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Abstract: Polymerized Porcine Hemoglobin (pPolyHb), a hemoglobin-based oxygen carrier (HBOC), was developed as a potential
red blood substitute for clinical applications. Assessment of its effects on the immune system is an important component of the overall
safety evaluation of HBOC. For this purpose, we assessed three inflammation indicators, including complement C3a, IL-6, and TNF-o
in cultured cells and in a rat model when pPolyHb was incubated or administrated with the cells/animals. Our results suggested that the
levels of these three indicators were not statistically changed upon pPolyHb stimulation, indicating that pPolyHb is not immunotoxic
to cells and animals in this aspect.

Keywords: polymerized porcine hemoglobin (pPolyHb); intravenous infusion; inflammatory response; complement C3a; Interleukin-6
(IL-6); tumor necrosis factor (TNF-o)

INTRODUCTION

Hemoglobin-based oxygen -carriers (HBOCs), with
their capacity of delivering oxygen, could function as
potential red blood cell substitutes or primary resusci-
tation solutions. Different from saline or colloid-based
solutions, HBOCs carry and deliver oxygen to tissues
in addition to restoring intravascular volume and pres-
sure and, unlike RBCs, hemoglobin solutions do not

need cross-matching and can be prepared virus- and
bacteria-free [1-3]. So far, the principle raw mate-
rial for HBOCs’ manufacture comes from human and
bovine hemoglobin (Hb) [4,5]. However, due to the
limited supply of human Hb and the possible threat of
human blood-transmitted diseases such as hepatitis and
HIV and cross-species transmission of prions existing
in bovine blood [6], porcine Hb has been developed as a
new source of HBOCs [7].
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The primary concern over HBOC-201 is the hyper-
tensive effect hemoglobin solutions exhibit in animals,
which is thought to be due in part to their affinity for
nitric oxide [8—10]. Low-MW Hb scavenges nitric oxide,
thus preventing smooth muscle relaxation and elevating
blood pressure. However, in our earlier work we dem-
onstrated that pPolyHb maintained hemodynamic stabil-
ity well and wouldn’t cause hypertension in an exchange
transfusion rat model in that 120-140% of estimated to-
tal blood volume was replaced by pPolyHb. Furthermore,
pPolyHb increased tissue oxygen, reversed anaerobic
metabolism, and provided for effective life-sustaining
ability [11].

Although HBOCs have been extensively studied
on the various physiological properties, such as effec-
tiveness and toxicity, the effects of pPolyHb on the host
inflammatory response have not yet been further inves-
tigated. In an in vitro study by McFaul et al., the incu-
bation of isolated human monocytes with purified Hb
resulted in an increase of IL-8 and TNF-o at 4 hours
and that quantities of these cytokines released were suf-
ficient to induce significant PMN chemotaxis and PMN
adherence to HUVECs [1,12]. Ortegon et al. observed
that HBOC-201 had immune-activating potential, espe-
cially enhancement of neutrophilic {3, integrin (CD11b)
expression at high concentration in vitro [13]. However,
in vivo in moderate and severe controlled hemorrhagic
shock (HS) in swine, with the exception of mildly in-
creased plasma levels of the anti-inflammatory Th-2 cy-
tokine, IL-10, HBOC-201 had minimal effects on innate
immune responses [14—16]. As well, in trauma patients
human polymerized hemoglobin (Polyheme) diminished
immune activation in comparison with blood transfu-
sions [17]. Valeski et al. reported that bolus injection
of av -Hb did not activate a significant accumulation
of complement C3 in the intestinal mucosa of the rats
[18]. In another study, in which complement activation
by liposome-encapsulated Hb (LEH) was investigated, a
positive result was obtained by Szebeni et al. In this case,
bovine stroma-free tetrameric Hb from Biopure Corpo-
ration (Cambridge, MA) did not activate a complement,
similar to the results in vivo with ovo-Hb [19].

The objective of this study is to evaluate the effects of
pPolyHb on the host inflammatory response through as-
sessment of the level of three inflammatory indicators, in-
cluding complement C3a, IL-6, and TNF-o in rat models,
especially immune effects in rats with more severe hem-
orrhagic shock, since the course of hemorrhagic shock
(HS) exhibits a possible challenge to the immune sys-
tem, which may contribute to multiorgan failure (MOF)
or death [20,21]. Current pre-hospital resuscitation fluids
and blood products present potential intrinsic immuno-
modulating properties [22,23]. It’s necessary to investi-
gate whether pPolyHb invokes innate immune response in
such critical circumstances.
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MATERIALS
Reagents

6% Hetastarch 200-0.5 in sodium chloride solution (Fre-
senius Kabi), Pentobarbital Sodium (Sigma), Hepalean
1000U.S.P. units/ml (Organon), Sodium Chloride (Sigma),
Potassium Chloride (Sigma), Calcium Chloride (Sigma),
Sodium Phosphate Monobasic (Sigma), Disodium Hydro-
gen Phosphate (Sigma), Phosphate Buffered Saline (PBS)
(Sigma), Sodium Hydroxide (Sigma), Tris Base (Sigma),
Phenolred (Sigma), Bovine Serum Albumin (BSA)
(Sigma), Fetal Bovine Serum (FBS) (Gibco), Dulbecco’s
Modification of Eagle’s Medium (DMEM) (Gibco),
Lipopolysaccharide (LPS) (Sigma), Rat/Mouse IL-6 Elisa
Kit, Rat/Mouse TNF-o Elisa Kit, Rat Complement C3a
Elisa kit (R&D System).

Animals

Male Sprague-Dawley rats (Xian Jiaotong University,
China) weighing 240 = 20 g were used in the study. The
experiments described in this study were performed in
adherence to National Institutes of Health guidelines on
the use of experimental animals. Approval of the Animal
Care Committee of Northwest University was obtained
prior to initiating the experiments.

Test Solutions

pPolyHb (10.5 = 0.5 g/dl polymerized porcine hemoglobin,
methemoglobin <5%, endotoxin <1.0 EU/mL, osmolality
300-330 mOsm, pH 7.4 = 0.05, average molecule of pPoly-
Hb 600 = 50 kD, 64 kD tetramer <2%) was formulated in
buffer consisting of Na® 135-155 mmol/L, K* 3.0—5.0
mmol/L, Ca?>" 1—3 mmol/L, CI~ 140—160 mmol/L and
stored at 4°C under nitrogen gas until use.

METHODS
In Vitro Study

Complement C3a Measurement

Blood was drawn from Sprague—Dawley rats. Plasma was
isolated by centrifuging at 5500g for 20 min, and kept fro-
zen at —80°C in small aliquots until it was analyzed. 400 ul
of plasma was mixed with 100 ul of saline (negative con-
trol), LPS (positive control), and pPolyHb, respectively.
The reaction mixtures were incubated at 37°C for 1 hour
with shaking. Reaction was stopped by adding 1.6 ml sa-
line into 400 ul of the reaction mixture. Complement C3a
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levels were detected using a Rat complement C3a Elisa
kit (R&D System) according to the manufacturer’s proto-
col. The detailed method is as described [24].

IL-6 and TNF-o. Measurement

Macrophage Raw 264.7 cells were purchased from
China Center for Type Culture Collection (CCTCC), and
the cells were harvested with permission from the Institu-
tional Review Board (IRB) for the Protection of Human
Subjects. Cells were grown in DMEM with 20% FBS
and maintained in 100-mm dishes at 37°C in a humidified
atmosphere of 95% air and 5% CO,. Cells were treated
with different concentrations of PBS, BSA (negative con-
trol), LPS (positive control), and pPolyHb, respectively,
for 12—-18 h. Supernatant of cell culture was pipetted, then
centrifuged at 2800 g for 20 min, and the supernatant flu-
ids were transferred to a clean centrifuge tube and kept
frozen at —20°C until they were analyzed for cytokines
by ELISA. IL-6 and TNF-o levels were detected using
Mouse IL-6 ELISA kits and Mouse TNF-oo ELISA kits
(R&D Systems) according to manufacturer’s protocol.
Assays were performed in triplicate.

In Vivo Study

Complement C3a, IL-6, and TNF-o.
Measurement in Healthy Rats

Twelve Sprague-Dawley rats were randomized into two
groups: pPolyHb and Hetastarch (HES, control). Before
the immunization, a blood sample was drawn from each
rat. Serum was isolated and stored in small aliquots as
pre-immune control serum. The equal amount of pPolyHb
(3 g/dl) and HES were injected into rats intravenously. Se-
rum was collected 12 h after injection and stored in small
aliquots at —80°C until they were analyzed for cytokines.

Complement C3a, IL-6, and TNF-a levels were de-
tected using a Rat complement C3a Elisa kit, Rat IL-6
ELISA kits, and Rat TNF-o. ELISA kits (R&D Systems)
according to the manufacturer’s protocol. Assays were
performed in triplicate.

Surgical Preparation

Male Sprague-Dawley rats (n = 12) were anesthetized
with sodium pentobarbital (45 mg/kg, intraperitoneally).
The left jugular vein was cannulated (PE 50 tubing) for
drug administration. The left femoral artery was cannu-
lated (PE 50 tubing) and connected to a MP150 Data Ac-
quisition System (BIOPAC, USA) for recording the blood
pressure, ECG, and heart rate. The right femoral artery
was cannulated to induce controlled hemorrhage. The ani-
mals were allowed to stabilize for 60 min before starting
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the experiment. Blood gas analysis was performed on an
ABL 800 FLEX (Radiometer, Copenhagen, Denmark).

Hemorrhagic Shock (HS) Model and Complement C3a,
IL-6, and TNF-o. Measurement

Male Sprague-Dawley rats were heparinized before HS
through the venous catheter at 60 units/100 g body weight.
The test solution was warmed to the body temperature of
37°C. Rats (n = 12) were subjected to volume-controlled
hemorrhage. 55 = 5% estimated blood volume (EBV)
was withdrawn via the right femoral artery in two steps at
arate of 0.5 ml/min. Rats were hemorrhaged over 90 min,
after which they were resuscitated with pPolyHb or HES
equal volume to the lost blood through the left jugular
venous catheter at a rate of 0.5 mL/min.

Mean arterial blood pressure (MAP), systolic blood
pressure (SP), diastolic blood pressure (DP), heart rate
(HR), and respiration rate were monitored every 5 min
throughout the experiment. Blood samples were with-
drawn before HS (base), at the end of shock, at the end
of resuscitation, 45 min, 3 h, and 6 h after resuscitation.
Plasma was collected by centrifuging at 5500 g for 5 min
and stored in small aliquots at —80°C until they were ana-
lyzed for cytokines. Complement C3a, IL-6, and TNF-o.
levels were detected according to the manufacturer’s pro-
tocol. Assays were performed in triplicate.

Statistical Analysis

Data was represented as means = SD for replicate experi-
ments. The differences between treatment groups were
assessed by one-way ANOVA followed by unpaired
Student’s t-test. Statistical significance was defined as
p < 0.05 to reject a null hypothesis. All statistical cal-
culations were performed with JMP version 3.2 for the
Macintosh (SAS Institute, Cary, NC).

RESULTS
In Vitro Study

Assessment of Complement Cascades in
an In Vitro System

Various observed toxicities have arisen during the
preclinical and clinical development of the current
generation of hemoglobin-based products, of which
pro-inflammatory activity may result in disseminated
intravascular coagulation. For hemoglobin-based oxy-
gen carriers, it is hypothesized that the adverse effects
of HBOCs caused are in part the result of activation of
complement and procoagulant cascades or any number of
triggered enzyme or cellular systems [25]. Complement
component 3 (C3) plays a central role in the activation
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Figure 1. Concentrations of the inflammatory mediators treated with different agents in vitro. A: Comparison of complement C3a
level treated with different agents: saline (negative control), LPS (positive control), and pPolyHb. Plasma from Sprague-Dawley rats
was mixed with saline (negative control), LPS (positive control), and pPolyHb, respectively. One h later, complement C3a levels were
detected using Rat complement C3a Elisa kit (R&D System) according to manufacturer’s protocol. *P < 0.05 in comparison to LPS
group; B: Comparison of IL-6 level treated with different agents: PBS, BSA (negative control), LPS (positive control), and pPolyHb.
Raw?264.7 cells were treated with different concentrations of PBS, BSA (negative control), LPS (positive control) and pPolyHb,
respectively, for 12—18 h. Supernatant was separated. IL-6 and TNF-a. levels were detected using Mouse IL-6 ELISA kits and Mouse
TNF-o ELISA kits (R&D Systems) according to manufacturer’s protocol. Assays were performed in triplicate. *P < 0.05 in comparison
to LPS group; C: Comparison of TNF-o level treated with different agents: PBS, BSA (negative control), LPS (positive control), and
pPolyHb. *P < 0.05 in comparison to LPS group.
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of complement system. Its activation is required for both
classical and alternative complement activation pathways.
Given the consideration of the safety described above, we
conducted a test for complement and procoagulant cas-
cades by an in vitro assay to examine the level of C3a in
a cell culture system. pPolyHb was incubated with the rat
plasma for 4 hrs, and the concentration of C3a was de-
termined by Elisa. As shown in Figure 1A, there were no
significant differences for C3a levels between the plasma
incubated with pPolyHb and the saline control, whereas
the amount of C3a in the plasma stimulated by LPS (posi-
tive control) is much higher than that by pPolyHb stimula-
tion, suggesting that pPolyHb didn’t induce complement
C3a activation.

Assessment of Pro-inflammatory Activity of pPolyHb

Pro-inflammatory activity is an important safety consider-
ation of HBOC. Assessment of the cytokine release such
as IL-6 and TNF-a therefore is a very important compo-
nent for drug safety evaluation. In our design, Raw264.7
cells were cultured and incubated with different amount
of pPolyHb or LPS for 16 hours; IL-6 and TNF-a concen-
tration were then measured from the cell culture medium.
As shown in Figure 2, the cells released significantly
higher amounts of IL-6 and TNF-o. in the presence of LPS
(7.5 pg/mL and 29.4 pg/mL, respectively), demonstrat-
ing that the cells respond well to exogenous stimulation,
whereas the concentrations of IL-6 and TNF-a were kept
in a low level in the presence of pPolyHb (6 and 18 pg/mL,
respectively), a concentration similar to a nonspecific
protein or medium, as evidenced by their release in the
presence of BSA and PBS, demonstrating that pPolyHb
did not induce pro-inflammatory activation.

In Vivo Study

Assessment of Complement Cascades and
Pro-inflammatory Activity in Healthy Rat Model

Given that there is no immunotoxicity in an in vitro system,
we continued our assessment in an animal model, since
our product will eventually be tested in clinical practice.
3 g/dl pPolyHb and the same amount of HES (a general
treatment in clinical settings) were administrated via IV
route to healthy rats. 12 h after the administration, plasma
was collected at different time interval and C3a, IL-6, and
TNF-o were measured. As shown in Figure 2A, 2B, and
2C, the concentrations of C3a, IL -6 and TNF-o. were 18.8
pg/mL, 22.3 pg/mL and 34.5 pg/mL, respectively, which is
near to the level of 21.2 ug/mL, 22.8 pg/mL, and 37.8 pg/
mL at baseline, suggesting that pPolyHb administration
would not activate inflammatory response in healthy rats.
A similar trend was observed in the HES group.
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Figure 2. Changes of the levels of inflammatory mediators in
healthy rats immunized by different agents. Sprague—Dawley
rats (n = 12) were randomized into two groups: pPolyHb and
Hetastarch (HES, control). The equal amount of pPolyHb (3
g/dl) and HES were injected into rats intravenously. Serum was
collected before the immunization (base) and 12 h after injection.
Complement C3a, IL-6, and TNF-a. levels were detected using
Rat Complement C3a Elisa kit, Rat IL-6 ELISA kits, and Rat
TNF-o ELISA kits (R&D Systems) according to manufacturer’s
protocol. Assays were performed in triplicate. *P < 0.05 in
comparison to baseline. A: Changes of complement C3a levels
in healthy rats immunized by pPolyHb and HES at different
periods; B: Changes of IL-6 levels in healthy rats immunized
by pPolyHb and HES at different periods; C: Changes of TNF-
a levels in healthy rats immunized by pPolyHb and HES at
different periods.
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Figure 3. Changes of the levels of inflammatory mediators in hemorrhagic shock rats resuscitated with different fluids. Sprague-Dawley
rats (n = 12) undergo volume-controlled hemorrhage. 90 min later, they were resuscitated with pPolyHb or HES equal volume to the
lost blood. Blood samples were withdrawn before HS (base), at the end of shock, at the end of resuscitation, 45 min, 3 h, and 6 h after
resuscitation. Plasma was collected and complement C3a, IL-6, and TNF-a levels were detected according to manufacturer’s protocol.
Assays were performed in triplicate. A: Changes of complement C3a levels in hemorrhagic shock rats resuscitated with pPolyHb
and HES; B: Changes of IL-6 levels in hemorrhagic shock rats resuscitated with pPolyHb and HES; C: Changes of TNF-a levels in
hemorrhagic shock rats resuscitated with pPolyHb and HES.
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Assessment of Complement Cascades and
Pro-inflammatory Activity in Hemorrhagic
Shock Rat Model

We then conducted a similar experiment in a severe hem-
orrhagic shock (HS) model. HS was induced by withdraw-
ing 55 £ 5% estimated blood volume (EBV) via the right
femoral artery over 90min, and mean arterial pressure was
maintained at 30—40 mmHg. Ninety minutes later, rats
were resuscitated with pPolyHb or HES equal volume
to the lost blood. Plasma was collected at the following
several time points: before HS (base), the end of shock,
the end of resuscitation, 45 min, 3 h, and 6 h after resus-
citation. As shown in Figure 3A, 3B, and 3C, the three
indicators elevated in the period of HS and climbed to the
highest at the end of HS. The concentrations of C3a, IL-6,
and TNF-o came to 76 pg/mL, 27.2 pg/mL, and 41.1 pg/
mL at the end of HS, compared to 57.8 pg/mL, 22.4 pg/
mL, and 36.7 pg/mL before HS. Following the infusion
of pPolyHb or HES, the three indicators decreased and
backed to the baseline, indicating that administration of
pPolyHb would improve the inflammation caused by HS.

DISCUSSION

pPolyHb has been studied for years in our group; it shows
a good potential for tissue oxygenation and survival ben-
efit in rat models [11], but pPolyHb’ effects on host im-
mune responses are not well described.

In this study, we assessed three inflammation in-
dicators, including complement C3a, IL-6, and TNF-
o in cultured cells and in healthy rats when pPolyHb
was incubated or administrated with the cells/animals.
The results showed that these parameters were not sig-
nificantly changed compared with the control. We also
investigated pPolyHb’s immune effects in a controlled
hemorrhagic shock and resuscitation model. C3a, IL-6,
and TNF-o climbed to the highest at the end of shock,
which may attribute to the infiltration and activation of
a large amount of leukocytes and tissue cells to release
inflammatory mediators and initiate inflammatory re-
sponse in the tissues. However, pPolyHb resuscitation
could reverse inflammation and restore the level of three
inflammatory mediators to normal level, which means
the infusion of pPolyHb would not induce inflamma-
tory response. To the contrary, it may help to attenu-
ate the existing inflammatory symptom. Similar results
were also seen in a swine model of HBOC-201, which
showed that HBOC-201 had no significant adverse or
beneficial effects on immune function in a swine model
of moderately severe HS and severe controlled HS [14-
16]. Our in vitro results are consistent with in vivo re-
sults in that there is no inflammatory reaction caused
by addition or infusion of pPolyHb. These works add to
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the emerging body of evidence, again suggesting that
pPolyHb is a safe resuscitative fluid on immune func-
tion. These data are important because improved out-
come in animal models of HS (our unpublished data)
of pPolyHb will prompt us to propose a pre-hospital
clinical trial in HS, compared with HES.

Immune safety evaluation of investigational new
drugs routinely includes five aspects. They are im-
munosuppression, immunogenicity, hypersensitivity,
autoimmunity, and adverse immunostimulation. This
study only completes a small part of the immune safety
investigation, and additional studies on other aspects
of immune safety evaluation will be conducted to
address our concern about the safety of pPolyHb in
human clinical use.

CONCLUSION

We examined the inflammatory properties of Porcine
Polymerized Hemoglobin (pPolyHb). Both in vitro and in
vivo studies demonstrated that pPolyHb didn’t result in
significant inflammatory response. In addition, it could al-
leviate the existing inflammatory symptom caused by HS.
These results provide evidence for future administration
of pPolyHb in the clinical trial.
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