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Abstract

Nearly 21 million components of blood and whole blood and transfused annually in the
United States, while on average only 13.6 million units of blood are donated. As the demand
for Red Blood Cells (RBCs) continues to increase due to the aging population, this deficit
will be more significant. Despite decades of research to develop hemoglobin (Hb) based
oxygen (O,) carriers (HBOCs) as RBC substitutes, there are no products approved for clini-
cal use. Lumbricus terrestris erythrocruorin (LtEc) is the large acellular O, carrying protein
complex found in the earthworm Lumbricus terrestris. LtEc is an extremely stable protein
complex, resistant to autoxidation, and capable of transporting O, to tissue when transfused
into mammals. These characteristics render LtEc a promising candidate for the develop-
ment of the next generation HBOCs. LtEc has a short half-life in circulation, limiting its appli-
cation as a bridge over days, until blood became available. Conjugation with polyethylene
glycol (PEG-LtEc) can extend LtEc circulation time. This study explores PEG-LtEc pharma-
cokinetics and pharmacodynamics. To study PEG-LtEc pharmacokinetics, hamsters instru-
mented with the dorsal window chamber were subjected to a 40% exchange transfusion
with 10 g/dL PEG-LtEc or LtEc and followed for 48 hours. To study the vascular response of
PEG-LtEc, hamsters instrumented with the dorsal window chamber received multiple infu-
sions of 10 g/dL PEG-LtEc or LtEc solution to increase plasma LtEc concentration to 0.5,
then 1.0, and 1.5 g/dL, while monitoring the animals’ systemic and microcirculatory parame-
ters. Results confirm that PEGylation of LtEc increases its circulation time, extending the
half-life to 70 hours, 4 times longer than that of unPEGylated LtEc. However, PEGylation
increased the rate of LtEc oxidation in vivo. Vascular analysis verified that PEG-LtEc
showed the absence of microvascular vasoconstriction or systemic hypertension. The
molecular size of PEG-LtEc did not change the colloid osmotic pressure or blood volume
expansion capacity compared to LtEc, due to LtEc’s already large molecular size. Taken
together, these results further encourage the development of PEG-LtEc as an O, carrying
therapeutic.
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Introduction

Both in the United States (US) and globally, the need for red blood cell (RBC) transfusions has
steadily increased over the years.[1] Studies indicate that the demand for RBCs in the US rela-
tive to the amount collected will create a shortage of 3 million units of RBCs by the year 2030.
[1] This shortage of RBCs is highest in sub-Saharan Africa, where the demand for RBCs is dou-
ble the amount of RBCs collected from donors.[2] According to the World Health Organiza-
tion (WHO), 20% of deaths due to malaria and 40% of deaths during childbirth in third-world
countries are related to an inadequate blood supply.[3] Since sophisticated blood screening tech-
niques are available in the US, disease transmission after transfusion is rare; however, according
to WHO, in some third world countries, including those in Africa, there is a 95-100% chance of
human immunodeficiency virus (HIV) contraction after transfusion of unmonitored and unsafe
allogeneic blood.[4] Even in the US, the chance of bacterial contamination through RBC transfu-
sion is still high (1 in 38,500).[5, 6] It has also been reported that transfusion of RBCs may increase
the risk of transmission of hepatitis, variant Creutzfeldt-Jakob disease, West Nile virus, Zika virus,
and internal systemic complications such as immune system suppression, acute lung injury, and
allergic reactions. Additionally, RBC accessibility during emergency scenarios and on the battle-
field, is extremely limited due to the short shelf-life, and required storage conditions for RBCs. In
these conditions, 25% of all trauma casualties are transfused with an average of 1-4 units of RBCs.
[7] At least 80% of casualties, who could potentially survive, die from an inadequate supply of
RBCs and exsanguinating hemorrhage.[8] The growing demand for RBCs along with the afore-
mentioned issues associated with RBC transfusion justify the need for alternatives to RBCs, that
have greater availability, accessibility, shelf life, oxygen (O,) transport capacity, and safety.

Opver the last few decades, artificial O, carriers such as perfluorocarbon (PFC) emulsions
and hemoglobin (Hb) based O, carriers (HBOCs) have been developed as potential RBC sub-
stitutes.[9] PFCs and HBOCs have reached clinical trials; however, short circulation time and
adverse side-effects, including stroke, multi-organ failure, myocardial infarction, acute respira-
tory distress syndrome, and even death, have resulted in termination of further development.
[10] The chemical modifications of Hb necessary to synthesize HBOCs generally increase the
autoxidation rate of Hb and consequently oxidative tissue injury.[11] Some of the adverse
side-effects previously observed with HBOCs have been attributed to Hb autoxidation, extrav-
asation through the blood vessel wall, nitric oxide (NO) scavenging, and hyper-oxygenation of
the vessel wall (i.e. O, autoregulation).[9] Vasoconstriction is perceived to be the most critical
barrier hampering the development of HBOCs. HBOC-induced vasoconstriction has been
attributed to NO scavenging by acellular Hb via either NO binding to deoxyHb, resulting in
the highly stable ferrous nitrosyl Hb derivative, or through the NO dioxygenase reaction
between NO and oxygenated Hb (oxyHb) to yield methemoglobin (metHb) and nitrate.

Lumbricus Terrestris erythrocruorin (LtEc) has naturally adapted to limit the problems
associated with acellular HBOCs [12]. Hirsch et al. previously have shown that LtEc when
injected into mice and rats produced no noticeable side effects [12]. LtEc has been studied
before as an O, carrier because it has a lower rate of oxidation [redox potential, Eo = 112 mV]
compared to mammalian Hbs [Eo = -50 mV for HbA] [13]. Additionally, LtEc and other ery-
throcruorins have an extremely low rate of NO scavenging [14]. LtEc is a complex structure,
containing 144 globin subunits and 36 linker proteins. The complex consists of five types of
globins [A, B, C, and D1 or D2] and four types of linkers [14]. Each globin contains a heme
group and binds O,. Each subunit assembles into an ABC trimer via intermolecular disulfide
bonds. The trimers pairs with D monomers to form the ABCD tetramers through electrostatic
and hydrophobic interactions, which then associate with two more tetramers via linkers to
form dodecamers. Finally, twelve dodecamers assemble into the hexagonal bilayer structure,
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which has a MW of 3.6 MDa and a molecular radius of approximately 15 nm. As LtEc is a rela-
tively large and stable molecule, it is difficult to purify; however, to overcome this limitation,
LtEc can been purified by tangential-flow filtration (TFF). In addition to TFF being scalable, is
a reliable process with high yield (grams from 1k worms) and with relatively low costs [14].

Recently, we have shown that Lumbricus Terrestris erythrocruorin (LtEc) can be used as a
HBOC in small animals.[14, 15] LtEc has been shown to have a circulation time of 13-17
hours in vivo. Transfused RBCs remain in circulation and continue to function for several days
and even up to weeks; the same, however, cannot be said about HBOC:s. It is therefore a signifi-
cant challenge to formulate HBOCs that match the efficacy and functionality of RBCs. An opti-
mal HBOC should have a persistent circulation time coupled with a long-functional half-life to
transport and deliver O,, in order to reduce the frequency of administration of the HBOC
until either blood for transfusion is available or erythropoiesis replenishes the circulating
RBCs. LtEc’s short circulation time is a serious limitation in its use as an O, ‘bridge’ during
anemia. This study evaluates a strategy to increase LtEc circulation time based on polyethylene
glycol (PEG) surface conjugation to purified LtEc. PEGylation is a common method used to
decrease excretion, extend circulation time, and limit immune recognition of proteins in the
circulation.[16] This study aims to the test whether PEGylated LtEc (PEG-LtEc) increases circu-
lation half-life, while maintaining LtEc favorable properties and preserving reduced vasoactivity.
The pharmacokinetics of PEG-LtEc was studied for 48 hours after an exchange transfusion of
40% of the animal’s blood volume (BV) with 10 g/dL PEG-LtEc solution. The vascular response
of PEG-LtEc was studied via infusion of a 10 g/dL PEG-LtEc solution to increase consecutively
PEG-LtEc plasma concentration to 0.5, then 1.0, and lastly 1.5 g/dL, while monitoring the ani-
mals’ systemic and microcirculatory parameters. UnPEGylated LtEc was used as a control.
Vasoactivity of LtEc and PEG-LtEc was assessed in the blood vessels most sensitive to the well
accepted mechanism of vasoactivity by HBOCs (NO scavenging by heme, O, over supply by
acellular Hb, and Hb extravasation). These microvascular blood vessels have diameters below
80 micrometers, and their tunica media is made up mostly of smooth muscle fibers arranged
around the vessel to maximally regulate blood flow in the microcirculation. The larger arteries,
however, do not actively change diameter, as changes in these arteries would likely result in
drastic changes in blood flow downstream. Our results demonstrate that PEG-LtEc circulated
four times longer that of LtEc with no observable vasoconstriction and hypertension, while pre-
serving microvascular blood flow and functional capillary density (FCD).

Material and Methods
Earthworm Preparation

For each round of LtEc purification, 1,000 Canadian nightcrawlers (Lumbricus terrestris) were
purchased from Wholesale Bait Company (Hamilton, OH). Worms were rinsed in tap water to
remove dirt, and 1 L batches of worms were extensively washed with 20-30 L of tap water to
remove as much mucus as possible. A blender was used to homogenize the worms (puree mode
for ~10 seconds) and the homogenate was immediately centrifuged at 3,716 g for 40 minutes at
4°C. Solid debris was discarded and the cloudy red supernatant was centrifuged at 18,000 g for
20 minutes at 10-15°C. The clear red supernatant (~2.0 L per 1,000 worms) was then filtered
through to remove any remaining large particles.

Purification of LtEc

The earthworm homogenate was passed through two 0.22 pm tangential flow filtration (TFF)
cartridges in parallel (1050 cm” surface area, Spectrum Labs, Rancho Dominguez, CA) at 450
mL/min until most the sample volume was transmitted through the membrane. The 0.22 um
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filtrate (1.8-2.0 L) was then concentrated on two 500 kDa TFF cartridges (1050 cm? surface
area, Spectrum Labs) at 450 mL/min down to a final volume of approximately 200 mL. The
500 kDa retentate was then diafiltered by diluting it to 2 L with buffer and then concentrating
it down to 200 mL ten times. The retentate was first diluted with 20 mM Tris buffer (pH 7.0)
during the first eight rounds of diafiltration and a modified lactated Ringer’s buffer (115 mM
NaCl, 4 mM KCI, 1.4 mM CaCl,, 13 mM NaOH, 12.25 mM N-acetylcysteine, 0.3% sodium lac-
tate, pH 7.0) during the last two rounds of diafiltration. During the final round of diafiltration,
the retentate was concentrated to 20-50 mL and sterilized by passing it through a 0.45 pm
syringe filter. The purified Ec was then stored at -80°C until needed. After each round of puri-
fication, all filters were rinsed and soaked in 0.2 M NaOH for 1 hour, then rinsed with distilled
water and stored at 4°C.[15]

PEGylation of LtEc

LtEc (75 mg/ml) was incubated with 5 mM 2-iminothiolane and 10 mM maleimide-PEG-5000
in PBS, pH 7.4 at 4°C overnight. After incubation, excess (unreacted) reagents were removed
by filtering the reaction mixture through 50 kDa membrane filters (Millipore) by repeated
dilution/centrifugation. The removal of the PEG reagent was monitored by size exclusion
chromatography of the reaction mixture using a refractive Index detector.[17] The final prod-
uct of PEGylated LtEc (PEG-LtEc) was concentrated to 100 mg/ml for animal studies.

Viscosity and Colloid Osmotic Pressure

Viscosity was measured at a shear rate of 160/sec (Brookfield Engineering Laboratories, Mid-
dleboro, MA). Colloid osmotic pressure (COP) was measured using a 4420 Colloid Osmome-
ter (Wescor, Logan, UT).

Mass Spectral Analysis

Samples were prepared for Matrix Assisted Laser Desorption Ionization (MALDI) by diluting
LtEc and PEG-LtEc to 1 mg/mL, then mixing them in a 1:1:1 ratio with 1M HCI and a matrix
solution of 50% v/v acetonitrile saturated with sinapic acid [18]. Cytochrome C (12,361 g/mol),
apomyoglobin (16,952 g/mol), and human serum albumin (66,437 g/mol) were used as molecu-
lar weight (MW) standards on a Bruker FLEX MALDI-TOF (Bruker Daltonics, Billerica, MA)
and analyzed in the linear mode [18].

Oxygen equilibrium Curve (OEC)

OECs were collected using the TCS Hemox Analyze (TCS Scientific Company, New Hope,
PA). Briefly, approximately 20-200 uL of Hb sample (final concentration ~5 mg/mL) was
diluted with 4.9 mL of Hemox Buffer (pH 7.4). 20uL of Additive A (albumin), 10 pL of Addi-
tive B, and 10 pL of an anti-foaming agent (TCS Scientific) were added to the solution. During
deoxygenation the O, tension and %O, saturation are recorded to obtain an OEC, and P50
value (partial pressure of O, at which Hb is 50% saturated with O,). The Hemox analyzer soft-
ware was used to calculate P50 and cooperativity based on O, binding.

Nitrite Reductase

Nitrite reductase reactions were performed in parallel (HbA, LtHb and PEG-LtEc) using the
argon-purged deoxy heme at 0.20 mM in the presence of 1 mM dithionite. Changes in the
deoxy heme Soret 430 nm band were recorded as a function of time (Lambda 20 UV/VIS
spectrometer; Perkin Elmer, Foster City, CA). Under these conditions, the nitrite reductase
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reaction is modified, since the metHb generated from the reaction is reduced back to deoxyHb
by the excess dithionite. The deoxy-Hb binds NO, yielding the ferrous NO derivative of Hb
(NOHD). This approach is based on the relatively large extinction coefficient for deoxy heme
(@ 430nm), as compared to the smaller extinction coefficients of both NOHb and metHb. The
initial linear portion of the curve was used to calculate the initial reaction rates.

Animal Preparation

In vivo studies were performed in 54-66 g male Golden Syrian Hamsters (Charles River Labo-
ratories, Boston, MA) fitted with a dorsal skinfold window chamber. The hamster window
chamber model is widely used for microvascular studies in the unanesthetized state (complete
surgical technique is described in the literature).[19, 20] Arterial and venous catheters filled
with a heparinized saline solution (30 IU/ml) were implanted into the carotid and jugular ves-
sels. Catheters were tunneled under the skin, exteriorized at the dorsal side of the neck, and
securely attached to the window frame. Animal handling and care followed the NIH Guide for
the Care and Use of Laboratory Animals. The experimental protocol was approved by UC San
Diego Animal Care and Use Committee (IACUC).

Inclusion Criteria

Animals were considered suitable for experiments if systemic parameters were within normal
range, namely, heart rate (HR) > 340 beats/min, mean arterial blood pressure (MAP) > 80
mmHg, systemic Hct > 45%, and arterial O, partial pressure (PaO,) > 50 mmHg. Addition-
ally, animals were examined 3 to 4 days after implantation surgery, their tissue was observed
under 650x magnification, and only animals without signs of low perfusion, inflammation,
edema or bleeding were included in the study.

Systemic Parameters

MAP and HR were recorded continuously (MP 150, Biopac System, Santa Barbara, CA). Hct
levels were measured from centrifuged arterial blood samples taken in heparinized capillary
tubes. Hb content was determined spectrophotometrically (B-Hemoglobin, Hemocue).

Blood Chemistry and Biophysical Properties

Arterial blood was collected in heparinized glass capillaries (50 pL) and immediately analyzed
for pO,, pCO,, base excess, and pH (Rapidlab 248, Bayer, Norwood, MA).

Estimation of Yield and MetHb Level

LtEc concentration and the percent of oxidized LtEc and PEG-LtEc (i.e. met-LtEc and met-
PEG-LtEc) were measured using the cyanomethemoglobin method.[21]

Volume Expansion

Changes in blood volume was calculated as the difference in Hct before infusion (Hct,) and
the Hct at a specific time after infusion (Hct,):
Hct, — Het,
E Het

t
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Experimental Groups

Experimental groups were labeled based on the test solution infused and included LtEc and
PEG-LtEc test solutions.

Pharmacokinetics—Exchange Transfusion Protocol

Pharmacokinetics was studied for 48 hours after exchange transfusion with 10 g/dL PEG-LtEc
or LtEc solution. Briefly, hamsters fitted with the dorsal window chamber were exchanged
with 40% of the estimated BV (7% of body weight). Test solutions were infused into the jugular
vein catheter at a rate of 100 pl/min with simultaneous blood withdrawal at the same rate from
the carotid artery catheter via a dual syringe pump (Harvard Apparatus, Holliston, MA).
Blood samples (50 pL) were taken after exchange transfusion at 0.5, 1, 2, 4, 8, 12, 24, and 48
hours. PEG-LtEc and LtEc pharmacokinetic parameters were determined using non-compart-
mental analysis.

Vascular Responses—Hypervolemic Infusion (Top-Load) Protocol

PEG-LtEc and LtEc vascular responses were studied after infusion of 10 g/dL PEG-LtEc or
LtEc solution to increase protein plasma concentration. Hamsters fitted with the dorsal win-
dow chamber were randomly divided into two experimental groups. Three consecutive infusions
of the test solutions were administered to increase the plasma protein concentrations to 0.5, 1.0,
and ultimately 1.5 g/dL. All infusions were performed intravenously at a rate of 100 uL/min. The
plasma Hb concentration was determined spectrophotometrically (B-hemoglobin, Hemocue,
Stockholm, Sweden). Infusion volumes of each test solution required to increase the plasma pro-
tein concentration by 0.5 g/dL were estimated in each animal before infusion, based on the esti-
mated animal BV and Hct, as 0.05 x (1 — Hct) x BV. Five minutes after infusion, the plasma
protein concentration was verified and increased if necessary. After each infusion, animals were
allowed 30 to 40 minutes to stabilize before systemic and microvascular characterization.

Microvascular Experimental Setup

The unanesthetized animal was placed in a restraining tube with a longitudinal slit from which
the window chamber protruded and was then fixed to the microscopic stage for transillumina-
tion with a customized intravital microscope (BX51WI, Olympus, New Hyde Park, NY). Ani-
mals were given 20 minutes to adjust to the tube environment before any measurements were
made. The tissue image was projected onto a charge-coupled device camera (4815, COHU,
San Diego, CA) connected to a video recorder and viewed on a monitor. Measurements were
carried out using a 40x (LUMPFL-WIR, numerical aperture 0.8, Olympus) water immersion
objective.

Functional Capillary Density

Functional capillaries (defined as those capillary segments that exhibit RBC transit of at least a
single RBC in a 45-second period in 10 successive microscopic fields) were assessed in a region
measuring 0.46 mm?. The relative change in functional capillary density (FCD) from baseline
levels after each infusion is indicative of the extent of capillary perfusion.[22]

Microhemodynamics

Arteriolar and venular blood flow velocities were measured online by using the photodiode
cross-correlation method (Vista Electronics, San Diego, CA).[23] The measured centerline
velocity (V) was corrected according to blood vessel size to obtain the mean RBC velocity
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Table 1. Properties of LtEc and PEG-LtEc.

Properties
P50, mmHg 26.0
Cooperativity 2.4
MetHb, % 4.6
COP, mmHg 1.0
Viscosity, cP 1.3

(V/R,), where R, represents the ratio between the blood vessel centerline V and the blood ves-
sel mean blood V based on data obtained in glass tubes. According to Lipowsky and Zweifach,
R, = 1.6 for blood vessels between 15 and 90 um diameter, but not for larger blood vessels.[24]
A video image-shearing method was used to measure blood vessel diameter D (Vista Electron-
ics, San Diego, CA).[25] The blood flow rate (Q) was calculated from measured values as:

o (1) 3)

Statistical Analysis

Results are presented as the mean + standard deviation. Data within each group were analyzed
using analysis of variance for repeated measurements (ANOVA, Kruskal-Wallis test). When
appropriate, post hoc analyses were performed with the Dunn’s multiple comparison test.
Comparison between samples was performed using two-way ANOVA (Hb plasma concentra-
tion); post hoc analyses were performed with Bonferroni posttests. Microhemodynamic data
are presented as absolute values and ratios relative to baseline values. A ratio of 1.0 signifies no
change from baseline, while lower and higher ratios are indicative of changes proportionally
lower and higher than baseline (i.e., 1.5 represents a 50% increase from the baseline level). The
same blood vessels and capillary fields were monitored throughout the study, such that direct
comparisons to their baseline levels could be performed, allowing for more reliable statistics
on small sample populations. All statistics were calculated using computer software (GraphPad
Prism 6, GraphPad Software, Inc., San Diego, CA). Changes were considered significant if p
values were less than 0.05.

Results

Oxygen Binding and Biophysical Properties

Summary of O, binding and biophysical characteristics are summarized in Table 1. PEGyla-
tion of LtEc had no statistically significant effect on O, affinity, (P50, O, tension at which Hb
is 50% saturated with O,). However, PEGylation statistically decreased cooperativity of LtEc,
suggesting that PEG reduces subunit conformational switch from a weak to strong O, binding

state and limits the interactions between subunits. PEGylation also resulted in statistically sig-
nificant increases in both viscosity and colloid oncotic pressure (COP) relative to LtEC.

Mass Distribution

The MALDI mass spectrum of LtEc and PEG-LtEc (Fig 1A) show similar to LtEc mass spectra
existing in the literature [18]. For LtEc, monometers and linkers appear near their expected

LtEc PEG-LtEc
+ 1.2 25.2 + 1.4
* 0.3 1.9 * 0.2t
* 1.8 4.1 * 1.6
+ 0.2 3.8 + 0.3t
+ 0.1 1.9 * 0.1

Results obtained from three (3) different batches of purification and PEGylation.

1, P<0.05 compared to LtEc

doi:10.1371/journal.pone.0170041.t001
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Fig 1. A. MALDI mass spectrum. a) LtEc (top) and b) PEG-LtEc (botton), MW range of 10-80 kDa. I) monomers; II) linkers; 111) trimers (A, B, and
C subunits); IV) tetramers (A, B, C, and D subunits). B. Nitrite reductase at pH 7.0 monitored as the decay of the 430 nm Soret band as a
function of the ratio nitrite to heme. a) 1:1; b) 2:1; c) 5:1. Heme concentration in all cases was 0.20 mM. The lines represent fits to the data. The
traces were all normalized for comparison of protein kinetics.

doi:10.1371/journal.pone.0170041.g001

MW (16 kDa and 24-32 kDa), respectively. While trimers appear to have a MW of around 50
kDa and tetramers a MW near 70 kDa. PEGylation affects the molecular weights of the sub-
units, as it shifts the MW by 5 and 10 kDa for monomers and trimers and tetramers, respec-
tively. However, the native mass spectrum signature of the unPEGylated subunits remains in
the mass spectrum of PEG-LtEc, suggesting that only a fraction of the subunits was PEGylated
and another fraction remains unPEGylated. Additionally, it is important to note, that no
major impurities were detected in the MALDI mass spectrum.

Nitrite Reductase

Nitrite reductase at various nitrite to heme ratios for HbA, LtEc and PEG-LtEc are shown in
Fig 1B. The normalized nitrite-induced decay of the deoxyheme population as a function of
the ratio of nitrite to heme for LtEc and PEG-LtEc appears to exhibit two distinct phases,
whereas HbA only exhibits one phase. LtHb does not undergo any R/T allosteric transitions;
hence the two distinct phases for LtHb and PEG-LtEc can be attributed to the fact that there
are two different heme populations. The first phase and fast nitrite reductase rates at a 1:1
nitrite to heme ratio were 0.142, 0.068 and 0.076 uM/s for HbA, LtEc and PEG-LtEc respec-
tively. The initial fast nitrite reductase rate increased for HbA with the nitrite to heme ratios.
However, for LtEc and PEG-LtEg, the initial fast nitrite reductase rate remained constant and
the second slower nitrite reductase rate phase decreased with higher ratios of nitrite to heme.
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Pharmacokinetics of LtEc and PEG-LtEc

Pharmacokinetics results are summarized in Table 2. The mean residence time (MRT) and
halflife (t/,) were statistically higher (P<0.05) for PEG-LtEc as compared to LtEc. Addition-
ally, the terminal K (terminal slope) and clearance were found to be statistically lower
(P<0.05) after PEGylation. The maximum plasma concentration (C,,,x) and volume of distri-
bution at steady state (V) were found to be statistically higher (P<0.05) after PEGylation.
Overall, PEG-LtEc has an improved circulatory persistence, found to be 4 times greater than
that of LtEc.

The concentration of the reduced (Fe**) and oxidized (Fe>*) forms of PEG-LtEc and LtEc
as a function of time after exchange transfusion are displayed in Fig 2. The reduced PEG-LtEc
concentration was found to be statistically different (P<0.05) compared to the reduced LtEc
after 24 hours of circulation time, while oxidized PEG-LtEc was found to be statistically differ-
ent (P<0.05) compared to oxidized LtEc only after 1 hour of circulation time. The formation
of oxidized Fe’" LtEc (i.e. metHb) was found to be statistically different (P<0.05) between
PEG-LtEc and LtEc after 1 hour of circulation time, while formation of reduced metHb was
found to be statistically different (P<0.05) between PEG-LtEc and LtEc after 12 hours of circu-
lation time. The functional fraction to transport and deliver O, to tissue was overall reduced
by PEGylation of LtEc. However, the optimal increases in O, carrying capacity requires both a
long circulation time coupled with functional half-life. Thus, the half-life of reduced forms of
PEG-LtEc and LtEc, is the appropriate parameter to compare improvements in O, transport.
This study observed that 54 + 5% of the administered PEG-LtEc remained functional to trans-
port O, at 8 hours, while only 41 + 6% of the administered LtEc remained functional to trans-
port O, at 8 hours.

Pharmacodynamics of PEG- LtEc and LtEc

MAP and HR after infusion of PEG-LtEc and LtEc are presented in Fig 3. No statistical differ-
ences were observed for both MAP and HR between LtEc and PEG-LtEc.

Hematological and Blood Gas Parameters

Hct and total Hb were found to be statistically lower (P<0.05) for PEG-LtEc compared to LtEc
at a plasma protein concentration of 1.5 g/dL. No statistical differences were observed at lower
plasma protein concentrations. These results are summarized in Table 3. Additionally, no sta-
tistical differences in arterial blood pH, arterial blood pO,, and arterial blood pCO, were
observed after infusion of PEG-LtEc and LtEc at all plasma concentrations (Table 4).

Table 2. Pharmacokinetics of LtEc and PEG-LtEc.

LtEc PEG-LtEc
Terminal K, h™ 0.04 + 0.02 0.01 + 0.01t
Half life, h 18.0 + 0.8 66.8 + 1.8t
CL, mL.h! 3.82 + 0.08 0.84 + 0.06"
MRT, h 23.4 + 0.9 95.7 + 1.91
Crmax, mg.h™! 2.85 + 0.2 3.12 + 0.22
Vs, ML 23.5 + 1.1 80.6 + 2.41

Terminal K, terminal slope; CL, plasma clearance; MRT, mean residence timel; Cmax, concentration
maximal; Vss, volume of distribution at steady state.
T, P<0.05 compared to LtEc

doi:10.1371/journal.pone.0170041.t002
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Fig 2. LtEc and PEG-LtEc pharmacokinetics after a 40% exchange transfusion (Top panels). The concentration of the reduced
(Fe**) and oxidized (Fe**) forms of PEG-LtEc and LtEc as a function of time (bottom panels).

doi:10.1371/journal.pone.0170041.9g002

Microvascular Hemodynamics

Blood vessel diameter and blood flow were measured for arterioles and venules with diameters
between 20 and 80 pm.

20-40 pm Arterioles. Changes in 20-40 pm arterioles diameter at various Hb concentra-
tions are shown in Fig 4. A statistically significant decrease in blood vessel diameter and
increase blood flow were observed from baseline blood vessel diameters at a plasma concentra-
tion of 1.5 g/dL and from baseline blood flow at all plasma concentrations greater than or
equal to 0.5 g/dL after infusion of LtEc. Infusion with PEG-LtEc, however, resulted in statisti-
cally significant decrease from baseline blood vessel diameters at all plasma concentrations
greater than or equal to 0.5 g/dL and statistically significant increase from baseline blood flow
at plasma concentrations less than 1.5 g/dL. No statistical differences were observed in blood
vessel diameters between the two groups; however, blood flow was found to be statistically
lower after infusion of PEG-LtEc compared to LtEc.

PLOS ONE | DOI:10.1371/journal.pone.0170041
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Fig 3. Mean arterial pressure (MAP) and heart rate (HR) after hypervolemic infusion, of LtEc or PEG-LtEc. 1, P < 0.05 relative to baseline; $,
P < 0.05 compared to LtEc. During the hypervolemic infusion, each animal was infused with enough material to increase its plasma protein concent-
ration to 0.5 g/dL, then given 30 minutes to recover. This process was repeated twice, ones to increase its protein concentration to 1.0 g/dL and then to

1.5g/dL.

doi:10.1371/journal.pone.0170041.9003

Table 3. Effects of consecutive transfusions of LtEc, and PEG-LtEc on Hct, total Hb concentration, and plasma protein concentration.

Parameters LtEc PEG-LtEc
n 6 6
Baseline
Hct (%) 49+ 1 49+ 1
Hb (g/dL) 15.5+0.4 15.7+0.6
Body weight (g) 60.8 £2.0 61.9+4.4
0.5 g/dL
Volume infused (mL) 0.096 + 0.003 0.100 + 0.006
Hct (%) 47 1 46 1
Hbyotar (9/dL) 14.6£0.5 14.6+0.4
Proteingjasma (9/dL) 0.5+0.1 0.5%0.1
Volume Expansion % 412 6+3
1.0 g/dL
Volume infused (mL) 0.198 + 0.005 0.205 + 0.959
Hct (%) 44 +1 43+ 1
Hbyotar (9/dL) 13.8+0.5 13.5+0.7
Proteingjasma (9/dL) 1.1+£0.2 1.0+£0.1
Volume Expansion % 8+1 7+4
1.5g/dL
Volume infused (mL) 0.302+0.005 0.315+0.961
Hct (%) 431 4117
Hbyotar (9/dL) 13.2+0.3 12.5+0.3"
Proteingjasma (9/dL) 1.5+£0.1 1.5+0.1
Volume Expansion % 3+1 5+3

T, P<0.05 compared to LtEc

doi:10.1371/journal.pone.0170041.t003
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Table 4. Changes in blood gas parameters after consecutive infusions of LtEc or PEG-LtEc.

Parameters

Baseline

pH

pO,, mmHg

pCO,, mmHg
0.5 g/dL

pH

pO,, mmHg

pCO,, mmHg
1.0 g/dL

pH

pO,, mmHg

pCO,, mmHg
1.5¢g/dL

pH

pO,, mmHg

pCO,, mmHg

doi:10.1371/journal.pone.0170041.t004

LtEc PEG-LtEc
6 6
7.351+0.015 7.355 +0.009
72.8+4.1 73.3+4.1
46.3 £ 3.1 445+2.3
7.349+0.018 7.345 +0.023
74.1+£3.9 73.1+3.7
43.6+3.7 435+1.4
7.342 +0.022 7.342+0.011
76.8 £ 3.6 75.7+3.7
43.4+5.2 42.6+2.0
7.340 £ 0.021 7.343+0.013
772+54 76.5+2.4
43.1+4.3 425+1.9

20-40 pm Venules. Changes in 20-40 um venules diameter at various Hb concentrations
are shown in Fig 4. Statistically significant decrease in blood vessel diameter from baseline
were observed at plasma concentrations greater than 0.5 g/dL, while statistically significant
increases in blood flow from baseline were observed at all plasma concentrations greater than
or equal to 0.5 g/dL after infusion with LtEc. Furthermore, statistically significant decreases in
blood vessel diameter and increases blood flow from baseline were observed at a plasma con-
centration of 0.5 g/dL and at all plasma concentrations greater than or equal to 0.5 g/dL after
infusion with PEG-LtEc. Statistical differences in blood vessel diameter and blood flow were
observed between the two groups at plasma concentrations greater than 0.5 g/dL and at those
greater than 1.0 g/dL, respectively.

40-60 pm Arterioles. Changes in 40-60 um arterioles diameter at various Hb concentra-
tions are shown in Fig 4. Statistically significant decreases in blood vessel diameter from base-
line were observed at all plasma concentrations greater than or equal to 0.5 g/dL while
statistically significant increases were also observed in blood flow from baseline at plasma con-
centrations greater than 1.0 g/dL after infusion with LtEc. However, PEGylation resulted in
statistically significant changes (increase at 0.5 g/dL and decrease at 1.5 g/dL plasma concen-
trations) in blood vessel diameter relative to baseline and in blood flow relative to baseline at
all plasma concentrations. Furthermore, statistically significant differences in blood vessel
diameter were observed between both groups at all plasma concentrations, while statistically
significant differences in blood flow between both groups were only observed at plasma con-
centrations of 0.5 and 1.0 g/dL.

40-60 um Venules. Changes in 40-60 um venules diameter at various Hb concentrations
are shown in Fig 5. After infusion of LtEc, statistically significant decreases in blood vessel
diameter from baseline were observed at plasma concentrations greater than 0.5 g/dL, while
statistically significant increases in blood flow from baseline were observed at plasma concen-
trations of 0.5 and 1.5 g/dL. However, statistically significant increases in blood vessel diameter
from baseline were observed at plasma concentrations greater than 0.5 g/dL and in blood flow
from baseline were observed at all LtEc plasma concentrations. Furthermore, statistically
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Fig 4. Changes in diameter and blood flow after hypervolemic infusion, of LtEc or PEG-LtEc, for small
arterioles and venules with diameters at baseline between 20-40 um. t, P < 0.05 relative to baseline; , P < 0.05
compared to LtEc. Vessel diameter and blood flow were studied at plasma protein concentration to 0.5, 1.0, and 1.5 g/

dL.

doi:10.1371/journal.pone.0170041.9004

significant differences in blood vessel diameters were observed between groups at plasma con-
centrations greater than 0.5 g/dL, while statistically significant differences in blood flow were
observed between both groups at all plasma concentrations.

60-80 um Arterioles. Changes in 60-80 um arterioles diameter at various Hb concentra-
tions are shown in Fig 6. Infusion of LtEc resulted in statistically significant decrease in blood
vessel diameter from baseline and increase in blood flow from baseline at plasma concentra-
tions greater than 0.5 g/dL and at plasma concentrations of 0.5 and 1.5 g/dL, respectively.
However, infusion only resulted in statistically significant decreases in blood vessel diameter
from baseline at a plasma concentration of 1.0 g/dL, and statistically significant increases in
blood flow from baseline at plasma concentrations of 0.5 and 1.5 g/dL. Statistically significant
differences in blood vessel diameter between groups were observed at a plasma concentration
of 1.5 g/dL, while statistically significant differences in blood flow between groups were
observed at plasma concentrations of 0.5 and 1.5 g/dL.

60-80 um Venules. Changes in 60-80 pum venules diameter at various Hb concentrations
are shown in Fig 6. After infusion of LtEc, statistically significant decrease in blood vessel
diameter from baseline and increase in blood flow from baseline were observed at plasma con-
centrations of greater than 0.5 g/dL and at plasma concentrations of 0.5 and 1.5 g/dL.

PLOS ONE | DOI:10.1371/journal.pone.0170041 January 18,2017 13/22
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Fig 5. Changes in diameter and blood flow after hypervolemic infusion, of LtEc or PEG-LtEc, for small
arterioles and venules with diameters at baseline between 40-60 um. t, P < 0.05 relative to baseline; 1,
P < 0.05 compared to LtEc. Vessel diameter and blood flow were studied at plasma protein concentration to
0.5,1.0,and 1.5 g/dL.

doi:10.1371/journal.pone.0170041.9005

However, infusion of the PEGylated protein resulted in statistically significant increase in both
blood vessel diameter and blood flow from baseline at all plasma concentrations (0.5, 1.0, and
1.5 g/dL), and at plasma concentrations less than 1.5 g/dL, respectively. Furthermore, statisti-
cally significant differences in blood vessel diameter and blood flow were observed between
both groups at all plasma concentrations (0.5, 1.0, and 1.5 g/dL).

Functional Capillary Density

FCD after infusion of PEG-LtEc and LtEc is presented in Fig 7. Statistically significant changes
in FCD were observed at plasma concentrations less than 1.5 g/dL after infusion with LtEc,
while no statistically significant differences in FCD were observed after infusion with PEG-L-
tEc. Furthermore, no statistically significant differences in FCD were observed between groups
at all plasma concentrations.

Discussion

The principal results obtained in this study confirm LtEc’s potential as an O, carrying thera-
peutic. PEGylation of LtEc significantly extended LtEc circulation half-life to 66.8 + 1.6 hours,
which was 3.6 times longer than unPEGgylated LtEc. However, PEGylation increased the rate
of oxidation of LtEc in vivo. As early as 12 hours after infusion, PEG-LtEc is 35% oxidized to
metHb, whereas LtEc is only 16% oxidized to metHb. Infusion of PEG-LtEc caused a
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Fig 6. Changes in diameter and blood flow after hypervolemic infusion, of LtEc or PEG-LtEc, for small
arterioles and venules with diameters at baseline between 60-80 um. 1, P < 0.05 relative to baseline; #,
P < 0.05 compared to LtEc. Vessel diameter and blood flow were studied at plasma protein concentration to
0.5,1.0,and 1.5 g/dL.

doi:10.1371/journal.pone.0170041.9006

statistically significant increase in both arteriolar and venular diameters and blood flow rela-
tive to baseline. However, no physiologically relevant hemodynamic alterations were observed
after infusion of PEG-LtEc systemically or in the microvasculature. In addition, PEG-LtEc pre-
served MAP, HR, and FCD relative to baseline, and with minor variations from baseline com-
pared to LtEc. No sign of systemic hypertension was observed after infusion of PEG-LtEc.
Additionally, no statistically significant differences were observed in volume expansion after
infusion between groups infused with PEG-LtEc and those with LtEc. Volumes required to
similar increases in plasma concentration were also not statistically difference between both
the PEG-LtEc and LtEc groups. Minor increases in COP after PEGylation of LtEc likely did
not exert a significant physiological effect due to the already large molecular size of LtEc. Low
COP of both LtEc and PEG-LtEc is advantageous over smaller diameter HBOCs. For example,
PEGylation of human Hb (PEG-HDb) increases solution COP, leading to volume expansion
post infusion, as fluid from the interstitial space moves into the vascular space, reducing the
PEG-HD plasma concentration (i.e. facilitating autotransfusion) and consequently reducing
PEG-Hb O, carrying capacity via hemodilution.[26] In addition, all the animals used in this
study showed no allergic reactions to PEG-LtEc or LtEc, which confirms that ultra-purification
of LtEc eliminates all harmful substances.[14, 15, 18]

Mass spectrum of the purified LtEc confirmed presence of all the LtEc subunits and linkers
proteins near their expected MWs; while the mass spectrum of the PEG-LtEc confirms
that only a fraction of the LtEc subunits were modified by one or two PEG chains during
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Fig 7. Changes in functional capillary density (FCD) relative to baseline after hypervolemic infusion, of LtEc or
PEG-LtEc. FCD was studied at plasma protein concentration to 0.5, 1.0, and 1.5 g/dL. FCD (capillaries per unit of area,
cm™") at baseline for LtEc were 119 + 14, and for PEG-LtEc were 116 + 16, respectively. t, P < 0.05 relative to baseline;
I, P <0.05 compared to LtEc.

doi:10.1371/journal.pone.0170041.g007

PEGylation. The non site-specific PEGylation protocol used to generate PEG-LtEc, resulted in
a limited homogeneity in the location of the PEG chains. Steric hindrance due to the large size
of PEG chains is responsible for limited PEGylation as accessibility by the PEG chains to the
subunit was limited. PEGylation using extension arm based on thiol-maleimide chemistry
could allow for increasing the number of PEG chains attached to the protein [27]. However,
increasing the number of PEG chains on the protein surface still restricts the space available
on the protein surface. Consequently, the additional PEG-chains are projected into the solvent
phase and are not covering the protein. Mass analysis of LtEc and PEG-ItEc did not detected
notable impurities. PEG-LtEc represents a promising technology to increase O, transport
when blood is not available for transfusion. Although, the development of PEG-LtEc as a viable
alternative to allogenic blood poses many new questions, including efficacy, safety, and clear-
ance. The basis of HBOC toxicity has been poorly understood, since industry research has not
been shared among investigators. This study reveals that LtEc is cleared more rapidly from the
vascular compartment compared to the PEG-LtEc, which implies that the LtEc degradation
begins immediately upon administration. Pilot studies radiolabeling LtEc illustrated no signifi-
cant accumulation in tissues after 48 hours (data no shown). However, future research explor-
ing the exact mechanism for the removal of the LtEc and PEG-LtEc need to be performed.
Small arterioles are the most sensitive to HBOCs vasoactivity and thus are the active regula-
tors of blood flow. In the analysis of the effects of LtEc and PEG-LtEc on vasoactivity, it is nec-
essary to consider both the type of vessel and size, as the capacity of microvessels to change
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diameter is different depending on the baseline diameter. Arterioles of 60 to 80 micrometers
tend to be more responsive to vasoconstriction; however, when they constrict, the smaller arte-
rioles tend to increase their diameter, as result of myogenic regulation (pressure-induced vas-
cular control). The myogenic regulation is aimed to maintain constant the circumferential
stress (so called, hoop stress) resulting from the vascular transmural blood pressure. Therefore,
when the large arteriole constricts, the pressure downstream decreases and the diameter of
smaller arterioles downstream initially passively follows the reduction in pressure. However,
the subsequent myogenic response residing in the smooth muscle itself, relaxes the smooth
muscle causing the diameter to increase to normalize the circumferential stress. Therefore,
grouping a broad range of microvascular vessels will reduces the capacity to detect changes in
diameter in the microcirculation. This study assessed the differences vasoconstrictive response
to LtEc and PEG-LtEc at various vessels diameters. To the best of our knowledge, the lack of
vasoactivity of LtEc and PEG-LtEct at the various arteriolar and venular diameters, strongly
suggest an overall minimal vasoconstrictive response at intravascular concentrations of up to
1.5 g/dL. The changes in arteriole and venule diameter after infusion of PEG-LtEc were mostly
vasodilatory from baseline.

Much of the work directed at uncovering the mechanisms of vasoactivity of HBOCs has
been conducted using changes in blood pressure and/or systemic vascular resistance. Studies
studies, in which HBOC:s are infused or used to restore blood volume after blood is removed
via hemorrhage, have significant limitations. Changes in blood pressure and/or systemic vas-
cular resistance are in part the result of changes in blood volume resulting from the adminis-
tration protocol used to infuse the HBOC. Our protocol to administer the LtEc and the PEG-
ItEc (exchange isovolemic transfusion) minimally disrupts blood volume, and allows for the
quantification of the volume expansion. Therefore, changes in blood pressure can be better
interpreted as part of the vasoactive responses or the result of volume expansion. PEG-LtEc
did not cause vasoconstriction or hypertension compared to small polymerized Hbs solutions.
[18] Instead, PEG-LtEc appeared to slightly relax small blood vessels. The high viscosity of
PEG-LtEc (1.9 cP) relative to plasma viscosity (1.2 cP), may also help to produce vasodilation,
as plasma viscosity increases endothelial wall shear stress on the blood vessel wall, which stim-
ulates endothelial cell production of vasodilators, including NO and prostacyclin.[28] Previous
studies have shown that high viscosity HBOCs improved microvascular function and main-
tained perivascular NO levels relative to low viscosity HBOCs.[28]

In contrast to most HBOCs, LtEc, even after PEGylation, is not vasoconstrictive. The most
accepted mechanism to account for HBOC-induced vasoconstriction is the scavenging of NO
through the NO dioxygenation that converts HbO, to metHb and nitrate.[29] The close prox-
imity of circulating HBOC:s to the endothelial lining (in contrast to the cell free zone that limits
access of RBCs to the endothelial wall) is considered a factor that limits the efficacy of HBOCs
with respect to NO scavenging. There are, however, HBOCs that do not induce vasoconstric-
tion.[30, 31] These HBOC:s consist of high O, affinity Hbs with large molecular diameters.
High O, affinity HBOCs are usually the result of enhanced stabilization of the relaxed (R) qua-
ternary structure of Hb via chemical modification, which is significant as the rate at which
deoxyHb converts nitrite to NO is a function of the quaternary structure of Hb [32-37]. The
R-state quaternary conformation has much higher nitrite reductase activity relative to the T-
state quaternary conformation.[38, 39] The dependence of the nitrite reductase reaction on
the quaternary structure of Hb is at least in part due to the difference in the redox potential of
the two quaternary state conformations.[40, 41] The R-state conformation has a much lower
redox potential, which favors oxidation of a ferrous heme to a ferric heme, as is the case of the
nitrite reductase reaction. The intent of the nitrite reductase data presented in Fig 1B is to
demonstrate the difference in nitrite reactions between the HbA, LtEc and PEG-LtEc, and to
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confirm that PEGylation of LtEc preserves the nitrite LtHb reaction, characteristics that can be
attributed to the different heme populations of LtEc [42]. The proposed basis for the absence
of vasoactivity is a compensatory mechanism in the form of the nitrite reductase reaction that
generates NO from nitrite.[10] Overall measured nitrite reductase rate for Peg-LtEc and LtEc
indicates a much slower rate as compared to that of HbA, which is consistent with their redox
potentials. The rates of autoreduction of the Fe**NO derivatives from the nitrite reductase
reaction follow a similar pattern in the PEG-LtEc, and the LtEc is consistent with a functional
heterogeneity among the heme sites in LtHb. The functional heterogeneity of the LtEc heme
subunits allows LtEc to function both as a stable O, transport protein and as an NO/nitrite-
detoxifying agent. This critically important dual functionality could be the result of the driving
force for the evolution of subunits with different redox properties. Alternatively, hydrody-
namic forces, similar to those that repel particles away from the vessel wall and create the cell-
depleted zone, may limit the accessibility of the LtEc protein complex to the endothelium due
to its large molecular size.

PEG-LtEc’s longer half-life can be attributed to the relatively hydrophobic polyether back-
bone, which facilitates extensive hydrophobic interaction, resulting in the formation of clath-
rate cages of H,O molecules around PEG-LtEc. Additionally, an immune response to
PEGylation is not observed primarily because the polyether backbone around LtEc present
after PEGylation results in steric hindrance, which in turn inhibits recognition of PEG-LtEc by
immune cells. [17, 32, 43] Hence, this mechanism slows the rate at which the immune system
clears the circulation of PEG-LtEc. Despite met-PEG-LtEc concentrations remaining increased
after exchange transfusion, PEG-LtEc concentrations continued to remain stable after 12
hours of circulation. However, this was still found to be lower than that of other HBOCs,
which undergo 40% oxidation to metHb in less than 12 hours circulation time. It is speculated
that covalent bonding of PEG on specific regions of LtEc have caused either a conformational
or electrostatic change that could alter the redox properties of the protein complex, hence
altering PEG-LtEc’s autoxidation rate. Furthermore, it was observed that PEG-LtEc appears to
have little or no immunogenic effect after consecutive infusions in plasma. As a result, PEG-L-
tEc appears to be safe, like LtEc, with the greater advantage of a substantially longer half-life.

The short circulation time of LtEc was similar to that observed in a previous study.[14, 18]
In addition, our study confirmed that the level of Fe>* (met-LtEc) reached a maximum con-
centration of 17% in 10 hours, which was much lower than that of other HBOCs.[14] Overall,
systemic and microvascular hemodynamic results were consistent with previous studies, in
which animals were hemodiluted with LtEc to demonstrate its ability to transport and deliver
0,.[14] Additionally, previous studies have demonstrated that PEGylation of large proteins
decreased the rate of renal clearance and increased the proteins’ biocompatibility, solubility,
stability, as well as significantly increasing the circulation half-life.[43]. The long circulatory
half-life of PEG-LtEc can be attributed to the hydrophobic polyether backbone, which entropi-
cally favors the formation of clathrate cages of water molecules on the LtEc surface.[17, 32] As
a result, water cannot hydrogen bond with other nucleophiles present in the circulation, thus
increasing the probability of nucleophilic attack of the heme groups, which in turn accelerates
metHb formation, explaining the higher oxidation rate of PEG-LtEc relative to LtEc.[10, 32]
In addition, cooperativity was significantly reduced, with the Hill coefficient decreasing by
20% from 2.4 to 1.9 for LtEc and PEG-LtEc, respectively. The changes in O,-binding proper-
ties of LtEc upon PEGylation are like those observed for PEGylated human Hb, in which coop-
erativity decreases due enhanced stability of the Hb R quaternary state [35]. Considering the
stability of the LtEc, this effect is also likely due to the steric effects of the PEG moieties, which
prevent the transition between the T and R states, as reported for Hb.
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The findings of this study provide evidence to continue development of LtEc as HBOCs.
Annually, 15 million RBC units are transfused in the US, while 80 million RBC units are trans-
fused globally. Safe PEG-LtEc can be optimally used to avoid unnecessary transfusions that are
costly and increase the risk of transfusion related diseases and immune responses. LtEc can be
produced and made available easily at a low cost and large quantities to avoid blood shortages.
PEG-LtEc can be rapidly available for transfusion in scenario with limited resources, since
there is no need for grouping or typing pre-transfusion. Furthermore, LtEc has the potential to
reduce the transmission of yet to be identified pathogens post transfusion, since it is an ultra-
purified protein. Unlike previously developed HBOC:s, there were no signs of vasoconstriction,
systemic hypertension, renal failure, nor allergic reactions in hamsters treated with PEG-LtEc.
Additionally, PEG-LtEc is a suitable HBOC for people with religious objections to blood trans-
fusion. In trauma situations, such as resuscitation from hemorrhagic shock, PET-LtEc transfu-
sion increases blood flow, increasing tissue perfusion in addition to just O, carrying capacity.

In conclusion, this study confirms that: 1) LtEc is a potential O, transporter in mammals,
2) intravascular administration of PEG-LtEc has no acute adverse side-effects, 3) PEG-LtEc
increases LtEc circulation time, and 4) PEG-LtEc does no elicit vasoconstriction or hyperten-
sion, but increases microvascular blood flow. The latter can enhance the benefit of PEG-LtEc’s
O, carrying capacity by increasing O, delivery via increased tissue perfusion. In addition,
PEG-LtEc’s longer circulation half-life compared to that of LtEc allows for less frequent
HBOC administration and extends the benefit of a single administration of PEG-LtEc, until
blood for transfusion is available. Additionally, PEG-LtEc can be purified and synthesized at a
reasonable cost and its production is scalable. PEG-LtEc’s unique structure and stability in
addition to its large molecular size and longer half-life renders it a potent molecule for the
development of the next generation of HBOCs. Future studies will be aim to evaluate the O,
carrying and delivery capacity of PEG-LtEc.

Acknowledgments

This work was supported by NIH grants from the Heart Lung and Blood Institute, PO1-
HL110900, and R56-HL123015, and R01-HL126945.

Disclaimer

Research was conducted in compliance with the US Animal Welfare Act and other federal stat-
utes and regulations relating to animals and experiments involving animals and adheres to
principles stated in the Guide for the Care and Use of Laboratory Animals, NRC Publication,
2011 edition.

Author Contributions

Conceptualization: AP JMF PC.

Formal analysis: VP] A] SM PN CR DD AP JMF PC.
Methodology: VPJ A] SM PN CR DD AP JMEF PC.
Project administration: PC JMF AP.

Resources: VP] A] SM PN CR DD AP JMF PC.
Supervision: PC JMF AP.

Validation: VP] A] SM PN CR DD AP JMF PC.

PLOS ONE | DOI:10.1371/journal.pone.0170041 January 18,2017 19/22



@° PLOS | ONE

Red Blood Cell Substitute with Unique Biophysical Properties

Visualization: VP] A] SM PN CR DD PC.

Writing - original draft: VP] A] SM PN CR DD AP JMF PC.

Writing - review & editing: VP] A] SM PN CR DD AP JMF PC.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Vamvakas EC, Taswell HF. Epidemiology of blood transfusion. Transfusion. 1994; 34(6):464—70.
PMID: 8023386

Osaro E, Njemanze C. Challenges of meeting the future blood transfusion requirement in England and
Wales. Autologous blood transfusion could become an adjunct to the UK blood transfusion program in
the future. Transfusion Alternatives in Transfusion Medicine. 2010; 11(2):72-81.

Nowbar AN, Howard JP, Finegold JA, Asaria P, Francis DP. 2014 global geographic analysis of mortal-
ity from ischaemic heart disease by country, age and income: statistics from World Health Organisation
and United Nations. Int J Cardiol. 2014; 174(2):293-8. PubMed Central PMCID: PMCPMC4045191.
doi: 10.1016/j.ijcard.2014.04.096 PMID: 24794549

Glynn SA, Kleinman SH, Schreiber GB, Busch MP, Wright DJ, Smith JW, et al. Trends in incidence and
prevalence of major transfusion-transmissible viral infections in US blood donors, 1991 to 1996. Retrovi-
rus Epidemiology Donor Study (REDS). JAMA. 2000; 284(2):229-35. PMID: 10889598

Hill GE, Frawley WH, Griffith KE, Forestner JE, Minei JP. Allogeneic blood transfusion increases the
risk of postoperative bacterial infection: a meta-analysis. JOURNAL OF TRAUMA INJURY INFECTION
AND CRITICAL CARE. 2003; 54(5):908—-14.

Taylor RW, Manganaro L, O’Brien J, Trottier SJ, Parkar N, Veremakis C. Impact of allogenic packed
red blood cell transfusion on nosocomial infection rates in the critically ill patient. Critical care medicine.
2002; 30(10):2249-54. doi: 10.1097/01.CCM.0000030457.48434.17 PMID: 12394952

Stinger HK, Spinella PC, Perkins JG, Grathwohl KW, Salinas J, Martini WZ, et al. The ratio of fibrinogen
to red cells transfused affects survival in casualties receiving massive transfusions at an army combat
support hospital. Journal of Trauma and Acute Care Surgery. 2008; 64(2):S79-S85.

Carson JL, Grossman BJ, Kleinman S, Tinmouth AT, Marques MB, Fung MK, et al. Red blood cell
transfusion: a clinical practice guideline from the AABB. Annals of internal medicine. 2012; 157(1):49—
58. doi: 10.7326/0003-4819-157-1-201206190-00429 PMID: 22751760

Winslow RM. Oxygen: the poison is in the dose. Transfusion. 2013; 53(2):424-37. doi: 10.1111/j.1537-
2995.2012.03774.x PMID: 22804568

Cabrales P, Friedman JM. HBOC vasoactivity: interplay between nitric oxide scavenging and capacity
to generate bioactive nitric oxide species. Antioxidants & redox signaling. 2013; 18(17):2284—97.

Buehler PW, Alayash Al. Toxicities of hemoglobin solutions: in search of in-vitro and in-vivo model sys-
tems. Transfusion. 2004; 44(10):1516-30. doi: 10.1111/j.1537-2995.2004.04081.x PMID: 15383027

Hirsch RE, Jelicks LA, Wittenberg BA, Kaul DK, Shear HL, Harrington JP. A first evaluation of the natu-
ral high molecular weight polymeric Lumbricus terrestris hemoglobin as an oxygen carrier. Artificial
Cells, Blood Substitutes, and Biotechnology. 1997; 25(5):429—44. doi: 10.3109/10731199709118932
PMID: 9285044

Harrington JP, Kobayashi S, Dorman SC, Zito SL, Hirsch RE. Acellular invertebrate hemoglobins as
model therapeutic oxygen carriers: unique redox potentials. Artificial cells, blood substitutes, and bio-
technology. 2007; 35(1):53—67. doi: 10.1080/10731190600974491 PMID: 17364471

Elmer J, Palmer AF, Cabrales P. Oxygen delivery during extreme anemia with ultra-pure earthworm
hemoglobin. Life Sciences. 2012; 91(17-18):852-9. doi: 10.1016/}.1fs.2012.08.036 PMID: 22982347

Elmer J, Palmer AF. Biophysical Properties of Lumbricus terrestris Erythrocruorin and Its Potential Use
as a Red Blood Cell Substitute. Journal of Functional Biomaterials. 2012; 3(4):49-60.

Awasthi V, Goins B, McManus L, Klipper R, Phillipsa WT. [99m Tc] liposomes for localizing experimen-
tal colitis in arabbit model. Nuclear medicine and biology. 2003; 30(2):159-68. PMID: 12623115

Nischan N, Hackenberger CPR. Site-specific PEGylation of Proteins: Recent Developments. The Jour-
nal of Organic Chemistry. 2014; 79(22):10727-33. doi: 10.1021/j0502136n PMID: 25333794

Elmer J, Zorc K, Rameez S, Zhou Y, Cabrales P, Palmer AF. Hypervolemic infusion of Lumbricus ter-
restris erythrocruorin purified by tangential-flow filtration. Transfusion. 2012; 52(8):1729—40. doi: 10.
1111/j.1537-2995.2011.03523.x PMID: 22304397

Colantuoni A, Bertuglia S, Intaglietta M. Variations of rhythmic diameter changes at the arterial micro-
vascular bifurcations. Pflugers Arch. 1985; 403(3):289-95. PMID: 3991332

PLOS ONE | DOI:10.1371/journal.pone.0170041

January 18,2017 20/22


http://www.ncbi.nlm.nih.gov/pubmed/8023386
http://dx.doi.org/10.1016/j.ijcard.2014.04.096
http://www.ncbi.nlm.nih.gov/pubmed/24794549
http://www.ncbi.nlm.nih.gov/pubmed/10889598
http://dx.doi.org/10.1097/01.CCM.0000030457.48434.17
http://www.ncbi.nlm.nih.gov/pubmed/12394952
http://dx.doi.org/10.7326/0003-4819-157-1-201206190-00429
http://www.ncbi.nlm.nih.gov/pubmed/22751760
http://dx.doi.org/10.1111/j.1537-2995.2012.03774.x
http://dx.doi.org/10.1111/j.1537-2995.2012.03774.x
http://www.ncbi.nlm.nih.gov/pubmed/22804568
http://dx.doi.org/10.1111/j.1537-2995.2004.04081.x
http://www.ncbi.nlm.nih.gov/pubmed/15383027
http://dx.doi.org/10.3109/10731199709118932
http://www.ncbi.nlm.nih.gov/pubmed/9285044
http://dx.doi.org/10.1080/10731190600974491
http://www.ncbi.nlm.nih.gov/pubmed/17364471
http://dx.doi.org/10.1016/j.lfs.2012.08.036
http://www.ncbi.nlm.nih.gov/pubmed/22982347
http://www.ncbi.nlm.nih.gov/pubmed/12623115
http://dx.doi.org/10.1021/jo502136n
http://www.ncbi.nlm.nih.gov/pubmed/25333794
http://dx.doi.org/10.1111/j.1537-2995.2011.03523.x
http://dx.doi.org/10.1111/j.1537-2995.2011.03523.x
http://www.ncbi.nlm.nih.gov/pubmed/22304397
http://www.ncbi.nlm.nih.gov/pubmed/3991332

@° PLOS | ONE

Red Blood Cell Substitute with Unique Biophysical Properties

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Endrich B, Asaishi K, Gétz A, MeBmer K. Technical report—a new chamber technique for microvascu-
lar studies in unanesthetized hamsters. Research in Experimental Medicine. 1980; 177(2):125-34.
PMID: 7003665

Crosby WH, Houchin DN. Preparing standard solutions of cyanmethemoglobin. blood. 1957; 12
(12):1132—6. PMID: 13489044

Cabrales P. Oxygen delivery and consumption in the microcirculation after extreme hemodilution with
perfluorocarbons. AJP: Heart and Circulatory Physiology. 2004; 287(1):H320-H30.

Tompkins W, Monti R, Intaglietta M. Velocity measurement by self-tracking correlator. Review of Scien-
tific Instruments. 1974; 45(5):647-9.

Lipowsky HH, Zweifach BW. Application of the “two-slit” photometric technique to the measurement of
microvascular volumetric flow rates. Microvascular research. 1978; 15(1):93—101. PMID: 634160

Intaglietta M, Tompkins WR. Microvascular measurements by video image shearing and splitting.
Microvascular Research. 1973; 5(3):309—12. PMID: 4709728

Winslow RM, Lohman J, Malavalli A, Vandegriff KD. Comparison of PEG-modified albumin and hemo-
globin in extreme hemodilution in the rat. Journal of Applied Physiology. 2004; 97(4):1527-34. doi: 10.
1152/japplphysiol.00404.2004 PMID: 15208289

Li D, Manjula BN, Acharya AS. Extension arm facilitated PEGylation of hemoglobin: correlation of the
properties with the extent of PEGylation. The protein journal. 2006; 25(4):263—-74. doi: 10.1007/s10930-
006-9010-y PMID: 16718519

Tsai AG, Cabrales P, Manjula BN, Acharya SA, Winslow RM, Intaglietta M. Dissociation of local nitric
oxide concentration and vasoconstriction in the presence of cell-free hemoglobin oxygen carriers.
Blood. 2006; 108(10):3603—10. doi: 10.1182/blood-2006-02-005272 PMID: 16857991

Gardner PR, Gardner AM, Brashear WT, Suzuki T, Hvitved AN, Setchell KDR, et al. Hemoglobins diox-
ygenate nitric oxide with high fidelity. Journal of Inorganic Biochemistry. 2006; 100(4):542-50. doi: 10.
1016/j.jinorgbio.2005.12.012 PMID: 16439024

Cole R, Vandegriff K, Szeri A, Savas O, Winslow R. Targeted O2 delivery by blood substitutes: in vitro
arteriolar simulations of first- and second-generation products. Microvascular Research. 2008; 76
(3):169-79. doi: 10.1016/j.mvr.2008.07.002 PMID: 18671987

Macdonald VW, Winslow RM, Marini MA, Klinker MT. Coronary Vasoconstrictor Activity of Purified and
Modified Human Hemoglobin. Biomaterials, Artificial Cells and Artificial Organs. 1990; 18(2):263-82.

Acharya SA, Friedman JM, Manjula BN, Intaglietta M, Tsai AG, Winslow RM, et al. Enhanced Molecular
Volume of Conservatively Pegylated Hb: (SP-PEG5K) 6 -HbA is Non-Hypertensive. Atrtificial Cells,
Blood Substitutes, and Biotechnology. 2005; 33(3):239-55. PMID: 16152690

Cole RH, Vandegriff KD. MP4, a Vasodilatory PEGylated Hemoglobin. Oxygen Transport to Tissue
XXXII: Springer Science + Business Media; 2011. p. 85-90.

Juszczak LJ, Manjula B, Bonaventura C, Acharya SA, Friedman JM. UV Resonance Raman Study of
93-Modified Hemoglobin A: Chemical Modifier-Specific Effects and Added Influences of Attached Poly
(ethylene glycol) Chains t. Biochemistry. 2002; 41(1):376-85. PMID: 11772037

Khan |, Dantsker D, Samuni U, Friedman AJ, Bonaventura C, Manjula B, et al. 393 Modified Hemoglo-
bin: Kinetic and Conformational Consequences t. Biochemistry. 2001; 40(25):7581-92. PMID:
11412112

Lui FE, Dong P, Kluger R. Polyethylene Glycol Conjugation Enhances the Nitrite Reductase Activity of
Native and Cross-Linked Hemoglobin 1. Biochemistry. 2008; 47(40):10773-80. doi: 10.1021/bi801116k
PMID: 18795797

Lui FE, Kluger R. Enhancing Nitrite Reductase Activity of Modified Hemoglobin: Bis-tetramers and
Their PEGylated Derivatives. Biochemistry. 2009; 48(50):11912-9. doi: 10.1021/bi9014105 PMID:
19894773

Gladwin MT. Hemoglobin as a Nitrite Reductase Regulating Red Cell-Dependent Hypoxic Vasodilation.
American Journal of Respiratory Cell and Molecular Biology. 2005; 32(5):363-6. doi: 10.1165/rcmb.
F298 PMID: 15837723

Roche CJ, Dantsker D, Samuni U, Friedman JM. Nitrite Reductase Activity of Sol-Gel-encapsulated
Deoxyhemoglobin: INFLUENCE OF QUATERNARY AND TERTIARY STRUCTURE. Journal of Biolog-
ical Chemistry. 2006; 281(48):36874—82. doi: 10.1074/jbc.M603914200 PMID: 16984908

Roche CJ, Malashkevich V, Balazs TC, Dantsker D, Chen Q, Moreira J, et al. Structural and Functional
Studies Indicating Altered Redox Properties of Hemoglobin E IMPLICATIONS FOR PRODUCTION OF
BIOACTIVE NITRIC OXIDE. Journal of Biological Chemistry. 2011; 286(26):23452—66. doi: 10.1074/
jbc.M110.183186 PMID: 21531715

Roche CJ, Talwar A, Palmer AF, Cabrales P, Gerfen G, Friedman JM. Evaluating the Capacity to Gen-
erate and Preserve Nitric Oxide Bioactivity in Highly Purified Earthworm Erythrocruorin A GIANT

PLOS ONE | DOI:10.1371/journal.pone.0170041

January 18,2017 21/22


http://www.ncbi.nlm.nih.gov/pubmed/7003665
http://www.ncbi.nlm.nih.gov/pubmed/13489044
http://www.ncbi.nlm.nih.gov/pubmed/634160
http://www.ncbi.nlm.nih.gov/pubmed/4709728
http://dx.doi.org/10.1152/japplphysiol.00404.2004
http://dx.doi.org/10.1152/japplphysiol.00404.2004
http://www.ncbi.nlm.nih.gov/pubmed/15208289
http://dx.doi.org/10.1007/s10930-006-9010-y
http://dx.doi.org/10.1007/s10930-006-9010-y
http://www.ncbi.nlm.nih.gov/pubmed/16718519
http://dx.doi.org/10.1182/blood-2006-02-005272
http://www.ncbi.nlm.nih.gov/pubmed/16857991
http://dx.doi.org/10.1016/j.jinorgbio.2005.12.012
http://dx.doi.org/10.1016/j.jinorgbio.2005.12.012
http://www.ncbi.nlm.nih.gov/pubmed/16439024
http://dx.doi.org/10.1016/j.mvr.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18671987
http://www.ncbi.nlm.nih.gov/pubmed/16152690
http://www.ncbi.nlm.nih.gov/pubmed/11772037
http://www.ncbi.nlm.nih.gov/pubmed/11412112
http://dx.doi.org/10.1021/bi801116k
http://www.ncbi.nlm.nih.gov/pubmed/18795797
http://dx.doi.org/10.1021/bi9014105
http://www.ncbi.nlm.nih.gov/pubmed/19894773
http://dx.doi.org/10.1165/rcmb.F298
http://dx.doi.org/10.1165/rcmb.F298
http://www.ncbi.nlm.nih.gov/pubmed/15837723
http://dx.doi.org/10.1074/jbc.M603914200
http://www.ncbi.nlm.nih.gov/pubmed/16984908
http://dx.doi.org/10.1074/jbc.M110.183186
http://dx.doi.org/10.1074/jbc.M110.183186
http://www.ncbi.nlm.nih.gov/pubmed/21531715

o @
@ : PLOS | ONE Red Blood Cell Substitute with Unique Biophysical Properties

POLYMERIC HEMOGLOBIN WITH POTENTIAL BLOOD SUBSTITUTE PROPERTIES. Journal of
Biological Chemistry. 2015; 290(1):99-117. doi: 10.1074/jbc.M114.583260 PMID: 25371199

42. Roche CJ, Talwar A, Palmer AF, Cabrales P, Gerfen G, Friedman JM. Evaluating the Capacity to Gen-
erate and Preserve Nitric Oxide Bioactivity in Highly Purified Earthworm Erythrocruorin. Journal of Bio-
logical Chemistry. 2014; 290(1):99—-117. doi: 10.1074/jbc.M114.583260 PMID: 25371199

43. Greenwald RB, Choe YH, McGuire J, Conover CD. Effective drug delivery by PEGylated drug conju-
gates. Advanced Drug Delivery Reviews. 2003; 55(2):217-50. PMID: 12564978

PLOS ONE | DOI:10.1371/journal.pone.0170041 January 18,2017 22/22


http://dx.doi.org/10.1074/jbc.M114.583260
http://www.ncbi.nlm.nih.gov/pubmed/25371199
http://dx.doi.org/10.1074/jbc.M114.583260
http://www.ncbi.nlm.nih.gov/pubmed/25371199
http://www.ncbi.nlm.nih.gov/pubmed/12564978

