RBCs),
but wholly unsuitable for this function when free in the plasma, where these properties are profoundly
altered. In fact, cell-free Hb undergoes dissociation to dimers that show increased propensity to
autoxidation, absence of cooperativity and high oxygen affinity. In addition, both free Hb tetramers
and dimers scavenge nitric oxide (NO) generated by endothelial cells, causing hypertension. In vivo,
Hb dimers released from aged RBCs are trapped by haptoglobin and directed to degradation by the

reticuloendothelial system (di Masi et al., 2020).

The compartment-specific activity of Hb has been investigated in the attempt to design Hb-
based oxygen carriers (HBOCs), protein therapeutics intended to deliver oxygen to tissues as an
alternative to RBC transfusions for “oxygen therapeutics”. To efficiently work in the plasma and to
avoid adverse effects, HBOCs were developed using either chemically and/or genetically modified
HbA to alter the functional and structural properties of unmodified Hb. The fine-tuning of these
properties has relied on the enormous amount of information arisen by the decades-long effort to
dissect the complex reactivity and conformational flexibility of Hb. Indeed, Hb and its monomeric
homolog myoglobin (Mb) were investigated in detail in the 20" century, triggering the development
of several biophysical and biochemical methods that later became generally available to understand
protein structure, dynamics, and function. These include i) x-ray protein crystallography, pursued by
Max Perutz and John Kendrew (Kendrew et al., 1960), ii) stopped-flow techniques, pursued by
Quentin Gibson (Gibson and Roughton, 1955), laser flash photolysis, exploited by William Eaton
and coworkers (Henry et al., 1997; Hofrichter et al., 1983) and Mossbauer spectroscopy, pursued by
Fritz Parak (Parak, 1988). This vast body of experimental work was cleverly and clearly reviewed
and presented in the Antonini and Brunori book in 1971 (Antonini and Brunori, 1971). For Hb and

MD scientists, this book has been the “Bible” for the last 50 years. In our laboratory, we have a single



copy, acquired by Prof. Gian Luigi Rossi when he carried out Kinetic studies on HbA reactivity in
collaboration with Bob Noble (Noble et al., 1972). The book was a unique source of information and
data comparison for many of us. More recent valuable sources on Hb are Imai's book on "Allosteric
Effects in Hemoglobin”, published in 1982 (Imai, 1982), and the Bunn and Forget book on
"Hemoglobin: Molecular, Genetic and Clinical Aspects”, published in 1986 (Bunn and Forget, 1986).
In addition, Hb allostery has been discussed in several reviews appeared over the years (Bellelli and
Brunori, 2011; Eaton et al., 2007; Eaton et al., 1999; Miele et al., 2013). Since the inspiring Antonini
and Brunori book was published, Hb has been further investigated with a kaleidoscopic pattern of
different biochemical and biophysical techniques, leading to a structural and functional
characterization unparalleled to that reached for any other protein. In addition, both Hb and Mb have
been genetically engineered for the understanding of the role of almost each amino acid in dictating
their role in structural and functional properties and for tailoring reactivity towards oxygen, NO,

oxidative agents in the development of HBOCs (Dou et al., 2002; Olson et al., 1997).

In this review, we will describe the structural and functional properties of Hb as an oxygen
carrier, with the aim to underline the molecular features that need to be modified for the design of
HBOCs. We will show that protein engineering and chemical modifications have allowed to develop
HBOCs with oxygen-carrying properties suitable for working outside RBCs. Depending on the fine-
tuning of their properties, these products have been proposed for different applications, with recent
examples of "repositioning" as solutions for organ preservation and plasma expander CO carriers.
Therefore, Hb represents a clear example of how the detailed structural and functional
characterization of a protein, apparently well beyond the needs of biotechnological applications,

turned out to be an invaluable starting point to design life-saving therapeutics.

1.1. Hemoglobin structure, a brief outlook. Hb is a tetramer formed by two homologous subunits,

referred to as a and 3 chains (Figure 1). The B chains contain eight helices (numbered A to H), while



the o chains have only seven. Each monomer contains a heme moiety. An Fe?* ion at the center of
the tetrapyrrole ring is coordinated to a His residue, called proximal His, and reversibly binds oxygen.
This event triggers a series of tertiary conformational changes that destabilize the deoxyHb structure.
The HbA tetramer exhibits two distinct quaternary states, called T, for "tense", and R, for "relaxed",
with the former stabilized by salt bridges and thermodynamically favored in the absence of oxygen,
and the latter thermodynamically favored when oxygen is bound (Figure 1). Functional properties of

Hb depend on the relative population of quaternary states as well as on the relative populations of
tertiary states endowed with different reactivity, t and r (see chapter 1.2 below) (Henry et al., 2002).

Studies by Eaton (Eaton, 1980) and Thornton and colleagues (Pillai et al., 2020) have

dissected the Hb structure and have assigned specific functional roles to each globin portion, and, in

Figure 1. Structure of tetrameric deoxy T-state (left) and oxy R-state HbA (right). Subunits are shown with different
colors.

parallel, to the three exons contained in the globin genes. Specifically, the amino acids associated
with the three coding sequences are distributed to each of Hb functions: i) heme contacts essential for
oxygenation, ii) al-p2 contacts essential for cooperative dimer, iii) al-B1 contacts essential for
cooperative tetramer, iv) Bohr effect, essential for the modulation of oxygen loading and unloading
from lung to tissues, and v) 2,3-diphosphoglycerate (DPG) binding, essential for oxygen affinity

regulation (Eaton, 1980). Furthermore, it was shown that tetrameric Hb evolved from an ancient



monomer and a more recent noncooperative homodimer with high oxygen affinity. Two surface
substitutions are sufficient to markedly reduce oxygen affinity and to confer cooperativity, suggesting

a linkage between the oxygen binding site and the oligomerization interface (Pillai et al., 2020).

1.2. Hemoglobin allostery: state of the art. Hb function is under two allosteric regulations: a
homotropic effect associated with the cooperative oxygen binding, and heterotropic effect, mediated
by binding of effectors (e.g.: protons, CO., chloride ions and organic phosphates) at sites other than
the heme pocket. The latter accounts for different physiological roles of Hb, beyond oxygen transport
from the lungs to peripheral tissues, contributing to control pH and scavenging of CO>. A so complex
behavior intrigued scientists, fascinated by the idea of building a comprehensive model able to
describe and predict how homotropic and heterotropic effectors modulate Hb ligand binding
properties. Both mechanisms of regulation impact on Hb function in vivo and their understanding is

key for the design and optimization of HBOCs with tailored properties.

Historically, homotropic effects have attracted earlier attention, starting from the sequential
model originally proposed by Linus Pauling in the 1930s (Pauling, 1935) and later developed by
Koshland, Nemethy and Filmer (Koshland et al., 1966). Sequential models predict continuous affinity
changes upon binding of subsequent oxygen molecules to the same tetramer, implying cooperativity
within the same quaternary state. On the contrary, concerted models assume a saturation-dependent
equilibrium between pre-existing high and low-affinity states with perfect functional symmetry
among the four subunits within a tetramer, which would exclude cooperativity in the absence of
quaternary relaxations. The most famous concerted model is that proposed by Monod, Wyman, and
Changeux (MWC) (Monod et al., 1965), largely motivated by the pioneer structural studies of Perutz
and coworkers showing a different quaternary arrangement of fully oxygenated and deoxygenated
subunits (Muirhead and Perutz, 1963; Perutz et al., 1964). Other models were proposed over the years,

including the Ackers "Symmetry Code" implying cooperativity within the T state (Ackers et al.,



1992). Since all these models well describe the observed oxygen binding curves, the characterization
of single Hb conformations by blocking or slowing down conformational transitions resulted a
valuable approach to validate allosteric models. Controversies among models were settled in favor of
MWC mainly thanks to oxygen binding studies in T-state Hb crystals carried out by Eaton, Mozzarelli
and coworkers, showing lack of cooperativity in the absence of quaternary relaxations (Mozzarelli et
al., 1997; Mozzarelli et al., 1991; Rivetti et al., 1993). Starting from the mid ‘90s, even more
convincing evidence in favor of the concerted model arose from functional studies carried out by
several groups on Hb encapsulated in wet, nanoporous silica gels (Bettati and Mozzarelli, 1997;
Bruno et al., 2001; Jones et al., 2012; Jones et al., 2014; Juszczak and Friedman, 1999; Khan et al.,
2000; Samuni et al., 2004; Samuni et al., 2006; Schiro and Cupane, 2007; Shibayama and Saigo,
1995). Encapsulation in silica gel offers two major advantages over crystallization. First of all,
conformational changes are not hampered, but slowed down by orders of magnitude, with uncoupling
of tertiary and quaternary relaxations that allow to interrogate the spectroscopic properties of
intermediate conformations by UV-vis absorbance, Raman, near-infrared and circular dichroism
spectroscopy (Das et al., 1999; Khan et al., 2000; Ronda et al., 2006; Schiro and Cupane, 2007;
Viappiani et al., 2004). Moreover, in the absence of crystal lattice constraints, tertiary effects induced
by heterotropic regulators are maintained (Bettati and Mozzarelli, 1997; Bruno et al., 2001; Viappiani
etal., 2004). Overall, no cooperativity in oxygen binding was observed within the T and R quaternary
state for Hb gels. However, the observation of functional heterogeneity within the T state, extensively
investigated by Yonetani, Poyart and others (Ackers et al., 1992; Kister et al., 1987; Lalezari et al.,
1990; Marden et al., 1990; Tsuneshige et al., 2002; Yonetani et al., 2002; Yonetani and Tsuneshige,
2003), raises the issue of a long-known deficiency of the MWC model, which postulates symmetry
of the four subunits. This would allow heterotropic effectors to act on the equilibrium between T and
R quaternary states, but with no effect on their respective equilibrium constant for oxygen binding,
Kt and Kr. It should be noted that by the mid ‘60s, when Monod and coworkers formulated their

model, heterotropic effects on Hb had been only partially investigated, and that the authors were



perfectly aware of the over-simplification of their model, which was just intended to explain in the

easiest, more elegant and general way the cooperative behavior of multi-subunit proteins.

Over the last decades, the wide functional range of T and R conformations has been described
in terms of continuous or discrete distributions of tertiary species accommodated within the two
individual quaternary states (Bettati et al., 1998; Friedman, 1985; Lukin et al., 2003; Peterson et al.,
2004; Rivetti et al., 1993; Yonetani et al., 2002; Yonetani and Tsuneshige, 2003). These findings
motivated Eaton and coworkers to propose an extension of the MWC model, the Tertiary-Two State
(TTS) model (Henry et al., 2002). According to the TTS, oxygen and heterotropic effectors can
modulate the equilibrium between pre-existing, low- and high-reactivity tertiary conformations
(called t and r, respectively), that populate both quaternary states. The tertiary conformation is the
only determinant of oxygen affinity of individual subunits. Ligation and the R structure favor the
highly reactive r state (significantly populated in liganded R, but also liganded T), while T state and
negative heterotropic effectors favor t (significantly populated in deoxygenated T, but also
deoxygenated R). Cooperativity still arises from the quaternary equilibrium, thus preserving the
fundamental postulate of MWC (no cooperative effects are present within T and R conformations),

but oxygen affinity can span the same range in T and R. The TTS model received experimental

support by CO rebinding kinetic experiments on Hb gels (Viappiani et al., 2004; Viappiani et al.,
2014; Henry et al., 2015). It was shown that only two functionally different conformations of the

subunits exist both in unliganded and liganded states, regardless the quaternary structures.

As for the structural basis of functional differences between high and low affinity states, these have
been proposed to be mediated by the so-called "allosteric core", the region containing the proximal
His, the FG corner and part of the F helix that translates structural changes following heme
ligation to the al-B2 and o2-B1 interface (Gelin et al., 1983). Although different structural and
dynamic bases have been put forward over the decades to explain Hb allostery (recently reviewed,

e.g., in (Henry et al., 2015), by Shibayama (Shibayama, 2020) and Ho and coworkers (Yuan et al.,



2015)), an ultimate description still awaits the resolution of key missing structures: those of
oxygenated and deoxygenated Hb in the high-affinity T state (deoxy(Tr) and oxy(Tr) in the
framework of the TTS model) and low-affinity R state (deoxy(Rt) and oxy(Rt)). Progress in cryo-
electron microscopy, with the great advantage over crystallographic techniques to make feasible

solving structures of heterogeneous conformations, might allow to tackle this issue in the future.

The relevant conclusion from these studies for the development of an HBOC is that Hb oxygen
affinity can be modulated by altering the equilibrium distribution of r and t tertiary states within each
quaternary state. However, so far, this key observation has not yet been exploited for the development

of tailored HBOC:s.

2. Towards Hemoglobin-based Oxygen Carriers: chemical and genetic strategies to modulate oxy-
gen affinity, allostery, oxidation propensity, and NO reactivity. In the last decades, artificial oxygen
carriers have been developed to tackle clinical needs not met by allogeneic blood transfusions, and,
particularly, to treat: i) hemorrhagic events outside a hospital setting, ii) patients that refuse human
blood for religious reasons, iii) patients that are immunoreactive to all blood types, iv) pre-term babies
that need transfusions with oxygen properties different from adult blood, and v) patients that need
transfusions in Third World countries where healthy blood donors and national blood banks are rare.
As reported by the World Health Organization’s Global Program for Blood Safety, out of the 118.5
million blood donations collected globally in 2018, 40% are from countries with high Human Devel-
opment Index (HDI), where 16% of the world population live. In addition, 48 out of 171 countries

do not possess a national blood policy (https://www.who.int/news-room/fact-sheets/detail/blood-

safety-and-availability). The median blood donation rate in high-HDI countries is 31.5 donations per

1000 people. This compares with 15.9 donations per 1000 people in upper-middle HDI countries, 6.8
donations per 1000 people in lower-middle HDI countries, and five donations per 1000 people in low-

HDI countries. For 62 countries fewer than 10 donations per 1000 people are reported and, among


https://www.who.int/news-room/fact-sheets/detail/blood-safety-and-availability)
https://www.who.int/news-room/fact-sheets/detail/blood-safety-and-availability)

these, 34 countries are in the WHO African Region (https://www.who.int/news-room/fact-sheets/de-

tail/blood-safety-and-availability).

The development of a blood substitute was initially thought to be easily achievable. However, more
than fifty years of investigations, many preclinical, phase I, phase Il and even phase Il clinical trials
have led to no FDA- and EMA-approved blood substitute (Dolgin, 2017). Nevertheless, two products,
Hemopure® and Sanguinate® have received the FDA approval for compassionate use in patients that
cannot receive or refuse transfusions (see below). In addition, a perfluorocarbon derivative, Fluosol-
DA was approved by FDA in 1989 and used in Jehovah’s Witness patients (Krafft and Riess, 2009).
Its production ended in 1994 due to lack of use and a second-generation of perfluorocarbon, Oxygent,

proceeded through phase 111 trials but was never FDA licensed (Krafft and Riess, 2009).

Failures of hemoglobin-based oxygen carriers are due to two main issues: i) HbA works properly
only when confined within RBCs, and ii) the allosteric properties are associated with the integrity of
the tetrameric state and the presence of allosteric effectors. Both these conditions are lost when HbA
is free in the plasma, where no allosteric effectors are present, and diluted Hb dissociates into dimers
that exhibit high affinity and no cooperativity. In addition, dimeric HbA free in the plasma undergoes
accelerated oxidation due also to heme loss, generating oxygen radicals, which in turn cause oxidative
stress. HbA oxidation in the plasma is not counterbalanced by the enzymatic systems present within
RBCs. Moreover, cell-free HbA extravasates easily, scavenging endothelial NO, and thus causing
hypertension. Finally, HbA as a dimer, in contrast to tetramers, is filtered in the renal glomerulus,

causing nephrotoxicity (Figure 2A).

To overcome limitations, different approaches of Hb modification have been exploited, including
protein decoration with polyethylene glycol (PEG) to increase the hydrodynamic radius and avoid
extravasation, intermolecular crosslinking to prevent tetramer dissociation, encapsulation in synthetic
envelopes or different nano- or microarchitectures (Figure 2B) (Bobofchak et al., 2003; Devineau et

al., 2018; Inayat et al., 2006; Jahr et al., 2012; Jansman and Hosta-Rigau, 2018; Kocian and Spahn,
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2008; Meng et al., 2018; Mozzarelli et al., 2010; Winslow, 2006a). The development of the first
HBOCs aimed at mimicking the properties of RBCs in terms of oxygen binding, autoxidation rate,
and reactivity with NO. More recently, HBOCs have been considered as "oxygen therapeutics™ for
emergency treatment, and it is now debated whether functional properties close to those of RBCs are
clinically relevant (Belcher et al., 2018; Dolgin, 2017; Mozzarelli et al., 2010). Nevertheless, the
modulation of the oxygen-binding properties, autoxidation rates, and NO reactivity is still an active
field of investigation to obtain HBOCs endowed with different functional properties, possibly to be
used for specific clinical applications and therapeutic treatments. This variety of functional properties
might be more easily achieved by engineering Hb via genetic approaches rather than chemical

modifications (Figure 2B) (Benitez Cardenas et al., 2019; Cooper et al., 2020; Varnado et al., 2013).
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One caveat of genetic methods for HBOC production is the relative low yield of purified material

from expression systems, leading to a high cost per unit of blood (Graves et al., 2008).
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Figure 2: A. Potential toxic effects caused by cell-free Hb. B. Strategies for the development of HBOCs: chemical and
genetically encoded modifications to reduce dimer formation, increase of the overall size of the protein or modification

of Hb reactivity towards NO.

Key questions in the development of effective HBOCs are: i) is there a unique ideal oxygen affinity

for an HBOC or should it be dependent on the specific HBOC clinical use? and ii) are tailored HBOC
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functional properties more “easily” achieved by chemical or genetic methods or by a combination of
both methods? These questions are still awaiting a definite answer. As discussed in the next sections,
developed HBOCs are endowed with oxygen affinity that can be higher, similar, or even lower than
Hb oxygen affinity within RBCs (Table 1). This is somewhat surprising as all products are designed
to deliver oxygen to tissues in hemorrhagic events, orthopedic surgery, ischemic episodes or sickle
cell crises. The rationale for a high affinity HBOC is that oxygen is released only to peripheral tissues
where oxygen tension is low and no triggering of signals controlling vascular tension occurs due to
oxygen release in the pre-peripheral circulation (Winslow, 2008). The rationale for HBOCs with an
oxygen affinity close or lower than that of Hb in RBCs is that this oxygen affinity is physiologically
relevant for oxygen delivery to peripheral tissues (Jahr et al., 2008; Moore et al., 2009). Noteworthy
to mention that for all products, allosteric properties are almost completely abolished, impairing the
well-known critical function of Hb for oxygen release from lungs to tissues. Whereas genetic
manipulation of Hb has demonstrated to be able to generate almost a continuum of individual
functional properties of Hb (Olson et al., 1997), difficulties have raised due to the concomitant

alteration of other properties, given the tight and complex interaction network of the protein matrix.

2.1. Modulation of the oxygen-binding properties. Several modification chemistries of Hb have
tackled the need to control the oxygen-binding properties of HBOCs by modulating the tertiary and

quaternary conformational equilibria of the tetramer.

2.1.1 Control of oxygen binding properties in PEGylated HBOCs. HBOCs consisting of PEGylated
Hbs take advantage of the extensive use of polyethylene glycol (PEG) to conjugate protein
therapeutics and increase their half-life and reduce extravasation (Roberts et al., 2002). PEGylation
of Hb yields products endowed with significantly different oxygen binding properties, depending on
the chemistry of conjugation, the ligation state, and the residues involved in the modification (Table

1). Several researchers have worked towards the characterization of all these variables, including
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Acharya and coworkers (Li et al., 2006; Manjula et al., 2000; Manjula et al., 2005), Winslow and
coworkers (Winslow, 2004; Young et al., 2005), Perrella and coworkers (Caccia et al., 2009; lafelice
et al., 2007; Portoro et al., 2008), Kluger and coworkers (Lui et al., 2008; Lui and Kluger, 2009), and
our group (Alomari et al., 2018; Portoro et al., 2008; Ronda et al., 2011).

The PEGylation chemistry employed in the preparation of HBOCs has proven crucial in
modulating oxygen affinity, mainly because it dictates which residues are modified. As direct
PEGylation of HbA with urethane linkages produces extensive PEGylation with little control over
the oxygen-binding properties (Bradley et al., 1994), an approach consisting in the thiolation of amino
groups followed by their PEGylation was later introduced (Li et al., 2009; Li et al., 2006). The
resulting HBOCs exhibited oxygen binding properties that depend on whether PEGylation is carried
out under aerobic or anaerobic conditions. A drawback of thiol-directed chemistries is that the
PEGylation of residue Cys93(p) was suggested to perturb the heme-binding pocket. For this reason,
its protection was pursued through several chemical approaches, leading to different conclusions
regarding its relevance in the control of HBOCs properties (Le Coeur et al., 2015; Manjula et al.,
2003; Wang et al., 2014). Residue Cys93(p) is also involved in NO binding under aerobic conditions.
The physiological relevance of the SNO-Hb complex in hypoxia vasodilation via the reversible
release of a SNO derivative during deoxygenation was proposed by Stamler (see for a review
(Premont et al., 2020)). An alternate view, suggested by Gladwin (Gladwin, 2017) proposes the
formation of NO from nitrite by deoxyHb, leading to hypoxic vasodilation. Furthermore, since
Cys93(p) is only reactive in the R state, blocking it by bulky groups hinders the R to T transition,
stabilizing the R state and increasing oxygen affinity.

As PEGylation at the N-terminal Vall(a) and Vall(p) was shown to induce the destabilization
of Hb tetramers, their carboxymethylation and propylation before PEGylation was pursued (Hu et al.,
2009; Hu et al., 2011; Hu et al., 2012).

The ligation state of Hb at the time of PEGylation also proved critical in dictating the oxygen-

binding properties of the final product. By PEGylating oxy-HbA, Winslow and colleagues obtained
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a HBOC endowed with no cooperativity and oxygen affinity close to isolated dimers and R state Hb
(Caccia et al., 2009; lafelice et al., 2007; Portoro et al., 2008; Winslow, 2005). The PEGylation of
deoxy-HbA, on the other hand, resulted in a low-affinity, high-cooperativity product (Euro-PEG-Hb)
(Caccia et al., 2009; Portoro et al., 2008). We compared high- and low-affinity PEGylated HbA in a
Guinea pig transfusion model, demonstrating a correlation between oxygen affinity and oxidative
stress (Alomari et al., 2018).

PEG was also used in the preparation of phospholipids bilayer vesicles containing purified HbA for
the development of red cell mimics (Sakai et al., 2001). Hb vesicles exhibiting p50 of 8 and 29 torr
were obtained by modulating the amount of pyridoxal 5-phosphate as allosteric effector. In an hamster
model, it was found that vesicles containing higher affinity Hb led to a higher oxygen release (Sakai
et al., 2005).

2.1.2 Control of oxygen binding properties in polymerized HBOCs. HBOCs have been obtained by
introducing crosslinks between dimers to prevent dissociation. Since the first observations on
diaspirin-crosslinked HbA (Chatterjee et al., 1986; Walder et al., 1979), it was concluded that
crosslinking chemistry is crucial in modulating the oxygen-binding properties. For example, Hb
raffimer (Hemolink™) is based on intramolecular/intermolecular HbA crosslinked with oxidized
raffinose (Scatena and Giardina, 2001) and its affinity for oxygen is lower than that of Hb inside
RBCs (Table 1) (Caron et al.,, 1999; Scatena and Giardina, 2001). HbA polymerized with
glutaraldehyde and then pyridoxylated (PolyHeme®, Northfield) exhibits a low affinity (Table 1)
(Gould et al., 1998). As for PEGylated HBOCs, the conditions of the reaction, as well as the ligation

state of HbA, were investigated (Zhang et al., 2011).

2.1.3 Control of oxygen binding properties by using non-human Hbs. Bovine Hb (bHb) naturally
exhibits a low affinity for oxygen and was therefore proposed as a starting point for preparing low-
affinity HBOCs. Hemopure® (Biopure, now HbO2 Therapeutics) (and its most recent version called

HBOC-201), a glutaraldehyde-polymerized bovine Hb, exhibits an oxygen affinity lower than human
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RBCs (Table 1) (Jahr et al., 2008). It has been authorized for compassionate use in patients that cannot
be transfused for any clinical reason or refuse transfusions such as Jehovah's Witnesses. Furthermore,
Hemopure® is approved in South Africa to treat anemia in adult surgical patients, and in Russia for
acute anemia, irrespective of etiology. A partially purified Hemopure®, called Oxyglobin® was ap-
proved by FDA and EMA for veterinary use (Harris and Palmer, 2008). Hemopure® is also used in

organ perfusion solutions (see 4.2).

As for PEGylated HBOCs and glutaraldehyde-polymerized HbA, the ligation state of Hb during the
reaction strongly affected the oxygen-binding properties (Buehler et al., 2010; Zhou et al., 2011).
bHb has been intramolecularly crosslinked with ATP and intermolecularly linked with adenosine
(Simoni et al., 2014; Simoni et al., 2012) and conjugated to dextran upon Cys93(B) protection (Wang
et al., 2017). A more recent approach consisted in the decoration of CO-bHb with PEG, leading to
the product Sanguinate® (Abuchowski, 2016, 2017). Clinical trials were carried out for the use of
Sanguinate® to treat sickle cell crises (Misra et al., 2017) and animal studies for the use as
resuscitation fluid (Guerci et al., 2020). This product was granted the designation of orphan drug for
sickle cell patients as well as compassionate use in severe anemia when transfusions were not possible
or refused (McConachie et al., 2020). However, concern about the benefits of its use in such a

complex clinical frame as sickle cell disease was raised (Alayash, 2017).

Recent studies (Gu et al., 2021) report on the development of a series of HBOCs obtained from cross-
linked bHb PEGylated in the either the T or R state upon tangential flow filtration to separate high
and low molecular weight forms. For both forms, the R state PEG bHb products exhibit p50s close
to 1 torr, whereas the T state PEG bHb exhibits p50 of 20 torr. For all products, cooperativity is close

to 1 (Belcher et al., 2017; Gu et al., 2021).

Another HBOC derived from purified bHb is the zero-linked polymeric hemoglobin, OxyVita®Hb

obtained from the formation of pseudopeptide bonds between carboxyl groups and amino groups on
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the surface of bovine cross-linked tetrameric Hb molecules (Table 1) (Harrington et al., 2011). Stud-
ies are ongoing to investigate oxidation stability (Wollocko et al., 2017a) and formulation (Wollocko

et al., 2017Db).

A cluster was produced by cross-linking bHb with human albumin molecules, named HemoAct
(Table 1) (Tomita et al., 2013). HemoAct safety, evaluated in rats, was found acceptable (Haruki et
al., 2015). Using as crosslinking agent N-succinimidyl 3-maleimidopropionate (Funaki et al., 2019),
a product with a p50 of 9 torr and a Hill coefficient of 1.4 was obtained, lower than the control HbA
exhibiting a p50 of 23 torr and a Hill coefficient of 2.6. This suggests a stabilization of the R state
due to constraints to the transition to the T state, as lysine residues were modified.

Besides bHb, crocodile Hb, Trematomus bernacchii Hb and erythrocruorin of the earthworm Lum-
bricus terrestris have also been considered as starting points for low-affinity HBOCs due to their
specific oxygen binding properties (Coppola et al., 2011; Elmer et al., 2012; Jani et al., 2017; Komi-
yama et al., 1995; Rajesh et al., 2018; Roamcharern et al., 2019; Spivack et al., 2018). More recently,
cell-free Hb from Arenicola marina has been proposed as a blood substitute. This lugworm Hb has a
high molecular weight (3600 kDa), with a p50 of 7 mmHg (Table 1) (Mallet et al., 2014; Varney et
al., 2021), and is prepared by the company Hemarina with the name Hemo2Life® M101. This product
has been tested as a preservation fluid for storing healthy and marginal kidney before transplantation

in a preclinical porcine model (Kaminski et al., 2019; Thuillier et al., 2011).

2.1.4 Control of oxygen binding properties by non-natural Hb variants. It was suggested to produce
recombinant Hb variants by introducing mutations capable of modulating oxygen affinity (Benitez
Cardenas et al., 2019; Cooper et al., 2020; Dou et al., 2002; Olson et al., 1997; Ronda et al., 2008;
Varnado et al., 2013), in particular through the stabilization of high or low-affinity conformations,
the alteration of the interactions between oxygen and amino acid side chains in the heme pocket and

the modification of heme accessibility (Birukou et al., 2010).
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Hb Polytaur is a chimeric autopolymerizing recombinant Hb engineered to both increase the
p50 of HbA and its size through autopolymerization via formation of disulfide bonds (Bobofchak et
al., 2003; Faggiano et al., 2011). It is formed by human o chains and bovine B chains, intended to
lower the affinity of Hb. Mutations Cys104Ser(a), Cys93Ala(p), and Ser9Cys(p) were introduced to
limit polymerization to Ser9Cys(B). The autopolymerized product exhibited a p50 of 16-18 mmHg
under physiological conditions, values close to Hb inside RBCs.

Recently, a double mutant (Cys93Ala(B)/Alal9Cys(c)) was generated and decorated with
PEG20000 Da. This HBOC showed oxygen affinity and cooperativity close to HbA (Cooper et al.,
2021; Cooper et al., 2020).

Towards the development of stable Hb tetramers, a combination of two a2 and B2 homodimers
was obtained from a fusion gene containing two o chains or two B chains, coupled via a specific
linker (Panetta et al., 2008). The modification increased the oxygen affinity, due to a destabilization

of the T quaternary state, and did not increase the autoxidation rate (Panetta et al., 2008).

2.2. Modulation of the autoxidation rates and NO dioxygenase reactivity. HBOCs are prone to ox-
idization to metHb or ferryl species. These species do not bind oxygen and promote oxidative reac-
tions of proteins, lipids, DNA, which correlate to the oxidative stress observed upon administration
(Mollan and Alayash, 2013; Strader and Alayash, 2017). Indeed, the chemical modifications used in
the preparation of HBOCs increase Hb propensity to autoxidation and production of O2" and H20>
(Mollan and Alayash, 2013). Antioxidants like ascorbate mediate Hb reduction (Cooper et al., 2008),
but their plasma concentration in humans is limited by dietary intake (Rumsey and Levin, 1998). The
extensive mutagenesis studies carried out by Olson and coworkers on Mb and Hb have allowed to
pinpoint residues affecting oxygen affinity as well as oxidation stability (Benitez Cardenas et al.,
2019; Dou et al., 2002). Fetal Hb (HbF) is more stable and less prone to autoxidation in comparison

to HbA (Graves et al., 2008), suggesting its use as a precursor of HBOCs. Recombinant human fetal
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Hb and HbA were prepared and evaluated in terms of oxidative stress (Simons et al., 2018). Differ-
ences in oxidative reactivity were observed but neither form was superior to the other for the prepa-
ration of effective HBOC (Simons et al., 2018).

Another oxidatively stable HBOC was prepared based on the observation that the naturally occurring
K82D variant (Hb Providence) is more resistant towards oxygen peroxide degradation with respect
to wild-type HbA (Strader et al., 2017). The effects of genetic cross-linking of Hb Providence on
autoxidation, hemin loss, and reactions with H202 were compared with HbA and found that cross-
linking and mutation confer higher stability to oxidative reactions, thus suggesting that Hb Providence
is a valuable source for the development of HOBCs (Strader et al., 2017). It was also found that in

Hb Providence Cys93(p) is less prone to oxidation with respect to HbA (Jana et al., 2020).

HbA as well as Mb, under oxidative conditions, form ferryl heme iron and protein-based free radicals.
Ferryl reduction can occur either via direct electron transfer from a reducing agent to heme edges or
via a protein-based pathway that involves tyrosine residues (Reeder et al., 2008). Based on the
observation that in HbA tyrosine Tyr42(o) is involved in the electron transfer between endogenous
antioxidants and the ferryl heme, and that a tyrosine residue is absent in the equivalent position of the
B subunits, the recombinant Hb variant Phe41Y () was designed to improve the reduction rates of 8
subunits (Silkstone et al., 2016). It was found that mutation decreases heme-mediated oxidative
reactivity and enhances NO bioavailability (Silkstone et al., 2016). Several other variants introducing
tyrosine residues in both subunits were generated to minimize Hb pro-oxidant activity, maintaining
Hb oxygen affinity in a range compatible with oxygen delivery to tissues (Cooper et al., 2019).
Among them, Thr84Tyr(p) variant was found to increase the rate of heme reduction by ascorbate,
restoring Hb function. HEK cells showed reduced membrane damage upon treatment with the

Thr84Tyr(p) variant in comparison to HbA (Cooper et al., 2019). When this variant was PEGylated
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and administered to mice, it was found to be retained in the circulation longer than PEGylated HbA

(Cooper et al., 2019).

The reactivity of Hb with NO is also a concern in the design of HBOCs as cell-free Hb is
prone to NO scavenging, which causes hypertension and also results in Hb oxidation (Alayash, 2019;
Doherty et al., 1998; Eich et al., 1996; Olson et al., 2004). NO-induced oxidation was found to be
similar in unmodified, polymerized, crosslinked, or PEGylated Hbs, suggesting that the NO
scavenging effect observed for HBOCs is mostly associated with their extracellular localization rather
than different reactivity towards NO (Meng et al., 2018). However, the thorough investigation of
recombinant variants (Doherty et al., 1998; Fronticelli and Koehler, 2009; Frost et al., 2018; Graves
etal., 2008) has indicated that some residues are particularly involved in the NO dioxygenase activity,
opening the way to produce HBOCs based on recombinant Hbs endowed with lower reactivity

towards NO (Doherty et al., 1998; Cooper et al., 2019).

Instead of altering Hb reactivity, the reduction of adverse effects of reactive nitrogen and
oxygen species has also been tackled by incorporating antioxidant functions in HBOCs. In the late
1990s, Chang and coworkers crosslinked the enzymes catalase and superoxide dismutase (SOD) to a
polyHb (D'Agnillo and Chang, 1998; Powanda and Chang, 2002). Lugworm Hb (Hemo2Life®)

shows also SOD-like activity (Mallet et al., 2014).

3. Clinical trials on HBOCs. Several HBOCs were tested in preclinical and clinical trials, and some
of them, such as PolyHeme®, Hemopure® and Hemospan® (Sangart), HemAssist® (Baxter),
Hemolink™ (Hemosol), reached phase I1l. However, no products have so far obtained approval by
either FDA or EMA, whereas HBOC-201, the most recent version of Hemopure®, is approved in
Russia and in South Africa for anemic patients undergoing surgery and is used in the USA for patients
in critical conditions that refuse transfusions, under investigational or expanded
access/compassionate use (Khan et al., 2020). Here we briefly summarize the latest phase 111 clinical

trials. More information is found in several books on HBOCs published over the years (Chang, 1997;
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Chang, 1992; Kim and Greenburg, 2013; Mozzarelli and Bettati, 2011; Winslow et al., 1996;

Winslow, 2006b).

PolyHeme® was tested on more than 700 patients in USA as a first treatment for hemorrhagic events
vs blood expanders at ambulances and vs transfusions in emergency rooms. Results indicated that
PolyHeme® was not superior with respect to controls when survival was used as therapeutic index.
Therefore, FDA stated that the risk:benefit assessment of the product in trauma was unfavorable.
Moreover, ethic issues were raised since consensus was not collected due to the unconscious patient

conditions, and safe transfusions were available in emergency rooms (Dube et al., 2019).

HBOC-201 was tested vs transfusions using severe adverse effects as therapeutic index. Results
showed an increase in severe adverse effects possibly associated with greater anemia (Dube et al.,
2019). For both HBOC-201 and PolyHeme® clinical evidence indicated significant levels of

cardiovascular dysfunction (Chen et al., 2009).

A Hemospan® (MP40X) phase 11 clinical trial was carried out to determine if the product was able
to prevent hypotension in hip arthroplasty more than a colloidal plasma expander, and to reduce the

incidence of operative and postoperative complications including organ dysfunction and failure until

follow-up at one month following surgery (https://clinicaltrials.gov/ct2/show/NCT00421200). This
study followed a randomized, single-blind, increasing dose safety trial selecting orthopedic surgery
patients with spinal anesthesia (Olofsson et al., 2008). It should be pointed out that the aim of these
trials was not to demonstrate Hemospan® efficacy as an HBOC but as an oxygen-carrying plasma
expander. Results indicated that Hemospan® significantly reduced the incidence of hypotensive
episodes in patients undergoing hip arthroplasty, but the adverse event profile did not support use in

routine low-risk surgical patients (Olofsson et al., 2011).

Another HBOC, HemAssist®, was tested in a phase Il clinical trial in USA but the trial was
suspended when a significant increase in mortality rates as compared to patients treated with blood

products was observed (Chen et al., 2009; Jahr et al., 2007).
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Phase I11 clinical trials were suspended in 2003 also for Hemolink™, since patients treated with this

product suffered from adverse cardiac side effects (Sen Gupta, 2019).

In 2008 Natanson et al. (Natanson et al., 2008) carried out a meta-analysis of 16 clinical trials
associated with five products. Results showed a significantly increased risk of death and myocardial
infarction in patients treated with HBOCs. This study put an end to a period where three major USA

companies, Northfield, Biopure and Sangart, intensively and parallelly tried to develop a safe HBOC.

However, in spite of the so far unsuccessful investigations for the development of a safe HBOC,
transfusional medicine still urgently needs a drug that i) is able to deliver oxygen, ii) can be stored at
room temperature for prolonged periods, iii) can be administered without any blood group matching

and iv) can effectively replace RBC transfusions when blood is not available (Pusateri et al., 2019).

4. HBOC "'repositioning'". The extensive studies carried out for the development of HBOCs led to a
deeper understanding of Hb function and physiology, and oxygen supply requirements as well as NO
roles in controlling blood vessel tension. Nevertheless, all HBOCs are products that load and unload
oxygen depending on oxygen pressures. For this key function, they have been exploited for supplying

oxygen or other ligands, such as CO, to isolated organs or tissues.

4.1 CO delivery based on HBOCs. A CO derivative of Hemospan®, MP4CO (Belcher et al., 2013),
can deliver CO that at low concentrations shows positive effects including anti-apoptosis, anti-
inflammatory, anti-oxidative and anti-proliferative actions (Taguchi et al., 2020). Transgenic mice
expressing HbS, the Hb responsible for the sickle cell disease in humans, were treated with MP4CO
as a strategy to deliver CO and, thus, to induce the expression of heme oxygenase-1 that inhibits
microvascular stasis in sickle mice. In addition, it was also demonstrated that administration of
MP4CO induces the expression of the cytoprotective Nrf2 transcriptional regulator of heme

oxygenase-1 (Belcher et al., 2013). In the case of Sanguinate®, manufactured as CO derivative and
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as such used for the treatment of sickle cell patients (see above, 2.1.3), the CO-Hb derivative was the

only product developed and investigated (Abuchowski, 2016).

4.2 Organ perfusion fluids based on HBOCs. Every day, in the US and EU, about 50 people die
because of the lack of healthy organs to be transplanted. Moreover, the rate of opt-outs from organ
donation is increasing, reaching for example in Italy, in 2020, the record rate of 34%, with the
consequential increase in mortality for conditions that otherwise would be treatable. Furthermore, not
all the organs used lead to a successful transplantation, worsening the scenario. By the end of 2019,
over 58.000 patients were on a waiting list for organ transplantation in Europe and, on yearly average,
about 3-4% of the patients die before being transplanted (Vanholder et al., 2021). For example, in
2019 in Italy, patients in the kidney transplant list were 8615 and only 3813 were transplanted (data
from the Italian National Center Transplant). Moreover, only a small proportion of donated kidneys
were eligible for transplant (1379 out of 2766), indicating that organs are very susceptible to ischemia
and damage after death. Since the need for organs is significantly larger than the availability of ideal
donors, criteria for donor acceptance have been expanded and led to the use of extended criteria
donation (ECD) after circulatory death (DCD), but this is still not enough. For these reasons, the
development of new methods for improving organ preservation is a very active field. Whereas the
most used method for organ preservation is the normothermic perfusion with crystalloid solutions
and RBCs, recently HBOCs have been explored as an alternative for the improvement of oxygen
supply and conservation of optimal metabolic activity. A key advantage of HBOCs over RBCs is
their ability to diffuse in every organ capillary given the very reduced size (nanometers vs microns).
For instance, HBOCs were employed in machine perfusion of liver and kidney grafts after prolonged
cold ischemia (Mahboub et al., 2020) and were efficacious at improving organ condition of the liver
graft in animal experiments (Bhattacharjee et al., 2020). It was shown that more oxygen was extracted

when HBOC-201 was used with respect to RBCs in a human model of normothermic machine
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perfusion for liver (Laing et al., 2017) and kidney grafts (Aburawi et al., 2019). Ten discarded human
livers were exposed to a continuous cycle of hypo- and normothermic perfusions using HBOC-201
(Boteon et al., 2019). Results indicated that the procedure leads to a mitigation of the oxidative-
mediated tissue injury and an enhancement of hepatic energy stores, similarly to an interrupted
combined protocol, but with a simpler and more clinically applicable procedure (Boteon et al., 2019).
Similar positive results were obtained in a study where hypo- and normothermic perfusions were
sequentially applied to seven livers in order to preserve mitochondria activity as well as hepatic
functions, respectively (de Vries et al., 2019). During the normothermic phase, HBOC-201 was used
for supplying oxygen. Given the optimal metabolic conditions, five livers were transplanted and
100% were still in place after three months (de Vries et al., 2019). In a collaborative study we are
carrying out with the University of Bologna, a combination of bovine crosslinked HBOC and
mesenchymal stromal cell extracellular vesicles was used for human kidney normothermic
perfusions, obtaining very positive results for the preservation and improvement of marginal organs
(unpublished data). Because of this new game-changing application, HBOCs specifically designed
for ex vivo perfusion machines are currently being investigated, although most of the products used

so far are derivatives or HBOCs envisaged for in vivo administration as blood substitutes.
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Table 1. Oxygen properties of HBOCs.

HBOC name p50 (torr) Hill n Refs.

Sanguinate 7-16 - (Misra et al., 2014)

Oxyvita 6 1.1-1.2 (Harrington et al., 2011)
HemoAct 8-11 1.1 (Tomita et al., 2013)
Hemo2L.ife 7-12 - (Mallet et al., 2014)

(Varney et al., 2021)

Hemopure 40 14 (Jahr et al., 2008)
Oxyglobin 38 1.3 (Harris et al., 2008)
PolyHeme 26-32 1.5 (Gould et al., 1998)
Hemospan 5-6 1.2 (Vandegriff et al., 2003)
(MP40OX)
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Euro-PEG-Hb 14 1.5 (Portoro et al., 2008)
HemAssist 32 - (Lamy et al., 2000)
Hemolink 30-40 1 (Greenburg and Kim, 2004)

Hb Polytaur 16-18 - (Bobofchak et al., 2003)
Cross-linked 1 (R state PEG bHDb) 1 (Belcher et al, 2017)
Pegylated bHb 20 (T state PEG bHDb) 1 (Guetal., 2021)
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