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ORGAN PROTECTION SOLUTION AND METHOD OF USE

Statement of Government Interest

This invention was made with partial support of a grant from the United States
Department of Defense (Grant Number W81XWH1210599). The U.S. government has certain

rights under any patent granted hereon.
Cross-Reference to Related Applications

This application claims priority to U.S. Patent application 14/253,982 filed April 16,
2014 and U.S. Provisional Patent Application 62/050,468 filed on September 15, 2014. The
continuation-in-part U.S. Patent application 14/253,982 claims priority to U.S. Provisional Patent
Application 61/532,153 filed on September 8, 2011, and U.S. Patent Application 13/589,441,

filed September 20, 2012. The complete contents thereof are herein incorporated by reference.
Background

Field of the Invention

The invention is directed to organ protectant solutions, and more particularly, to a
solution which prevents or reduces in vivo lethal swelling of tissues and organs during periods of
ischemia due to blood loss, trauma or shock, and the resulting lack of oxygen delivery to and
oxygenation of tissues and organs. The invention is further directed to a method for treating
individuals suffering from rapid blood loss, trauma or shock, thereby extending the period of
time during which resuscitation and transportation of such individuals may be safely and
successfully conducted in order to provide extended medical or surgical intervention and/or

blood transfusion.

Prior Art
Deaths due to injury in the US reached over 190,000 and costs over $400 billion a year
in health care costs and lost productivity in 2012'. Deaths from trauma are the number 1 cause of

death for people under 44 years of age in the US and the third leading cause of death overall for
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all age groups. Trauma accounts for about 30% of all life years lost in the US, compared to
cancer (16%), heart disease (12%), and HIV (2%)”. For all traumatic injuries, hemorrhagic shock
is responsible for over 35% of pre-hospital deaths and over 40% of all deaths within the first 24
hours. This is second only to trauma deaths induced by severe CNS injury’. Finally, hemorrhagic
hypotension exposes the patient to immediate complications of life threatening infections,
coagulopathies, and multiple organ failure™’

[nitial therapy of trauma and hemorrhage shock centers on effective cessation of bleeding
and on the infusion of large volumes (2 to 8 liters) to replace lost blood volume. This is
considered necessary to restore normal circulatory functions such as arterial blood pressure,
cardiac output, oxygen consumption and renal function. Conventionally, isotonic fluids are used
for high volume resuscitation. Many cellular complications and practical limitations have been
cited while using high volume fluids for resuscitation. When blood is lost, the greatest immediate
need is to stop further blood loss, but the second greatest need is replacing the lost volume. If the
fluid volume is maintained, remaining red blood cells may still be sufficient to circulate and
oxygenate body tissues for a period of time. In this scenario, it may be possible to reduce or
prevent ischemic injury if appropriate medical or surgical intervention can be accomplished.

Recently, resuscitation of hemorrhaged animals and injured patients has been performed
with low volume hyperosmotic saline solutions with little success. Glucose or mannitol has been
tested with less successful results. Small volume resuscitation has been successfully used in
some cases using hyperoncotic albumins or high molecular weight tense state polymerized
hemoglobins. The use of hypertonic saline solutions (HTS) or colloid solutions (albumin, HES,
Hetastarch, Hextend) have had very limited success in clinical trauma and resuscitation, and, due
to their mechanism of action, they do not prevent cell swelling. Crystalloids are available for pre-
hospital use because they can be safely transported and stored but they are generally limited in
their effectiveness. Attempts to modify basic intravenous crystalloids for pre-hospital
resuscitation by adding hypertonic NaCl or starch (Hextend) as a volume expander have had
disappointing results® . The future use of effective spray dried blood products will be a valuable
tool in pre-hospital settings since they replace chemical coagulation precursors and factors. The
use of fresh frozen plasma in the field, which is currently being tested at many centers, will also

be useful but it too is limited by the need for refrigeration®.
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However, none of these procedures is known to be effective in preventing lethal cell
swelling in vivo. Cells, organs, and tissues that suffer from lack of oxygen delivery, as occurs
during traumatic shock and hemorrhagic hypovolemia, begin to swell with water because they
lose energy dependent volume control mechanisms. In patients suffering from acute hemorrhagic
shock and/or trauma, there is substantial intracellular oxygen deprivation, which in turn drops
ATP concentration. Due to lack of ATP, the cellular sodium pump fails and free sodium enters
the cell, followed by osmotic water movement. Movement of water into the cell causes swelling
that leads to organ failure and death. Massive cell swelling further compresses the capillaries
and sinusoids and impedes microcirculatory flow through organs and tissues even when the
blood pressure is restored after hemorrhage. This is called the “no reflow phenomenon” and it
occurs largely from local cell swelling.

This is particularly a problem in battlefield or civilian pre-hospital settings where large
volumes cannot be carried and administered to patients in need of rapid paramedical intervention
and transport to hospital or surgical treatment centers. There is a so-called “golden hour” of time
during which restoration of blood volume and prevention of ischemic injury must be achieved to
prevent catastrophic organ failure and death. There is no present day technology to deal with cell
swelling and tissue damage to patients experiencing prolonged periods of shock and low volume

resuscitation.

SUMMARY

Embodiments of the invention provide an organ protectant solution comprising non-toxic
cell impermeants and oncotic agents and methods for administering it to trauma patients early in
pre-hospital settings. The cell-impermeant molecule may also act as an oncotic agent. The
solutions act to favorably readjust the biophysical forces around the ischemic cells and tissues to
promote water movement out of the cells and prevent or reverse lethal ischemic cell swelling.
Cell-impermeant molecules in the solution load the interstitial space and establish an osmotic
gradient from cell to interstitium. Oncotic agents in the solution are restricted to the intravascular
space and establish an osmotic or oncotic gradient from interstitium to capillary space to further
draw water from the interstitial space into the capillaries and ultimately out of the tissue. The

osmotic gradient established by the concomitant use of both impermeants and oncotic agents
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provides salutatory effects for an individual in need thereof. Water movement into the capillary
by the oncotic action of the invention is convectively washed away from the tissue by local blood
flow, especially in the microcirculation of capillaries where gas exchange occurs. This
potentiates and amplifies the effects of the impermeants alone by convective solvent transfer of
the water out of the organ and tissues. Furthermore, movement of interstitial water into the
capillary space increases the capillary hydrostatic pressure and provides for more local blood
flow and oxygen delivery to the tissues, which reverses the primary low flow problem.

Another embodiment of the invention is an organ protectant solution of cell-impermeants
that reduces the cell swelling that underlies ischemic injury. Prevention of lethal cell swelling in
vivo will increase the survivability in hemorrhagic shock and trauma patients. The organ
protection solution comprises one or more cell impermeants (specific anions and small
saccharides) in low volume resuscitation solutions, which are easily administered in the field and
can improve resuscitation outcome. The organ protection solution protects organs during severe
shock and severe hypotension (acute drop of blood pressure) and/or rapid blood loss due to
traumatic injury. Cell swelling can produce lethal injury under any of these conditions and the
organ protection solutions described herein target the cell swelling mechanism to make the cells
more resistant to damage during low flow states.

Another embodiment of the invention provides an organ protectant solution comprising
oncotic agents. An organ protectant solution containing oncotic molecules provides the benefit of
oncotic pressure within the intravascular spaces. Oncotic pressure within the capillaries promotes
transfer of water from the interstitial space into the capillary space and channels cell water away
by convective flow movement (blood flow). This action provides the additional benefit of adding
fluid to the intravascular space, increasing perfusion pressure and further contributing to
maintaining fluid volume and flow in the circulatory system, thereby moving the remaining red
blood cells through tissues to oxygenate cells and back to the lungs for CO,/O, gas exchange.

Some embodiments of the invention provide a method for prolonging low volume
resuscitation in a subject in need thereof, comprising the steps of

administering intravenously or intraosseosly to said subject 2000 milliliters or less of

an organ protectant solution comprising
one or more oncotic agents present at a concentration of at least 1-30% by

weight and with a molecular weight and size sufficient to restrict said one or
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more oncotic agents to a vascular space in said subject, wherein said one or
more oncotic agents increase oncotic pressure and cause water to transfer from
said interstitial space into said vascular space; and

reducing cell swelling and promoting microcirculatory blood flow for at least 2 hours in
said subject.

In some embodiments, the organ protectant solution further comprises one or more cell
impermeant molecules present at a concentration of at least 10-60% by weight, wherein at least
one of said one or more cell impermeant molecules can cross a capillary endothelium and
preferentially load into an extracellular fluid compartment in said subject and increase a
theoretical extracellular fluid osmolarity without entering one or more of endothelial and
parenchymal cells.

In some embodiments, the organ protectant solution comprises a molecule or molecules
(10-30%) that possess hybrid characteristics whereby some of the active solute material is able
to leave the capillary space to load into the interstitium to act as a cell impermeant while the
remainder of the material stays in the capillary space to act as an oncotic agent. These hybrid
molecules are characterized by their intermediate (hybrid) oncotic reflection coefficients (c4) in
most vascular beds of 0.3-0.7. Some polymers of PEG (e.g. PEG-20k) possess these
biophysical characteristics.

In some embodiments, the organ protectant solution contains a pure oncotic agent where
most or all of the material stays in the capillary and a cell impermeant molecule such as
gluconate, raffinose, trehalose, etc. In other embodiments, the organ protectant solution contains
a hybrid impermeant molecule (e.g. PEG-20k) that both stays in the capillary space to act as an
oncotic agent and escapes the capillary to act as an impermeant molecule.

In some embodiments, at least one of said one or more oncotic agents is polyethylene
glycol polymers (PEG) with a molecular weight of at least 4,000. The PEG may be at a
concentration of 5% to 30%. In some aspects, the PEG is PEG-20,000 and in other aspects, the
PEG is PEG-35,000.

In some aspects of the invention, the cell impermeant molecule is selected from the
group consisting of sorbitol, gluconate, trehalose, raffinose, lactobionate, and maltitol.

Some embodiments of the invention provide a method of treating severe hypotension in

a subject comprising the step of
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administering intravenously or intraosseosly a pharmaceutically acceptable organ
protectant solution, comprising at least one PEG polymer with a molecular weight
of at least 20,000 at a concentration of 5% to 30% by weight, in an amount
sufficient to raise blood pressure to at least 55 mmHg in said subject and extend a
time period for safe low volume resuscitation to at least 2 hours.

In some embodiments, the organ protectant solution further comprises one or more cell
impermeant molecules present at a concentration of at least 10-60% by weight, wherein at least
one of said one or more cell impermeant molecules can cross a capillary endothelium and
preferentially load into an extracellular fluid compartment in said subject and increase a
theoretical extracellular fluid osmolarity without entering one or more of endothelial and
parenchymal cells.

Some embodiments of the invention provide an organ protectant solution, wherein one
or more of gluconate, raffinose, and trehalose at 10-35% by weight, and one or more
polyethylene glycol polymers (PEG) with a molecular weight of 4,000-35,000 at a
concentration of 1-30% by weight, and a pharmaceutically acceptable carrier are present in one
or more infusion(s) of no more than 2000 ml per infusion. In some embodiments, the one or
more infusion(s) has a volume of no more than 500 ml. In some embodiments, the PEG is
PEG-20,000 at a concentration of 10-20%. In other embodiments, the PEG is PEG-35,000 at a
concentration of 20-30%.

Some embodiments of the invention provide an infusion bag containing one or more
polyethylene glycol polymers (PEG) with a molecular weight of 4,000-35,000 at a
concentration of 1-30% by weight, and a pharmaceutically acceptable carrier in a volume of no
more than 2000 ml.

Additional embodiments of the invention provide a method for protecting organs for
transplantation, comprising the steps of

administering to a Donation after Cardiac Death (DCD) organ donor or a Donation after
Brain Death (DBD) organ donor an organ protectant solution comprising at least one of

one or more oncotic agents present at a concentration of at least 1-20% by
weight and with a molecular weight and size sufficient to restrict said one or

more oncotic agents to a vascular space in said subject, wherein said one or
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more oncotic agents increase oncotic pressure and cause water to transfer from
said interstitial space into said vascular space; and
maintaining circulation of said DCD or DBD organ donor for a suitable period of time
(e.g. 1-36 hours), and
removing surgically said organs of said DCD or DBD organ donor, and
flushing said organs for cold storage or perfusion prior to said transplantation.
In some embodiments, the organ protectant solution is provided as a single use IV infusion
solution. The container for an IV infusion solution is typically a lightweight, flexible plastic bag.
The amount of solution in the container will typically be less than 2000 ml, and is preferably less
than 1000 ml, or more preferably 100-500 ml. When administered to a patient, approximately
100-2000 ml of an organ protectant solution is administered intravenously as quickly as possible
when the condition or suspected condition of shock is diagnosed, or after the start of an ischemic

event or to protect tissues from a potential ischemic event.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A-D. Proposed mechanism of action of cell impermeants in the non-energetic
rebalancing of water movements during low volume shock states. A. The original defect is
caused by the energy dependent collapse of the Na/K ATPase activity during shock due to low
oxygen delivery and loss of ATP. As the pump fails, Na" enters the cell followed by water. B.
Swollen parenchymal cells compress local capillary networks in the tissue that increase the
resistance to capillary blood flow and further impede microcirculatory oxygen delivery. This
allows local lactates to rise. C. Loading the interstitial space with cell impermeants like
gluconate or raffinose prevents ischemia-induced water movement (swelling) by osmotically
holding water in the interstitial space. This prevents capillary compression and preserves local
exchange capacity, even under low volume conditions. D. The inclusion of an oncotic molecule
with an impermeant establishes an osmotic-oncotic gradient between the intracellular-interstitial-
capillary compartments, which promotes further the energy independent flow of water from the
cell (where it shouldn’t be) into the capillary (where it should be). The movement of capillary

water with oncotic agents then increases capillary pressures that promote capillary flow even
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under low volume states.. The sum effect is to promote effective and efficient capillary transport
and oxygen delivery in the low volume state.

Figure 2. Graph showing the effects impermeants have on swelling of liver slices.

Figure 3A-B. A) Bar graph illustrating measurements for vascular resistance in a
donation after cardiac death (DCD) model for liver donation. B) Bar graph illustrating
measurements for bile reduction in a DCD model for liver donation.

Figure 4. Bar graph illustrating increases in the low volume resuscitation time with cell
impermeants in an in vivo model.

Figure 5. A collection of bar graphs which show the effect of adding gluconate to low
volume resuscitation (LVR) solution in liver enzymes, albumin, and metabolic acidosis.

Figure 6A-B. A) Timeline illustrating the concept of LVR time. B) Bar graph showing
LVR times observed in 3 experimental groups of shocked animals.

Figure 7. Bar graph showing plasma lactate measured in 3 experimental groups of
shocked animals at the end of the experimental LVR.

Figure 8. Line graph showing mean arterial blood pressure (MAP) measured in 3
experimental groups of shocked animals.

Figure 9A-B. A) Line graph showing enzyme release (liver injury) after liver
transplantation in control (saline) and impermeant treated (15% gluconate) donors before
donation after cardiac death (DCD). B) Line graph showing total bilirubin levels after liver
transplantation in control (saline) and impermeant treated (15% gluconate) donors before
donation after cardiac death (DCD). Rising bilirubin is an indicator of the development of
ischemic cholangiopathy in DCD liver transplant recipients.

Figure 10A-D. A) Diagram showing the shock, resuscitation, and recovery protocol used
for these studies. The low volume resuscitation (LVR) time is the time from the start of the low
volume resuscitation (after the lactate during hemorrhagic shock reaches 9-10 mM) until the time
after the LVR infusion when the lactate rises back up to 9-10 mM again. This immediately
precedes full resuscitation. The LVR time is a measure of the tolerance to the low volume state
and is a function of the microcirculatory effectiveness since it is dependent on the rate of change
of the plasma lactate. B) Low Volume Resuscitation (LVR) times for rodents in acute studies
comparing the effectiveness of LVR solutions containing polyethylene glycol 20,000 (PEG-20k),

Hextend, albumin, and saline controls. The numbers on the x-axis are the corresponding lactate



10

15

20

25

30

WO 2015/160692 PCT/US2015/025544

concentrations in the plasma at the end of the LVR period. Most are close to 10 mM because that
was the definition of the end of the LVR period. All agents were at a concentration of 5-20% by
weight and were delivered at a volume equal to 10% or 5% of the calculated blood volume. *
P<0.05 relative to all other values, all treated groups are significantly different from saline
(control), all values are mean + SD, n = 6-10 per group. C) Mean Arterial (blood) Pressure
(MAP) measured at 15 min, 30 min, and at the end of the low volume resuscitation period for (6)
groups of rats treated with various amounts of PEG-20k, Albumin, Hextend, or Saline as the low
volume resuscitation solution. * P<0.05 relative to the other corresponding groups, # P<0.05
relative to all other corresponding values, n= 6-10 per group, all values are mean + SD. D) The
oncotic reflection coefficient (o4) for PEG-20k was measured in six rats to determine the
impermeant and the oncotic effects of this molecule in both the mesenteric vascular bed and the
thoracic bed. FITC-labeled PEG-20k was used as a tracer molecule and the reflection coefficient
was determined by measuring the lymph (L) to plasma (P) concentrations of FITC-PEG after an
IV injection of the tracer under conditions of high lymph flow induced by volume loading with
L.V. saline infusions (0.25 ml/min). Lymph was sampled from a cannula placed into the thoracic
duct to drain either the thoraces or the mesentery. FITC-labelled PEG-20k was measured by
excitation-emission spectrofluorometry. The oncotic reflection coefficient was calculated as 1-
L/P for PEG-20k at high lymph flow rates to make transport across the capillary totally
dependent on convective solvent drag transfer and independent of diffusion. A coefficient of 1.0
indicates complete reflection back into the capillary and describes a pure oncotic agent. A
reflection coefficient of 0 indicates no reflection at high lymph flow rates and describes a pure
impermeant molecule (providing it is impermeant to cell membranes). The actual measured oy
for PEG-20k was about 0.60 in the thoracic tissues and 0.40 in the mesenteric tissues, which
suggest the molecule is in fact behaving as a hybrid where some escapes into the interstitial
space to act as an impermeant and a large amount of the material stays in the capillary where it
behaves as an oncotic agent. The lower values in the mesentery is consistent with the known
fenestrated “leaky” capillaries in the gut. The hybrid behavior is consistent with its physiological
effects on blood pressure and low volume tolerance following shock. This property also explains
why PEG-20k is effective by itself without classic impermeants (like gluconate) added with it.
The values of od at each time point represent the average of 3 independent values from 3

animals for each vascular bed.
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Figure 11A-D. A) Line graph showing plasma lactate concentrations in pigs receiving a
saline-based LVR solution or a PEG-20k based LVR solution. B) Bar graph showing LVR times
in the two groups of pigs described in Figure 11A. C) Line graph showing the mean arterial
blood pressure of the two groups of pigs described in Figure 11A. D) Line graph showing the
cardiac output in the two groups of pigs described in Figure 11A.

Figure 12A-B. PEG-20k and coagulation. The (A) PT-INR and (B) aPTT effects were
determined in both normal pig blood after ex-vivo mixing with PEG-20k LVR solutions (10%
dilution) or with a saline control, also at a 10% solution, and after the end of the LVR period in

pigs given PEG-20k based LVR solutions.

DETAILED DESCRIPTION

To reduce lethal cell swelling of tissues and organs during periods of shock or ischemia
due to lack of oxygen delivery and oxygenation, an organ protectant solution containing highly
concentrated saccharides and/or anions is provided to the patient as soon as possible. Cell
swelling occurs during prolonged periods of shock when medical care is delayed. The organ
protectant solution may also be given as a protectant for organs to patients in severe hemorrhagic
shock and trauma so as to increase the “Golden Hour” before more definitive medical care can
be given (e.g., soldiers on a battlefield before evacuation; patients being pulled from traffic
accidents and transported to hospitals by paramedical personnel, etc.).

The organ protectant solutions of the present invention mitigate lethal cell swelling by
two modes of action that may be used singly or in combination. The first mode is to
preferentially load the extracellular fluid compartment with one or more “impermeant”
molecules that are physically able to escape into the extravascular compartment, but which are
impermeable to the cell membrane. This preferentially increases the osmotic force outside of the
cell, thereby removing cell water accumulation or preventing water from moving into the cell.
The second mode of action is to increase the oncotic pressure using one or more oncotic agent.
An oncotic agent is a molecule that is restricted to the blood vessel or capillary and pulls water
from the extravascular compartment into the vascular compartment. The benefits of the
impermeant and oncotic molecules of the invention will become evident with further discussion

of the characteristics and properties of each.
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As used herein, the terms “impermeant molecules” or “impermeants” are used
interchangeably, and refer to a variety of small molecules that are resistant to passing through
cell membranes. The cell impermeant molecules are an active ingredient of the organ protectant
solutions of this invention, and they may be present alone or in combination with oncotic agents,
and/or other suitable constituents (e.g., preservatives, anesthetics, etc.). The molecular weight,
size, and charge are specific attributes that allow the molecules to function as cell impermeants.
That is, cell impermeants within the practice of the invention have a charge and/or molecular
weight which permit them to freely pass across the capillary endothelium and into the interstitial
space, but they are too large and/or charged to cross the cell plasma membrane. Thus, they
preferentially load into the extracellular fluid compartment where they can exert osmotic effects
on both endothelial cells and parenchymal cells.

Examples of cell impermeants used in the practice of the invention include specific
anions and small saccharides such as sorbitol, gluconate, trehalose, lactobionate, maltitol,
raffinose, and combinations thereof. These agents are dissolved in water or a buffer solution
(vehicle) such as phosphate buffered saline (PBS), saline, etc., and administered by intravenous
infusion (I.V.). They are given in amounts to increase the theoretical extracellular fluid
compartment osmolarity of impermeants by 40-100 mOsm/kg. This may require solutions with
impermeants of 10-60 % by weight and require 250-1000 ml of solution (for a 70 kg adult
patient). Of the various small saccharides tested, the combination of trehalose-raffinose gave the
best results in preventing lethal cell swelling and maintenance of organ vital functions. Other
anions and small saccharides may be used as impermeants in the practice of the invention, and
organ protectant solutions can include a single impermeant or a mixture of impermeants together
with other compounds suitable for the application (e.g., preservatives, anesthetics, etc.). The best
impermeants are those with higher molecular weights (e.g., small saccharides or anion with a
molecular weight of 342g/mol or more is preferred). Further, the performance of the organ
protectant solution is influenced by the concentration of the impermeants. In general, the organ
protectant solutions should have impermeant(s) present at a concentration of 10-60% by weight,
and 250-2000ml (more preferably 250-1000ml) of organ protectant solution would be required
for a 70 kg adult patient (it being recognized that the volume may generally correspondingly be

higher or lower depending on the patient size). As discussed in more detail below, the best
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results were obtained with organ protect solutions including the highest molecular weights at the
highest concentration (100 mM or above).

The term “oncotic agent” as used herein refers to a molecule that exerts oncotic pressure,
or colloid osmotic pressure, that pulls fluid into the circulatory system. It is the opposing force to
capillary filtration pressure and interstitial colloidal osmotic pressure that balances out the
tendency for fluid to leak out of the capillaries. In other words, the oncotic pressure tends to pull
fluid into the capillaries. Loss of oncotic pressure and an increase in filtration across the
capillary, results in excess fluid buildup in the tissues (edema). The large majority of oncotic
pressure in capillaries is generated by the presence of high quantities of albumin which constitute
approximately 80% of the total oncotic pressure exerted by blood plasma on interstitial fluid, but
is lost with sudden reduction in blood volume. By definition, oncotic agents are confined to the
capillary or intra-vascular space where they can restore sufficient oncotic pressure to maintain
circulation of red blood cells that remain in the vessels of an individual suffering from blood
loss, trauma or shock.

Examples of oncotic agents suitable for use include various polyethylene glycol (PEG)
polymers. Experiments using PEG in organ preservation suggest PEG is nontoxic at high
concentrations such as those used in practicing the invention. In some embodiments, PEG-20k is
used as the oncotic agent because it provides a size and molecular radius sufficient to stay in the
capillary space and act as an oncotic agent. However, it would be clear to one of skill in the art
that PEG polymers that are smaller than PEG-20,000, as well as PEG with a larger size such as
PEG-35,000 or higher may also be used, as long as the size is sufficiently large enough to stay in
the capillary space and act as an oncotic agent. In some embodiments, the PEG molecule has a
molecular weight of at least 4,000. There is evidence to suggest that PEG molecules also possess
a salutary effect on cell membranes during ischemia. It has been observed that maintenance of
intact cell membranes (or other indicators thereof ) is enhanced in tissues and cells treated with
the solutions that contain PEG molecules.

In some embodiments, molecules such as PEG exhibit properties of both a cell
impermeant and an oncotic agent. As shown in the Examples herein, PEG-20k was found to
behave as a hybrid where some escapes the capillary space to act as an impermeant to prevent
water movement into the cell and a large portion of the molecule stays behind in the capillary to

exert oncotic force that draws the interstitial water into the capillary. PEG-20k added to LVR
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solutions possesses both impermeant and colloidal properties that greatly improves outcomes in a
low volume resuscitation model of severe hemorrhagic shock.

The term “volume expanders” as used herein refers to colloids, such as albumin,
hydroethyl starch (HES), Hetastarch, and Hextend. The classical example of a volume expander
is albumin. Albumin is the most abundant protein in the blood, and has been used in the prior art
to expand the volume of circulating blood. Another example is HES, which has been used in
clinical trials and as a commercial product (Hetastarch and Hextend) to expand blood volume.
However, HES is a “dirty” product with many fragments. The fragmented portion of HES
molecules is not necessarily restricted to intravascular spaces, making its effect unpredictable
and limiting its usefulness as a clinical volume expander in patients.

The term “subject” or “patient” generally refers to any mammal, typically humans. The
organ protectant solutions and methods described herein also have veterinary applications
including, but not limited to, companion animals and farm animals.

There are some prior art organ preservation solutions that use molecules such as
lactobionic acid or raffinose. However, these solutions are designed to completely flush and
replace the extracellular compartment and will not work as an IV solution (and have not been
designed to work as an IV solution). The invention differs markedly from organ preservation
solutions of the prior art, in that the invention contemplates a solution formulation and
methodology which introduces impermeants into the extracellular space in order to boost the
concentrations of the impermeants in the patient to levels that are active for the purposes
contemplated herein. The impermeant-based organ protect solutions of the present invention are
effectively 5X impermeant solutions that when diluted into the patient’s extracellular fluid, will
raise the impermeant concentration to an effective level to prevent cell swelling. Other organ
preservation solutions, which are not used in the manner described herein, may be viewed as
essentially a 1X impermeant solution, and they work only when they completely replace the
patient’s extracellular fluid. That is, if these solutions were used as a low volume solution as
described herein (something which they were not designed to do and were not previously used in
this manner) the final cell impermeant concentration of the patient will be about 20% of an
effective concentration and, therefore, will not work. Thus, it should be clear that other
preservation solutions that have some agents which may be viewed as a cell impermeant (e. g,

lactobionic acid and raffinose) were not designed to dose the extracellular compartment of the
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patient as contemplated herein, but were designed to replace it with a synthetic solution (i.e.,
they are best viewed as organ flush out solutions).

One mechanism of action for the organ protectant solutions of the present invention is to
transfer water from cells to the interstitial spaces by loading the interstitial spaces with
impermeants. A second mechanism of action is the transfer of water from the interstitial spaces
into the vasculature, by means of oncotic molecules or agents that are restricted to the vessels
and capillaries. This two-step transfer helps to prevent lethal cell swelling. The intracellular
concentration of ATP drops in cells when they are deprived of oxygen. Consequent to this is the
reduction or arrest of all chemical processes that require intracellular energy (ATP). One of those
processes is active cellular volume control. Volume control occurs when the cell actively pumps
sodium (Na) out of the cell. This also removes water. When these sodium pumps fail, due to lack
of ATP, free sodium enters the cell down an electrochemical gradient, which is followed by
electrogenic chloride, and then by osmotic water movement. This causes lethal cell swelling that
causes direct cellular injury by cell membrane and mitochondrial injury, and causes further
reductions in capillary blood flow and oxygenation (termed the NO REFLOW PHENOMENON)
by swelling-induced compression of the microcirculatory exchange vessels (capillaries).

Figure 1 schematically illustrates the mechanism of action of the organ protectant
solutions provided by impermeants. Figure 1A shows normal volume control in a cell is achieved
by pumping sodium out of the cell, while, in contrast, when the sodium pump stops working due
to lack of ATP, the sodium is not pumped out of the cell and the cell enlarges by osmotic water
movement into the cell. Figure 1C shows that the organ protectant solutions load the
extracellular fluid compartment with molecules that are impermeable to the cell membrane. This
increases the osmotic forces outside the cell, which in turn either or both removes water from the
cells or prevents water from moving into the cell. As shown in Figure 1, the impermeant
molecules have a charge and/or molecular weight that permit them to freely pass across the
capillary endothelium and into the interstitial space, but they are too large and/or charged to
cross the cell plasma membrane. Addition of oncotic agents that are restricted to the capillary (or
other vasculature) promotes transfer of water from the interstitial space into the capillary. It is
then incorporated into the circulation, with the added benefit of contributing to the fluid volume

therein.
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A preferred embodiment of the invention is an organ protectant solution that is suitable
for administration to an individual suffering from blood loss, trauma or shock. The clinical
introduction of the solutions to reduce or prevent lethal cell swelling is via intravenous
administration of organ protectant solutions. Organ protectant solutions can be administered to
soldiers on a battle field or civilians in the field (e.g., at the scene of an automobile accident)
during the low volume state while awaiting more comprehensive medical care. The organ
protectant solutions, through preventing lethal cell swelling, buy precious time and allow for
trauma care for the shocked patient.

The organ protectant solutions of this invention (i.e., cell impermeant and oncotic-based
solutions) can be used whenever cell swelling due to ischemia may be a problem, for instance,
during hemorrhagic shock and trauma before definitive resuscitation can occur. More broadly,
the organ protectant solution may also be used in any hospital, birthing, surgical, ICU, or
primary medical care center, where unexpected bleeding or hemorrhage or ischemic
consequences of cardiovascular-cardiopulmonaryfailure might occur as a consequence of trauma,
independent medical conditions, or a medical or surgical treatment.

Accordingly, organ protectant solutions have exemplary uses in:

1. Combat casualty care: The military use for organ protectant solutions may indeed be
great. Most injuries and deaths on the battle field are due to severe hemorrhagic shock and
trauma secondary to blast injury and high energy projectile impacts. Soldiers must be treated in
harsh conditions with low volume resuscitation using simple solutions that are chemically stable
in extreme temperature conditions. Cell impermeant-based low volume resuscitation solutions fit
the bill. They have been shown to extend the time that a subject can remain in the low volume
state, which extends the “Golden Hour” and would allow higher percentages of severely injured
soldiers to survive until they reach more definitive trauma care at forward medical hospitals after
evacuation from the field. Increasing the “Golden Hour” time 2-5 fold is possible and this would
have a huge impact on mortality and morbidity.

2. Civilian trauma care: Severe hemorrhagic shock and trauma in civilian situations may
typically arise from motor vehicle crashes, recreational accidents, and urban violence, among
others. Severe hypotension and shock, even when successfully resuscitated, can often lead to
secondary hemodynamic problems, infection, and multiple organ failure in the surgical intensive

care unit. These patients often die from these secondary complications and there are no good
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effective treatments. Cell impermeant therapy, given at the time of initial resuscitation, may
lower the incidents of these lethal secondary complications or reverse them if they are also
administered at or around the time of their onset in the field. The organs that are particularly
vulnerable in shock include the splanchnic organs (liver, intestines, and pancreas) and the lungs.
Protecting these and other organs from lethal cell swelling may be key to mitigating secondary
complications and multiple organ failure.

3. Sudden blood loss or hemorrhage occurring unexpectedly as a result of an otherwise
routine medical or surgical procedure. Even when a surgical procedure is expected to be
uneventful, complications or iatrogenic injury may occur and cause uncontrolled bleeding or loss
of blood pressure. While some situations may include provision for rapid blood transfusion,
many do not, particularly when conducted in ancillary or satellite facilities, such as a same-day
or outpatient surgical center or birthing center. When a patient’s condition becomes acutely
grave, the typical course of action is to transport the patient to a hospital or trauma center where
an escalated level of care can be provided. It is contemplated that administration of an organ
protectant solution would provide a means of counteracting shock and reducing ischemia during
the period of time when a patient is still in the ancillary medical center and during transport to a
full-service medical center.

4. Surgical and medical ICUs where the consequences of a prior prolonged total body
ischemia (shock) after full resuscitation cause global tissue energy crisis resulting in loss of
energy-dependent volume control, cell and tissue swelling (especially in splanchnic organs), no
reflow, and the development of critical illness. Critical illness is a condition characterized by
abdominal compartment syndrome, systemic inflammation, loss of individual organ functions,
multiple systems organ failure, sepsis, and death. It is contemplated that early administration of
organ protectant solutions in the ICU to critically ill patients or those at high risk of developing
critical illness in the ICU will prevent or rescue such patients by rebalancing internal organ
volume control and re-establishing normal tissue perfusion.

5. Tissue preservation by administration to organ donors. Impermeant solutions, for example
solutions including PEG polymers from 4,000-35,000, alone and in combination with gluconate,
raffinose, trehalose, lactobionic acid, and sorbitol can be used to treat organ and tissue
preservation injury by administration to organ donors (IV) after declaration of cardiac death

(DCD-donation after cardiac death) and after declaration of brain death (DBD-donation after
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brain death). These solutions reduce preservation injury to transplanted organs including liver,
kidney, small bowel, pancreas, pancreatic islets, lung, heart, heart-lung en-bloc, and skin when
administered early after declaration of cardiac or brain death by one or more IV administrations
to the donor over the cardiac or brain death period before organ retrieval. The solutions
containing PEG polymers larger than 20,000 stabilize the hemodynamic state of the cardiac or
brain dead donor by maintaining blood pressure and local circulation (by reducing cell swelling)
thereby reducing the amount of needed support drugs given to these patients before organ
retrieval to keep them alive. The following examples demonstrate the use of cell impermeants
with or without oncotic agents in organ protectant solutions for hemorrhagic shock, trauma, and
extension of the time during which an individual may be successfully resuscitated, treated and/or
transported to a site where medical or surgical treatment can be provided, and more clearly show
that the organ protectant solutions of the invention prevent or reduce lethal cell swelling. The
Examples are provided to illustrate various embodiments of the invention, but should not be
considered as limiting in any way.

Where a range of values is provided, it is understood that each intervening value, to the
tenth of the unit of the lower limit unless the context clearly dictates otherwise, between the
upper and lower limit of that range and any other stated or intervening value in that stated range,
is encompassed within the invention. The upper and lower limits of these smaller ranges may
independently be included in the smaller ranges and are also encompassed within the invention,
subject to any specifically excluded limit in the stated range. Where the stated range includes one
or both of the limits, ranges excluding either or both of those included limits are also included in
the invention.

All publications and patents cited in this specification are herein incorporated by
reference as if each individual publication or patent were specifically and individually indicated
to be incorporated by reference and are incorporated herein by reference to disclose and describe
the methods and/or materials in connection with which the publications are cited. The citation of
any publication is for its disclosure prior to the filing date and should not be construed as an
admission that the present invention is not entitled to antedate such publication by virtue of prior
invention. Further, the dates of publication provided may be different from the actual publication
dates which may need to be independently confirmed.

EXAMPLES
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EXAMPLE 1: Exemplary formulation of cell-impermeant-based organ protectant solution:
Table 1 presents the formulation of one example of a cell impermeant-based organ
protectant solution according to the present invention. As discussed herein, the precise
formulation of the cell impermeant-based organ protectant solution can vary within the practice
of the invention. Specifically, the organ protectant solution should have one or more cell
impermeants dissolved or dispersed in a pharmaceutically acceptable vehicle. The cell
impermeant(s) will have a charge and/or molecular weight which permits them to freely pass
across the capillary endothelium and into the interstitial space of a subject, but they are too large
and/or charged to cross the cell plasma membrane such that they preferentially load into the
extracellular fluid compartment where they can exert osmotic effects on both endothelial cells
and parenchymal cells. They are given in amounts to increase the theoretical extracellular fluid
compartment osmolarity of impermeants by 40-100 mM. This may require solutions with

impermeants of 10-60 % by weight and require 250-1000 ml of solution (for a 70 kg adult

patient).

Table 1

Cell Impermeants Concentrations gL (1.5 M)
. Sorbitol 0-1.5M 273

. Gluconate (Na) 0-1.5M 294

. Trehalose 0-1.5M 513

. Raffinose 0-1.5M 891

. Lactobionate (Na) 0-1.5M 597

. Maltitol 0-1.5M 516

. Combinations 0.4-1.5 M Total -—--

Administration of approximately 0.5 liter is recommended per adult patient (assumed to
be approximately 75 kg) to achieve the desired effect. The vehicle is phosphate buffered saline
(PBS).

EXAMPLE 2: Exemplary method of administration of the cell impermeant-based organ

protectant solutions:
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The general rule of thumb should be to start administration of the organ protection
solutions as quickly as possible after the start of the ischemic event (e.g., hemorrhage due to
trauma, cardiovascular collapse in shock). Give the solutions through an intravenous catheter
like any LV. fluid. For administration during shock, these solutions can be part of the
resuscitation fluids. The solutions can be stored in convenient bags typically used for I.V. fluid,
such as Viaflex, for storage, transportation, and use. Typical administered volumes may be in the
range of, for example, 100-2000 ml, 100-1000 ml, 100-500 ml or 100-250 ml per patient,
depending on the body mass and condition of the patient and the formulation of the solution.
They also may be administered by constant infusion in the intensive care unit (ICU) during
recovery from surgery and resuscitation. Alternatively, small amounts, such as 100-200 ml can
be injected slowly into an IV line or vein using a needle of suitable gauge and a disposable
syringe.

In any of the above described situations, it is also possible that there may be large
numbers of victims, necessitating triaging decisions that require some patients to wait longer for
transport to medical care. It is contemplated that prophylactic administration of organ protectant
solution to patients who are identified for delayed treatment may be a prudent emergency

treatment protocol if they are hypotensive and hypoperfused.

EXAMPLE 3: Determination of optimal impermeant molecules in an organ preservation model.
A series of experiments were performed to explore the optimal impermeant effect of a family of
likely useful impermeants. The variables are molecular species of impermeant, concentration (in
the extracellular space), and time of administration. For these experiments, the impermeants used
included specific anions and small saccharides such as sorbitol, gluconate, trehalose,
lactobionate, maltitol, raffinose, and combinations of the same. These agents were dissolved in
water of buffer solution such phosphate buffered saline and used in an in vitro tissue culture
study.

Figure 2 illustrates the effect of various impermeants on cell swelling of liver slices. The
outcome variable was cell swelling of liver tissue slices exposed to periods of warm ischemia
and reperfusion to mimic the conditions that a DCD donor liver would encounter in order to
determine which solutions would minimize in vivo cell swelling. For these experiments, the best

impermeant solution had the highest molecular weight and highest concentration (e.g., trehalose
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has a molecular weight of 342 g/mol, and best results were obtained with concentrations of
100mM or above). However, combinations of high and moderate molecular weight impermeants
also proved to work well.

In this model, liver tissue weight almost doubled after ischemia due to cell swelling from
water accumulation. Cell impermeants in the extracellular space largely prevented or attenuated
this increase. From these in vitro data, an optimized impermeant for in vivo treatments may
include mixtures of trehalose and raffinose at about 50 mM each.

Figures 3A and 3B show the effect of cell-impermeant based organ protection solutions
on a DCD model for liver donation to determine parameters for preventing liver failure in vivo in
transplant patients. Adult donor rats were anesthetized and a bilateral pneumothorax was
induced, which caused heart failure in 2 minutes. Then, 30 minutes of time was allowed to elapse
to simulate warm ischemia in the DCD patients. At the time of heart failure, animals were
assigned to either a control group that received about 3 ml of PBS vehicle I.V. over 10 minutes
or an experimental group that was given about 3 ml of a trehalose and raffinose solution or a
gluconate solution in PBS (about 750 mM each), I.V. over 10 minutes. Each animal also was
given heparin and phentolamine at the time of cardiac death. After 30 min of in-situ warm
ischemia, the liver was harvested and flushed with UW solution and cold stored for 24 hours.
The livers were reperfused on an isolated perfused liver preparation (IPL) in-vitro for 60 minutes
to assess post-reperfusion liver function (preservation injury). Figures 3A and 3B show vascular
resistance and bile production for both groups, respectively.

Figures 3A and 3B show that treating DCD liver donors with impermeants in the peri-
death period resulted in significant reductions in vascular resistance to flow and significantly
increased bile synthesis at reperfusion (transplantation). Bile production in the early post-
reperfusion period (the first hour after transplantation) is a highly predictive marker for later liver
viability and life-saving function. These results clearly indicate less preservation injury with the
use of cell impermeants in DCD donors. Since the end result of the experiment was a higher
quality donor organ, the data are predictive for determining the likelihood of preventing organ
failure when the solutions are used to treat individuals suffering from blood loss, trauma or

shock.

EXAMPLE 4: Hemorrhagic shock model in rodents.
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Gluconate was administered in the organ protectant solution (e.g., a low volume resuscitation
(LVR) solution with cell impermeants according to the present invention) in order to achieve a
theoretical gluconate concentration of about 60 mM in the extracellular fluid compartment
(subsequent experiments have shown that about 100 mM is probably optimal). The idea of low
volume resuscitation is to give the shocked patient small volumes of intravenous fluids to
prolong the time on the field to allow for rescue and transport to a forward hospital where more
definitive resuscitation can occur (due to fewer resource limitations). The purpose of the addition
of the cell impermeants to the LVR solution (usually saline) was to increase this “down time”
further, effectively increasing the tolerance to the low flow state and making it more likely that
the patient can survive the wait to the hospital. Essentially, the objective is to increase the
“Golden Hour”.

Figure 4 shows measurements of the LVR time period, a measure of the “Golden Hour”.
In shock experiments, the time that the control animals could remain in the low volume state
(after LVR administration) was 64 minutes. However, gluconate added to the LVR solution
significantly enhanced the LVR time to over 106 minutes. This means that these subjects were
able to stay safely in the low volume state for much longer periods. In practical terms, they can
wait longer for transport and full resuscitation, yet presumably have a higher chance of survival.

In support of the determination that the LVR time is extended, gluconate-treated subjects
also had less liver injury and better metabolism 24 hours after shock and resuscitation. This is
shown in figure 5, which illustrates the beneficial effect of adding gluconate to LVR solution on
liver enzymes, albumin, and metabolic acidosis. Liver enzymes were lower and albumin was
higher in the gluconate group. Likewise, there was less metabolic acidosis in the gluconate
group. Furthermore, the subjects in the gluconate group were kept in the low volume state much
longer than the controls. Despite enduring much more hypotension (because the gluconate
increased the low volume time), their condition as demonstrated by all parameters measured in

figure 5 was improved the next day, compared to the controls.

EXAMPLE 5: Use of combinations of impermeant molecules and oncotic agent(s) in organ
protectant solutions.
In this example, an oncotic agent is added to the impermeants to observe and test the proposed

convective amplification effect. Therefore, studies were conducted using the oncotic agent
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polyethylene glycol-20,000 (PEG-20k) with impermeant-based low volume resuscitation
solutions disclosed above. Three groups of shocked rodents (described below) were included.
LVR is initiated in all animals when plasma lactate reaches 10 mM, which is used as the
definition of shock.

1. Saline controls: These animals received only saline as the low volume resuscitation fluid.
The amount of LVR solution was 20% of the calculated blood volume, which is an
equivalent of 1 liter in an adult human.

2. Impermeants-based LVR solution: These animals received combinations of the
impermeants gluconate, raffinose, and trehalose at 10-25%, given at a volume of 20% of
calculated blood volume.

3. PEG-20k-based impermeant LVR solution: This LVR solution contained both 10% PEG-
20k and 15% gluconate (impermeant). For this group, the volume administered was cut in
half to 10% of the calculated blood volume. This is equivalent to 0.5 liters for an adult
human, and is within the dose range for a human with a body weight of 70-75 kg.

The main endpoint of this study was the low volume resuscitation (LVR) time, which is
an indicator of the tolerance of the patient to withstand the low volume state during hemorrhage
and trauma. The longer the LVR time, the longer an injured or traumatized individual can remain
in the field before definitive medical treatment must occur. It is an approximation of the concept
of the so-called “Golden Hour”. As the golden hour increases, so does the ability to withstand
periods of shock in the field before definitive resuscitation at a medical center or field hospital is
required. The converse is also true. Specifically, a longer golden hour greatly improves
physiological function when a patient arrives at a hospital or trauma care center with
conventional transport times. In these studies, the low volume resuscitation time is the time
measured from the start of the LVR solution until the time when the plasma lactate level climbs
back up to the critical value of 10 mM. At this time, full resuscitation must be given to avoid
death. The invention provides an organ protectant solution that can expand the LVR time and
provide more time for safe evacuation and definitive treatment at a qualified medical center or
forward field hospital. It is also noteworthy that the combination of impermeant and oncotic
molecules in the organ protectant solution provided better results with approximately half the
volume of solution administered, compared to the volume of saline solution or impermeant

solution.
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Figure 6A shows a timeline illustrating the concept of LVR time progression, relative to
blood pressure (BP) and plasma lactate as indicators of shock. Figure 6B shows the actual LVR
times observed in the three experimental groups of shocked animals. Animals receiving the
PEG-20k-based impermeant LVR solution maintained a lactate level of 2.0 mM for 5-fold longer
period of time beyond that animals receiving saline solution, and greater that 2-fold longer than
animals receiving impermeants-based LVR.

Example 4, showing the effects of a solution comprising impermeant molecules, is
recapitulated in this study in the second group of subjects. The impermeant-based LVR solution
doubled the LVR time seen with the saline controls in the first group of subjects. However, the
impermeant effect was dramatically potentiated in the third group where PEG-20k (10%) was
added to the impermeants. The LVR time was increased 5 fold above the saline control group.
Furthermore, this was accomplished with only % of the volume (10% of the calculated blood
volume compared to 20% in the other groups). Finally, the 4 hour LVR time was an artificial cut
off since the real LVR time is much longer but still unidentified. The LVR times are defined by
the time required for the patient to build more oxygen debt after administration of the LVR
solution, as measured by the target lactate level of 10 mM. As shown in figure 6B, the PEG-20k-
treated animals, which had a 5 fold higher LVR time, still had a plasma lactate of only 2 mM and
were far away from the 10 mM target, shown in figures 6B and 7. How much longer the animals
could have remained in the low volume state until their lactate values reached 10 mM was not
determined. However, this experiment demonstrates that administering a solution of both
impermeant molecules and oncotic agents maintains protection from tissue and organ damage for
at least 5 times as long as saline solutions and more than twice the time as can be achieved with
impermeant-based solutions. In practical terms, this means that the time for resuscitation,
treatment, and/or transport to a trauma center has been extended at least 5-fold, increasing from
less than 45 minutes, to greater than 4 hours with administration of a solution of both
impermeant molecules and oncotic agents.

Maintenance or restoration of blood pressure is a critical indicator of successful
resuscitation and competent circulation, which is needed to oxygenate tissues and prevent
ischemic injury. The mean arterial blood pressure (MAP) during the LVR period was much
higher in the PEG-20k group, relative to the control and the impermeant group. Figure 8 shows
that while the other groups had a low and falling blood pressure during the LVR period, the
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PEG-20k group maintained blood pressure to normal values during LVR (with half the LV.
volume, relative to control saline or impermeant alone groups). In real life terms, this suggests a
scenario where a severely shocked patient losing 50% of their blood volume that is given 500 ml
of a PEG-20k-based impermeant LVR solution (I.V.) can remain in the field for 4-5 hours before
being transported to the hospital where his cardiovascular and metabolic signs on arrival will still
be essentially normal. The same patient given twice as much saline in the field (the current
standard of care) will die from the same blood loss in only 45 minutes. Typically, the solution
would be administered as an IV drip solution, with a volume of 500-2000 ml for an adult patient.
These data also indicate that smaller volumes, such as 100 ml, 200 ml, 250 ml, 300 ml, or 400 ml
would still extend LVR time and allow successful resuscitation and maintain circulation for a

sufficient period of time to transport a patient to a site where definitive care can be provided.

EXAMPLE 6: Use of PEG as an oncotic agent(s) in organ protectant solutions.

In this example, an oncotic agent is used alone to observe and test the effect of the colloid alone
and to test different molecular species of PEG where lower molecular weight polymers may
possess both impermeant and oncotic properties, and therefore, may be used without other
impermeant agents. Therefore, these studies were conducted using the oncotic agent
polyethylene glycol-20,000 (PEG-20k) and other polymers with lower molecular weight (PEG-
10,000) or with higher molecular weight (PEG-35,000) as the low volume resuscitation solutions
disclosed above. Groups of shocked (plasma lactate of 10 mM) rodents include:

1. Saline controls: These animals receive only saline as the low volume resuscitation fluid.
The amount of LVR solution is 10% of the calculated blood volume, which is an equivalent of
0.5 liter in an adult human.

2. Impermeants-based LVR solution: These animals receive combinations of the
impermeants gluconate, raffinose, and trehalose at 10-25%, given at a volume of 10% of
calculated blood volume.

3. PEG-20k-based impermeant LVR solution: This LVR solution contains both 10% PEG-
20k and 15% gluconate (impermeant). For this group, the volume administered is cut in half to
10% of the calculated blood volume. This is equivalent to 0.5 liters for an adult human, and is

within the dose range for a human with a body weight of 70-75 kg.
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4. PEG-20k-based LVR solution: This LVR solution contains 10% PEG-20k alone and
demonstrates the effect of just the PEG without the other impermeants.
5. PEG-10k-based LVR solution: This LVR solution contains 10% PEG-10k alone and tests
the effect of just the PEG without the other impermeants. A lower molecular weight of PEG
demonstrates the effect of a hybrid impermeant and colloid effect alone.
6. PEG-35k-based LVR solution: This LVR solution contains 10% PEG-35k alone and tests
the effect of just the PEG without the other impermeants. This size PEG provides only oncotic
effects with no impermeant effects since the molecule stays within the capillary.

These studies can be used to identify the weight of PEG that may be used alone to
achieve a hybrid impermeant and oncotic effect as well as describe the salutary effects of Just the

oncotic effect alone in PEG species that have pure oncotic effects.

EXAMPLE 7: Use of the impermeant organ protectant solutions to prevent the early signs of the
development of ischemic cholangiopathy in DCD (Donation after Cardiac Death) livers used for
transplantation.

In this example, an impermeant solution containing any one or a mixture of listed impermeant
molecules (gluconate, raffinose, trehalose, sorbitol, lactobionic acid, maltitol) with or without an
oncotic agent (PEG-20k or higher molecular weight) is infused into a DCD organ donor at the
time of cardiac death or shortly thereafter (about 1-2 liters of solution). The solution may be
circulated by continuing CPR. The liver and other organs are retrieved later, after experiencing
30-90 min of warm ischemia time, using conventional surgical techniques and cold organ flush
solutions (UW solution). The livers and other organs are either cold stored or machine perfused
using UW based solutions in the conventional way. The liver is transplanted and adequate
function returns. The chance of ischemic cholangiopathy developing days or weeks later are
lessened or prevented by the use of the impermeant organ protectant solutions. Studies done in
adult rats show that the early liver lysis that occurs after transplantation (preservation injury) is
lessened in the impermeant group, shown in figure 9A. Figure 9B shows that DCD livers that
were transplanted into recipient rats did not show signs of early ischemic cholangiopathy when
treated with the protectant solutions since the total bilirubin levels did not significantly rise one
week after transplantation, relative to the controls that were not treated at the time of liver

retrieval. The data in this example indicate that the organ protectant solutions are able to salvage
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DCD livers and prevent or attenuate the development of ischemic cholangiopathy, which

currently limits the use of DCD livers in clinical transplantation today.

EXAMPLE 8: New Low Volume Resuscitation Solutions Containing PEG-20k
INTRODUCTION

The predominant root mechanism of injury in hemorrhagic shock is energy failure. While
global ischemia and reperfusion injury are causally based at many levels, they all arise from
changes that occur when the cell energetics drops because of a loss of adequate microvascular
oxygen transport and subsequent loss of aerobically produced high energy adenine nucleotides’
"' One mechanism of cell, tissue, and organ injury is cell swelling that occurs from the loss of
ATP-dependent cell volume regulatory control mechanisms. In most cells, the single highest
energy consuming process is the running of the Na/K ATPase pumps in the cell membrane.
These pumps actively transport sodium ions out of the cell to maintain membrane potentials and
to run numerous Na+-dependent facilitated membrane transport processes such as calcium,
glucose, amino acids, and organic cation transporters. In the absence of ATP to run those pumps,
as occurs in ischemia following hemorrhagic shock, the Na/K ATPase turns off and sodium
enters the cell as it runs back down its electrochemical gradient. The elevated intracellular
sodium futilely stimulates the sodium pump that can’t run because of loss of ATP'?. Chloride
then enters the cell down an electrical gradient and water follows the sodium chloride down a
developing osmotic gradient, which causes the cell to swell. Hydropic degeneration from energy
failure damages membrane and mitochondrial structures'?, which may lead to cell death.
Swelling of parenchymal cells can also compress local capillaries leading to further reduced
capillary flow and oxygen delivery causing a self-amplifying cycle. Figure 1 shows how this
mechanism occurs and how novel cell impermeant molecules can passively reverse this
dangerous water flow.

This basic mechanism of cell ischemic injury has been well described in organ

preservation associated with transplantation'*®

. Effective modern organ preservation solutions
were developed around this concept and contain high concentrations of cell impermeants'”.
These are classes of non-toxic molecules, usually saccharides and small organic cations and
anions, which are small enough to freely egress the capillary space in the microcirculation but

are too large or too charged to cross the cell membrane. As such, they preferentially load into the
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interstitial space where they create an osmotic force that prevents the movement of water into the
cell as the sodium concentrations rise during ischemia. They prevent lethal cell swelling. Cell
impermeant, as a class of agents, are one of the most effective components of organ preservation
solutions used today'®. The University of Wisconsin solution contains high amounts of raffinose,
lactobionic acid, sulfate, and phosphate, which all act as cell impermeants to prevent water
movement. The Belzer-UW MPS solution uses gluconate and HTK solution uses both high
concentrations of histidine and mannitol as impermeants. Water movement in organ preservation
is slower than ischemia at normal mammalian temperatures because hypothermia is used to
preserve organs, which slows down the process. Since cell swelling during ischemia induced by
hemorrhagic hypotension also occurs'® and at a much faster rate than in organ preservation
because of the warmer temperatures, it was hypothesized that loading the interstitial space with
nontoxic cell impermeants during the low volume period would prevent lethal cell swelling and
increase the tolerance of the patient to the low volume state and improve outcomes at
resuscitation. In fact, as described in Example 4, acute studies in rodents with severe
hemorrhagic shock indicate that small cell impermeants double the tolerance of animals to the
low volume state (Figure 4)*°. The study described in Example 5 further found that one particular
molecule, polyethylene glycol-20k (PEG-20k) increased the tolerance to the low volume state 5
fold, compared to saline controls (Figure 6B). It was hypothesized that PEG-20k superiority was
due to the molecule behaving as hybrid where some escapes the capillary space to act as an
impermeant to prevent water movement into the cell and a large portion of the molecule stays
behind in the capillary to exert oncotic force that draws the interstitial water into the capillary.
This was supported by observations that PEG-20k in LVR solutions also normalizes the arterial
blood pressure in the low volume state immediately after administration (Figure 8)*°. These
previous studies did not assess the effects of PEG-20k based LVR solutions in a survival model
nor did it compare them to standard crystalloid solutions used today. This was the objective of
the current study. It was hypothesized that PEG-20k added to LVR solutions possesses both
impermeant and colloidal properties that greatly improves outcomes in a low volume
resuscitation model of severe hemorrhagic shock.

MATERIALS AND METHODS

Rodent Shock Model: A low volume resuscitation (LVR) model was used in adult rats to test the

impermeant based LVR solution used for pre-hospital resuscitation of rats with severe
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hemorrhagic shock. Adult Sprague Dawley rats were anesthetized with isofluorane and
maintained in a light surgical plane of anesthesia during the study. Polyethylene catheters were
placed in both femoral arteries for blood pressure monitoring and blood sampling and a catheter
was placed in one femoral vein for administration of fluids. The animals were allowed to
ventilate on their own to establish normal arterial blood gas (ABG) values. A 1-cm midline
incision was created to induce soft tissue injury and for the placement of a temperature probe in
the abdomen. The animals were kept at 38°C using a heating pad and an incandescent light
source above them. Arterial blood pressure, heart rate, and temperature were continuously
recorded using a PowerLab® (ADInstruments, Boston, MA), a high performance data acquistion
hardware. After a 30 min stabilization period, heparin was given (500 U/kg) and arterial blood
was slowly removed at 1 ml/min into a syringe to maintain blood pressure at 30-35 mm Hg. This
hypotension was maintained until the plasma lactate reached a value between 9-10 mM, as
measured every 15 minutes with a hand held lactate analyzer (Lactate Plus®, Nova Biomedical,
Waltham, MA) and every hour with a blood gas analyzer (Radiometer 800®). In preliminary
studies, 9-10 mM was the highest plasma lactate level achievable without mortality during the
LVR period. Once the target lactate was reached, a low volume resuscitation equal to 5-10% of
the calculated blood volume®' of saline was administered I.V. over a 10 min period using a
syringe infusion pump. When the blood lactate again reached 9-10 mM, full resuscitation was
started, which consisted of a volume of saline equal to the volume of the blood loss (about 55-
60% of total blood volume) plus 30% of the removed red blood cells (washed) infused I.V. over
10 minutes. After 1 hour of full resuscitation, the animals were euthanized by an anesthetic
overdose and terminal blood was removed for analysis. The time from the start of the LVR
period until the start of full resuscitation is called the LVR time and it represents the tolerance of
the animal to the low volume state or the maximum amount of time that a shocked subject can
safely remain in the low volume state until more definitive resuscitation is required. This was a
major outcome used in the study. In some experiments, survival from severe shock was studied
with impermeant based LVR and compared to saline controls. In these studies, the animals were
held in the low volume state for 180 min receiving either 10% saline as a control or 10% saline
containing 10% PEG-20k impermeant. After 180 min, the animals were given full resuscitation
and were awaken from anesthesia after the catheters were removed. These surviving subjects

were studied the following day (24 hours) to determine the rate of survival, blood pressure,
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lactates, base excess, PaO, (A-a gradient), and other blood lab values. The shock and LVR
protocol is illustrated in Figure 10A.

Oncotic reflection coefficient: The oncotic reflection coefficient (64) of PEG-20k in rodent
capillaries was determined to characterize the biophysical characteristics of this impermeant in
capillary networks. The o4 describes the relative convective solvent drag transport of a molecule
across capillary pores. This characteristic is diffusion independent and is measured by
determining the ratio of a compounds lymph concentration to the plasma concentration at hi gh
lymph flow rates. In these studies, rats were anesthetized as before and a PE10 cannula was
introduced into the thoracic duct as previously described” to direct the lymphatic flow into a
collection tube. Heavy cream (5-ml) was injected into the stomach to help visualize the duct after
the lipid was absorbed. A saline infusion (L.V.) was started at 0.25 ml/min to accelerate lymph
flow. Then, a single bolus injection of 5 mg FITC-labeled PEG-20k (Nanocs, New York, NY) in
saline was given. Blood plasma and lymphatics were collected every 10 minutes for an hour.
FITC-PEG was then quantitated by direct measurement of the FITC fluor using a fluorescence
plate reader (Biotek FL-800) with an excitation wavelength at 485 nM and an emission
wavelength at 520 nM. The od was estimated as 1-L/P of FITC-PEG-20k as previously
described **. The values for od are from 0-1 where 0 means no reflection into the capillary or
complete freedom of passage through the capillary pores (impermeant characteristics). A od of
1.0 means total reflection back into the capillary or complete oncotic properties.

Statistical evaluations of mean values were performed using parametric ANOVA with
multiple comparisons corrections using the Dunnett or Bonferroni test for more than 2 groups or
an unpaired T-Test for comparison of data with only two values (control and test group). Fisher’s
exact test was used for survival testing and A P value of 0.05 was set as a cut-off for statistical
significance.

RESULTS

The effects of LVR solutions on the low volume resuscitation time are shown in Figure
10B. The LVR time in this model is an index measuring the tolerance of the individual to the low
volume state. It is the length of time that a patient can safely remain in the low volume state until
definitive medical care and resuscitation is needed (golden hour), as indexed by the accumulation
of a critical level of oxygen debt (lactate). Using normal saline (10% blood volume) as a control

base crystalloid, the LVR time was determined to be about 30 min. Specifically, the time from
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the start of the low volume infusion (triggered when the patient accumulated a lactate of 10 mM)
until the time when the patient re-accumulated the same lactate level, was determined to be an
average of 30 minutes. This was significantly increased to 240 min (8 fold increase) when the
same volume of saline contained 10% PEG-20k. Compared to PEG-20k, the LVR times for
traditional resuscitation solutions such as 10% Hextend or 10% albumin were significantly
lower. The plasma lactate at the end of the LVR period was close to 10 mM in all groups because
this level of oxygen debt triggered the end of the LVR period by definition. However, the
plasma lactate in the PEG-20k group at the end of 240 min was only 1.2 mM, which is far lower
than the 10 mM trigger. Thus, the LVR time in the PEG-20k group (10%) was arbitrarily cut off
and is a significant underestimation of its true value.

During the low volume state after the LVR solution is administered, mean arterial blood
pressure was measured for the duration of the LVR period for a variety of LVR solutions (Figure
10C). Saline solution (10%) resulted in low MAP values over the 30 min LVR time with values
below 60 and 40 mmHg at 15 and 30 minutes, respectively. These pressures were improved with
Hextend and albumin and completely normalized with PEG-20k (90-100 mm Hg).

Survival studies were conducted in a series of animals to determine the long term survival
effects of impermeant based LVR solutions after a severe blood loss (55-60%) and a high
accumulation of oxygen debt (lactate 10 mM). These results are shown in Table 2. All animals
were required to undergo a controlled 180 minute LVR time with a 10% LVR solution following
the hemorrhagic shock protocol (Figure 10A). When saline was used, 0% survived for 24 hours
and most died within 30-45 minutes after the LVR solution was administered. By comparison to
the control, survival was 100% with the same volume of saline containing 10% PEG-20k.

Table 2. The effects of PEG-20k LVR solution on hemorrhagic shock values during the LVR

period and after full resuscitation in survival animals.

During LVR

LVR Time (min) MAP (mm Hg) Lactate (mM) HCO5 (mM) Pa02 (mm Hg) |

Saline (10%) 34(18), 493 (1) 953 (2.1) 119(21) 389 (72)

PEG-20k (10%) 180 (0) 95.0 (3.5) 1.42 (0.6) 25.3 (3.4) 465 (31)

Next Day Survival

Survival (%) MAP (mm Hg) Lactate (mM) HCO3 (mM) PaQ, (mm Hg) |

Saline (10%) 0 (0) NA NA NA NA
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PEG-20k (10%) 100 (0)

*

85.6 (6.2)

*

1.2 (0.1)

*

25.6 (2.6)

E3

475 (80)

x

Values are Mean (SD), ¥*P<0.05, Relative to corresponding saline values, n= 5, PaO, measured

with an FiO, of 0.9,

Furthermore, all of the animals that survived 24 hours after full resuscitation had normal

blood pressure and arterial blood gas values, both during the 180 min low volume resuscitation

period and after 24 hours of recovery. Saline treated animals had very low pressures during the

LVR period, they demonstrated aberrant ABG values that were characteristic of severe metabolic

acidosis, and they did not report 24 hour values since they all died during the LVR period.

The capillary oncotic reflection coefficient for PEG-20k was measured in rats (Figure

10D). The reflection coefficient was determined to be about 0.65, which indicates that some of

the fluorescently labeled PEG-20k marker was pushed across the capillary into the interstitial

space and lymphatics while much of the label was also clearly detected in the capillary space

(plasma). The oncotic reflection coefficients were measured under high lymphatic flow rates by

administering an intravenous infusion of saline during the 1 hour study. These conditions
unmask the convective solvent drag transport potential of the tracer rather than the diffusional

e D
transport characteristics

DISCUSSION

Pre-hospital resuscitation of patients in the field with severe trauma and hypovolemic
shock is challenging since the first responders are often forced to work with low volumes of
simple crystalloid solutions that are both transportable and stable under field conditions. A

recently described advancement in this area uses high concentrations of cell impermeant

4

molecules in saline solutions as low volume resuscitation solutions for pre-hospital management

of severely hypovolemic shock patients. In acute studies described herein, these solutions

prevent ischemia-induced cell swelling, which alleviates both the harmful effects on cell and

mitochondrial membranes and greatly improves microcirculatory capillary flow and exchange by

preventing the occlusion of the microcirculation by swollen parenchymal and endothelial cells.

This study extends those findings by testing the effects in survival shock models and compares

these effects to crystalloid solutions that are considered standard of care in the field today.

Finally, this study explores further the unique mechanism of action of PEG-20k, which has been
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determined to be the most superior impermeant molecule yet tested for low volume resuscitation
in severe hypovolemic shock.

Cell impermeants are useful in severe shock because they load the interstitial space with
osmotically active molecules that are impermeant to the cell membrane, but freely escape the
capillary space. The increased osmotic force generated outside of the cell prevents intracellular
water accumulation, cell swelling, and secondary capillary compression (Figure 1). The addition
of an oncotic agent to a cell impermeant solution was hypothesized to potentiate the effect of the
impermeant alone by establishing a second oncotic gradient between the capillary space and the
interstitial compartment, thereby augmenting the translocation of water accumulated in the
interstitial space by the impermeants into the capillary space. This non-energetic movement of
water into the capillary raises capillary pressure and increases capillary perfusion by both
reducing the resistance to capillary flow (by preventing diameter changes from compression) and
by increasing the capillary pressure gradient for flow. Surprisingly, the addition of the
oncotically active impermeant, PEG-20k, to LVR solutions containing simple impermeants like
gluconate geometrically potentiated the impermeant effect. The total response of the two
components was reproduced by the PEG-20k component alone and much less than a pure oncotic
agent alone (albumin). This suggested that PEG-20k may have a hybrid effect where the
molecule acts both as a capillary permeable cell impermeant and as a traditional oncotic agent.
Therefore, this study focused solely on the PEG-20k molecule.

An LVR solution containing 10% by weight of PEG-20k (given at 10% blood volume)
has been shown to be optimal in our shock models. This was the gold standard to compare other
solutions to size up their clinical potential. A 10% PEG solution given at 10% of the calculated
blood volume (about 500-ml for an adult patient) produced the longest tolerance to the low
volume state as compared to 6% Hextend and 10% albumin solutions. Since clinical
formulations of albumin are generally about half strength (6% by weight), the values observed in
this study probably are over-estimations of the effects observed clinically. Furthermore, the
effect of the PEG-20k group has been significantly underestimated in this study since the LVR
times were cut off at only 240 minutes, which is lower than the true LVR time because the
trigger of 10 mM was never achieved in this group. Had the LVR time been increased until the
lactate in the PEG-20k group reached 10 mM, the final LVR time would have been much greater

than 240 minutes.
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In a dose de-escalation trial, 10% PEG-20k given at either a lower volume (5% blood
volume) of the same concentration (10%) or a lower volume (5%) at twice the concentration
(20%) was compared. The lower total PEG-20k dose was less effective while the same dose but
given at the lower volume was still very effective. This suggests that even lower volumes of
LVR solutions can be achieved down to 5% of calculated blood volume. This is approximately
250-ml for an adult patient and may find use in combat casualty care on the battlefield where
carry volumes of intravenous fluids for resuscitation are more of a concern.

The previous trials of impermeant based LVR solutions in shock were acute studies. The
effects on survival are an important consideration for possible clinical use. When the LVR time
was controlled to 180 minutes, all of the animals resuscitated with 10% PEG-20k as the LVR
solution survived 24 hours compared to 0% survival in the saline control group. Furthermore, the
surviving rodents were perfectly normal both in terms of physiological lab values and
behaviorally. There were no apparent side effects of the PEG-20k LVR solutions except a
temporary diuresis immediately after administration of the solution and a temporary metabolic
alkalosis. Since PEG-20k acts as a hybrid molecule, it is likely that some of the material passes
across Bowman'’s space in the glomerulus where it acts as an impermeant in the tubules to
increase osmotic water clearance and cause a diuresis, similar to a mannitol effect. Furthermore,
the increased excretion of water and likely electrolytes too, could prevent hydrogen ion
reabsorption and increase renal acid excretion thereby causing a metabolic alkalosis. This is a
favorable effect in shocked patients that are experiencing severe metabolic lactacidosis and
obviates the requirement of bicarbonate administration to correct acidosis during resuscitation.

The impermeant effect in LVR solutions is greatly augmented when a colloid is also
present. Since the putative colloidal agent, PEG-20k, works as well by itself as it does with
typical small molecule impermeants like gluconate, it was hypothesized that this size PEG
polymer may act as a hybrid and possess both impermeant and colloidal properties. To support
this hypothesis, the capillary oncotic reflection coefficient for PEG-20k was measured in rats
(Figure 10D). The reflection coefficient was determined to be about 0.65, which clearly suggests
that some of the material escapes into the interstitial space (impermeant characteristics) while a
large portion of the material stays behind in the capillary to act oncotically. This strongly
indicates a hybrid nature of PEG-20k, which supports the direct observations of its superior

utility alone as an LVR solution and its apparent ability to cross the glomerulus to cause a
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diuresis. Further studies are needed to characterize the renal handling of PEG-20k but its
combined impermeant and colloid effects are now well supported.

In conclusion, PEG-20k used at 10% weight and administered at 10% calculated blood
volume during severe hypovolemic shock produces striking salutary benefits. These effects
dramatically prolong survival in a controlled hemorrhage model and are due to the molecules

hybrid impermeant and oncotic properties.

EXAMPLE 9: Low Volume Resuscitation Solutions Containing PEG-20k in a Porcine Pre-
Clinical Model.
INTRODUCTION
The aim of the current study is to translate the effects of PEG-20k observed in the rodent

model (Example 8) to a porcine pre-clinical model to demonstrate confidence in the use in
patients. This report is a summary of 6 experiments in the swine model. Each group consists of 2
independent observations.
MATERIALS AND METHODS

Juvenile swine (35-40 kn) were anesthetized with Ketamine/Xylazine, and propofol
induction followed by isofluorane inhalation anesthesia maintenance (1-2%). A swan-Ganz
catheter was introduced into the pulmonary artery via a cut down of the right jugular vein for the
continuous measurement of cardiac output, pulmonary artery pressures, and sVO2 (mixed
venous O2 saturation) by an optical sensor on the PA catheter. Blood pressure and arterial blood
gases were measured by a line in the femoral artery. A line in the carotid artery and contralateral
jugular vein was used for bleeding and resuscitation, respectively. The protocol was as follows:

o Baseline measurements

* Arterial bleed at 4 ml/kg/min by active pump withdrawal until MAP reached 35 mmHg

e Subsequent bleeds at 2 ml/kg/min by pump withdrawal as MAP compensates (to about

45 mm Hg)
¢ Total bleed to a lactate of 7-8 mM (about 2 hours and a blood volume loss of 62-65%)
e Give low volume resuscitation by pump at 10% blood volume over 5 min of;

a. Saline control

b. 10% PEG-20k in saline

34



10

15

20

25

30

WO 2015/160692 PCT/US2015/025544

¢ Monitor lactate until it climbs back to 7-8 mM. Mark the LVR time and record other
parameters continuously or at 15 min intervals
e Run PT-INR after LVR period
* Run ex-vivo PT-INR of baseline blood samples after ex-vivo mixing with a 10% dilution
of saline or a 10% PEG-20k solution.
RESULTS

The plasma lactate concentrations (which are used as a surrogate for oxygen debt in these
studies) in both groups of pigs is shown in figure 11A. In the group receiving saline as the LVR
solution after shock, the plasma lactate never fell but continued to climb. This technically is an
LVR time of 0 min. However, the group treated with PEG-20k (10% solution given at a volume
equal to 10% of the calculated blood volume) showed lactates rising for the first 30 min period
after LVR but then steadily declining over the next 3 hours to baseline values. Since the PEG-
20k group showed an initial rise of lactate 30 min after LVR, the saline group was given the
same consideration when calculating the LVR time (a pass on the first 30 min which represents
wash out of uncirculated tissue lactate). This resulted in calculated low volume resuscitation
times that were 8 fold larger in the PEG-20k group, relative to the saline control group. This is
shown in Figure 11B.

The mean arterial blood pressure was continuously monitored in pigs throughout the
shock and LVR protocol. These data are shown in Figure 11C. After saline LVR was
administered, the blood pressure, already in the 30’s due to the shock, never increased. When
pigs were given a LVR solution containing 10% PEG-20k, the blood pressure rose to around 60
mm Hg and remained stable at that level over the four hour observation period after
administration of LVR. Both groups of pigs were hemorrhaged the same amount of blood,
between 62-65% of the total calculated blood volume.

The cardiac output in the two groups of pigs was also monitored by thermodilution
techniques using a Swan-Ganz catheter positioned in the pulmonary artery. The results are
shown in in Figure 11D. Cardiac output dropped to about 20% of the baseline value during shock
and never recovered in animals given a low volume resuscitation with saline. However, PEG-20k
LVR increased cardiac output above control values over the duration of the monitored LVR
period. As the lactate fell and was cleared from the blood, the cardiac output slowly modulated

downward toward the control values suggesting that the increased cardiac output was also
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increasing DVO2, which resolved the oxygen debt by restarting peripheral acrobic metabolism
and reversing anaerobic glucose fermentation.

Finally, coagulation was determined in both normal pig blood after ex-vivo mixing with
PEG-20k LVR solutions (10% dilution) or with a saline control, also at a 10% solution, and after
the end of the LVR period in pigs given PEG-20k based LVR solutions. These effects are shown
in Figure 12A (PT-INR) and Figure 12B (aPTT).

Coagulation was not altered either by the PEG-20k based LVR solution in an ex-vivo
mixing test or in-vivo after giving a 10% blood volume infusion of PEG-20k as a low volume
resuscitation solution. The most likely result of this finding is that PEG polymers do not interact
with the enzymes and cofactors involved in the intrinsic and extrinsic coagulation pathways and
the volume redistributing effects of the PEG based LVR solutions achieve oxygen delivery
without the need for hemodilution (and secondary dilution of coagulation factors).
CONCLUSION

PEG-20k given at 10% concentration and a 10% calculated blood volume is effective at
geometrically increasing (10 fold) the tolerance to the low volume state compared to saline
controls in a large animal porcine model. This is characterized by rapid clearance of lactate,
increase in mean arterial blood pressures to life sustaining levels, increase in cardiac output

above baseline values, normalization of metabolic parameters, and maintenance of coagulation.

From the examples and description provided herein, it is clear that addition of an
appropriate colloidal oncotic agent to the impermeant LVR solution dramatically amplifies the
impermeant effect and increases the “Golden Hour” 5-fold at half of the administered volume.
This is critical in battlefield or civilian pre-hospital settings where large volumes cannot be
carried. Administration of an organ protectant solution containing impermeant and oncotic
molecules also dramatically improves patient cardiovascular and metabolic function after
prolonged periods of shock and low volume resuscitation.

While the invention has been described in terms of its preferred embodiments, those
skilled in the art will recognize that the invention can be practiced with modification within the
spirit and scope of the appended claims. Accordingly, the present invention should not be limited
to the embodiments as described above, but should further include all modifications and

equivalents thereof within the spirit and scope of the description provided herein.
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What is claimed is:

1. A method for prolonging low volume resuscitation in a subject in need thereof, comprising
the steps of
administering intravenously or intraosseosly to said subject 2000 milliliters or less of
an organ protectant solution comprising
one or more oncotic agents present at a concentration of at least 1-30% by
weight and with a molecular weight and size sufficient to restrict said one or
more oncotic agents to a vascular space in said subject, wherein said one or
more oncotic agents increase oncotic pressure and cause water to transfer from
said interstitial space into said vascular space; and
reducing cell swelling and promoting microcirculatory blood flow for at least 2 hours in

said subject.

2. The method of claim 1, wherein the organ protectant solution further comprises one or more
cell impermeant molecules present at a concentration of at least 10-60% by weight, wherein at
least one of said one or more cell impermeant molecules can cross a capillary endothelium and
preferentially load into an extracellular fluid compartment in said subject and increase a
theoretical extracellular fluid osmolarity without entering one or more of endothelial and

parenchymal cells.

3. The method of claim 1, wherein at least one of said one or more oncotic agents is

polyethylene glycol polymers (PEG) with a molecular weight between 4,000 and 35,000.

4. The method of claim 3, wherein said PEG acts as both an oncotic agent and a cell

impermeant molecule.

5. The method of claim 1, wherein at least one of said one or more oncotic agents is

polyethylene glycol polymers (PEG) with a molecular weight of at least 20,000.

6. The method of claim 5, wherein said PEG is PEG-20,000.
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7. The method of claim 5, wherein said PEG is at a concentration of 5% to 30%.

8. The method of claim 2, wherein at least one of said one or more cell impermeant molecules
is selected from the group consisting of sorbitol, gluconate, trehalose, raffinose, lactobionate,

and maltitol.

9. The method of claim 8, wherein said at least one of said one or more cell impermeant

molecules is gluconate.

10. The method of claim 1, wherein 100 ml to 500 ml of said organ protectant solution is

administered in said administering step.

11. A method of treating severe hypotension in a subject comprising the step of
administering intravenously a pharmaceutically acceptable organ protectant solution,
comprising at least one PEG polymer with a molecular weight of at least 20,000 at a
concentration of 5% to 30% by weight, in an amount sufficient to raise blood
pressure to at least 55 mmHg in said subject and extend a time period for low

volume resuscitation to at least 2 hours.

12. The method of claim 11, wherein the pharmaceutically acceptable organ protectant solution
further comprises at least one impermeant molecule selected from the group of gluconate,

raffinose and trehalose at a total concentration of 10% to 35% by weight.

13. The method of claim 11, wherein 100-500 ml of said pharmaceutically acceptable organ

protectant solution is administered as an 1.V. drip solution.

14. An organ protectant solution, wherein one or more of gluconate, raffinose, and trehalose at
10-35% by weight, and one or more polyethylene glycol polymers (PEG) with a molecular
weight of 4,000-35,000 at a concentration of 1-30% by weight, and a pharmaceutically

acceptable carrier are present in one or more infusion(s) of no more than 2000 ml per infusion.
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15. The organ protectant solution of claim 14, wherein said one or more infusion(s) has a

volume of no more than 500 ml.

16. The organ protectant solution of claim 14, wherein said PEG is PEG-20,000 at a

concentration of 10-20%.

17. The organ protectant solution of claim 14, wherein said PEG is PEG-35,000 at a

concentration of 20-30%.

18. A method for protecting organs for transplantation, comprising the steps of
administering to a Donation after Cardiac Death (DCD) organ donor or a Donation after
Brain Death (DBD) organ donor an organ protectant solution comprising at least one of
one or more oncotic agents present at a concentration of at least 1-30% by
weight and with a molecular weight and size sufficient to restrict said one or
more oncotic agents to a vascular space in said subject, wherein said one or
more oncotic agents increase oncotic pressure and cause water to transfer from
said interstitial space into said vascular space; and
maintaining circulation of said DCD or DBD organ donor for a suitable period of time,
and
removing surgically said organs of said DCD or DBD organ donor, and

flushing said organs for cold storage or perfusion prior to said transplantation.

19. The method of claim 18, wherein said organ protectant solution further comprises one or
more cell impermeant molecules present at a concentration of at least 10-60% by weight,
wherein at least one of said one or more cell impermeant molecules can cross a capillary
endothelium and preferentially load into an extracellular fluid compartment in said subject and
increase a theoretical extracellular fluid osmolarity without entering one or more of endothelial

and parenchymal cells.

20. The method of claim 18, wherein at least one of said one or more oncotic agents is

polyethylene glycol polymers (PEG) with a molecular weight between 4,000 and 35,000.
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21. The method of claim 20, wherein said PEG is at a concentration of 5% to 30%.

22. The method of claim 20, wherein said PEG is PEG-20,000.

23. The method of claim 19, wherein at least one of said one or more cell impermeant
molecules is selected from the group consisting of sorbitol, gluconate, trehalose, raffinose,

lactobionate, and maltitol.

24. The method of claim 23, wherein said at least one of said one or more cell impermeant

molecules is gluconate.

25. The method of claim 18, wherein 500 ml to 2000 ml of said organ protectant solution is

administered in said administering step.
26. The method of claim 18, wherein said organs are selected from the group consisting of
liver, kidney, small bowel, pancreas, pancreatic islets, lung, heart, heart-lung en-bloc, and

skin.

27. An infusion bag containing one or more polyethylene glycol polymers (PEG) with a

molecular weight of 4,000-35,000 at a concentration of 1-30% by weight, and a pharmaceutically

acceptable carrier in a volume of no more than 2000 ml.
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