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COMPOSITIONS AND METHOD FOR TISSUE PRESERVATION

Related U.S. Applications
This application claims priority to USSN 60/901,844 filed February 17, 2007, USSN
60/902,587, filed February 20, 2007, and USSN 60/966,511, filed August 27, 2007, each of

which is incorporated herein by reference in its entirety.

Field of the Invention

The present invention relates to tissue preservation.

Background of the Invention

The major obstacles in cardiac transplantation are the limited availability of donor
hearts and the poor quality of donor hearts due to deterioration during storage. Using current
practices and preservation solutions, the limit of preservation time is 4-6 hours, and in the
United States, all cardiac allografts are presently obtained from brain-dead, beating heart
donors maintained on life support systems. Moreover, current practices result in a significant
incidence of accelerated vasculopathy in transplanted hearts. As such, there is a pressing
need for long-term storage solutions that preserve the structural and physiological integrity of

donor hearts.

Summary of the Invention

The invention provides a solution for preserving a human or human-compatible
harvested organ in need of preservation or resuscitation during a preservation or evaluation
period prior to implantation, including transplantation or reimplantation. The solution of the

invention also allows the organ to be transported to alternate geographic locations during the
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preservation period. The invention provides improved compositions, methods, and devices
for organ storage, which preserve the functional integrity of the organ as well as restore the
function to a non-functioning or deteriorated organ. Increasing the use of non-beating heart
(NBH) donors and storage of donor hearts for a longer period of time would increase the size
of the donor pool substantially and allow transport of donor hearts over longer distances to
increase availability to recipients. Transplantation of hearts with intact, functioning coronary
endothelium as a result of storage in the improved solution minimizes vasculopathy that

occurs after cardiac transplantation using current technology.

The invention provides for compositions for preserving or resuscitating a biological
tissue. The composition contains a physiological salt solution and at least one, at least two, at
least three, at least four, or at least five of the following compositions: a substrate for the
production of adenosine tri phosphate (ATP), a substrate for the consumption of ammonia, a
reagent that buffers intracellular acidity, a reagent that quenches reactive oxygen species,
and/or a reagent that balances tissue edema/dehydration.

In one aspect, the composition contains a physiological salt solution and a substrate
for the production of ATP. Optionally, the substrate for the production of ATP is
phosphocreatine, creatine ethyl ester, dicreatine malate, creatine gluconate, fructose, sucrose,
ribose, hexose or pentose. Alternatively, the substrate for the production of ATP is creatine
orotate, creatine monohydrate, adenosine, or dextrose/glucose.

The composition for preserving or resuscitating a biological tissue contains a
physiological salt solution and a compound for the consumption of ammonia. Optionally, the
compound for the consumption of ammonia is ornithine or carbomyl phosphate.
Alternatively, the compound for the consumption of ammonia is L-citrulline malate.

In another aspect, the composition for preserving or resuscitating a biological tissue

contains a physiological salt solution and a reagent that buffers intracellular acidity. In one
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aspect, the reagent that buffers intracellular acidity is Histidine, Glutamine, Tryptophan,
Lysine, or Taurine. Altemnatively, the reagent that buffers intracellular acidity is sodium
bicarbonate, THAM, or L-carnosine.

Optionally, the composition for preserving or resuscitating a biological tissue contains
a physiological salt and a reagent that quenches reactive oxygen species. In one aspect, the
reagent that quenches reactive oxygen species is dithiothreitol (DTT), beta-Mercaptoethanol,
Acetylcysteine, Alpha lipoic acid, Taurine, Reserveratrol, Lutein, Selenium, Methionine, or
Tocopherols/Vitamin E.

In yet another aspect, the composition for preserving or resuscitating a biological .
tissue contains a physiological salt and a reagent that balances tissue water content
(edema/dehydration). Reagents that balance tissue water content include Mannitol, urea,
glycerine, isosorbide, or raffinose pentahydrate. Optionally, the reagent that balances tissue
water content is the penta fraction of raffinose pentahydrate.

The solution is used to resuscitate a living donor heart, a temporally stored living
donor heart for transplantation, as well as cadaveric donor heart and permits extended
temporal storage of living, stored, or cadaveric organs such as the heart. Cardiomyocyte .
function in living donor and cadaveric hearts are preserved as well as endothelial function in
coronary vasculature and chambers of the living donor and the cadaveric heart. The solution
also mediates reversal of metabolic and degenerative changes and inhibition of cell death and
progression to cell viability in the hearts (and other organs) when the organ is contacted with
and stored in the solution of the invention shortly after death. Metabolic function is
maintained by sustaining ATP levels, mitochondrial function, cardiomyocyte contractility,
prevention of acidosis, inhibition of induction of apoptosis. Ionontrophy and lusiotrophy are
maintained by regulating calcium, sodium, potassium and chloride ions. Buffering capacity

of the solution prevent acidosis. The solution preserves calcium mobilization, nitric oxide
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generation in the organ as well as maintains both endothelium-dependent and independent
vasomotor function in the coronary vasculature. Dehydration and subsequent over-hydration
(edema) is prevented upon reperfusion by manipulating ionic concentrations and aquaporin
channels, and ischemia-reperfusion injury is prevented. The solution and storage system is a
self-sustaining regenerative system for production of substrates for ATP and nitric oxide.

The compositions prevent ischemia-reperfusion injury. This function is mediated by
ascorbic acid and glutathione, camitine (by preventing accumulation of long chain acyl-CoA
that leads to generation of free radicals-ischemi-reperfusion injury), carmosine and alpha
lipoic acid which are free radical, (hydroxyl radical, singlet oxygen, peroxyl radical and
superoxide) scavenger. The composition contains calcium chloride, potassium chloride,
potassium phosphate, magnesium sulfate, sodium bicarbonate, D-glucose, adenosine,
glutathione, insulin, and a reagent to prevent dehydration and/or edema of an organ and/or
tissue. The solution also contains other salts such as magnesium chloride, sodium chloride,
and/or sodium phosphate dibasic.

Dehydration of the heart (during storage) and over-hydration or edema after
reperfusion is controlled by manipulating sodium (less) and potassium ions (more) (i.e.,
osmolarity). The solution is slightly hypotonic and hyposmolar, hence driving the water into
the heart during storage and balancing out during reperfusion. The increase in external KCl
: N
concentration counterbalances the K current (close to Nerst potential) and prevents potassium
from moving out along with water (shell of hydration of K ion). Dehydration/edema is also

controlled by manipulating the aquaporin channels via the ionic currents. Also, external K

may delay/decrease the movement of Ca ions into the cell, thus preventing dehydration via
Ca activated K channel. For example, the solution contains 125 mM sodium and 7 mM

potassium. In one aspect, the composition contains calcium chloride, potassium chloride,

potassium phosphate, magnesium sulfate, sodium bicarbonate, D-glucose, adenosine,

4
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glutathione, insulin, and a substrate for the production of ATP. For example, the substrate for
the production of ATP is creatine orotate, creatine monohydrate, adenosine, or
dextrose/glucose. Dichloroacetate increases ATP production by inhibiting the kinase
enzyme that phosphorylates PDH enzyme making it inactive. Dichloroacetate induces ATP
synthesis by facilitating the TCA cycle.

In the citrulline malate-arginine cycle, malate (cleaved from citrulline) enters the TCA
cycle to generate more ATP. Also, citrulline malate is converted to arginine and fumarate;
fumarate enters the TCA cycle to facilitate more ATP production. Both malate and fumarate
in TCA cycle leads to more ATP production.

The composition contains calcium chloride, potassium chloride, potassium phosphate,
magnesium sulfate, sodium bicarbonate, D-glucose, adenosine, glutathione, insulin, and a
reagent that buffers acidity. A reagent that buffers intracellular acidity is creatine orotate via
facilitated synthesis of carnosine. Creatine monohydrate buffers acidity by increasing energy
production and decreased lactate accumulaton. Acidity is also buffered by sodium
bicarbonate, Tris- hydroxymethyl aminomethane (THAM), and L-camosine (intracellular
acidity). Dichloroacetate controls acidity by lowering lactate levels in the preserved organ,
and thus the solution. L-camitine facilitates a decrease in myocardial lactate production,
hence reducing acidity.

The composition contains calcium chloride, potassium chloride, potassium phosphate,
magnesium sulfate, sodium bicarbonate, D-glucose, adenosine, glutathione, insulin, and a
substrate for the consumption of ammonia. For example, the substrate for the consumption of
ammonia is L-citrulline malate. Ammonia combines with carbamoyl phosphate to form
citrulline malate, which forms a substrate for nitric oxide and ATP.

The composition contains calcium chloride, potassium chloride, potassium phosphate,

magnesium sulfate, sodium bicarbonate, D-glucose, adenosine, glutathione, insulin, a reagent
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to prevent dehydration and/or edema of an organ and/or tissue, a substrate for the production
of ATP, a reagent that buffers acidity, and a substrate for the consumption of ammonia.
Preferably, the composition includes the following compounds and concentrations:

about 0.147 g/L calcium chloride ( 1mM)

about 0.52 g/L potassium chloride (7 mM)

about 0.06 g/L potassium phosphate (monobasic) (0.44 mM)

about 0.11 g/l magnesium chloride (hexahydrate) (0.50 mM)

about 0.125 g/L magnesium sulfate (heptahydrate) (0.50 mM)

about 7.30 g/L sodium chloride (125 mM)

about 0.35 g/L sodium bicarbonate (4.2 mM)

about 0.05 g/L sodium phosphate (dibasic; heptahydrate) (0.19 mM)

about 1.98 g/L dextrose/D-glucose (11 mM)

about 0.27 g/L adenosine (1 mM)

about 0.46 g/L glutathione (reduced; 1.5 mM)

about 0.18 g/L ascorbic acid (1 mM)

about 0.21 g/L L-arginine (1 mM)

about 0.27 g/L creatine orotate (0.5 mM)

about 0.30 g/L creatine monohydrate (2 mM)

about 0.15 g/LL L-citrulline malate (1 mM)

about 0.08 g/L dichloroacetate (0.5 mM)

about 2.3g/L-camosine (10 mM)

about 2.0g/L-carnitine (10 mM)

about 0.021g/LAlpha-Lipoic acid (0.1 mM)

about 0.50 ml/L insulin (10 mg/m1)
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THAM (Tris-Hydroxymethyl Aminomethane; 100 mM stock @12.1 gm/L) to adjust

pH

(about 1 L distilled water).

The ingredients are mixed together to form a solution. Insulin is optionally added
after the other ingredients are mixed. For example, insulin is added minutes, e.g., 0.5, 1, 2, 5,
minutes to hours, e.g., 0.5, 1, 2, 3, 4, or 5 hours prior to immersing an organ in the solution.

A preferred composition includes amounts of the compounds in the following ranges
to achieve a desired ratio of compositions:

0.1-0.5 g/L calcium chloride

0.25-0.75 g/L potassium chloride (7 mM)

0.01-0.5 g/L potassium phosphate (monobasic)

0.01-0.5 g/L magnesium chloride (hexahydrate)

0.01-0.5 g/ magnesium sulfate (heptahydrate)

5.0-10.0 g/L sodium chloride (125 mM)

0.01-0.5 g/L sodium bicarbonate

0.01-0.5 g/L sodium phosphate (dibasic; heptahydrate)

1.0-5.0 g/L D-dextrose/glucose (11 mM)

0.01-0.5 g/L adenosine (1 mM)

0.01-0.75 g/L glutathione (reduced; 1.5 mM)

0.01-0.5 g/L ascorbic acid (1 mM)

0.01-0.5 g/L L-arginine (1 mM)

0.01-0.5 g/L creatine orotate (0.5 mM)

0.01-0.5 g/L creatine monohydrate (2 mM)

0.01-0.5 g/LL L-citrulline malate (1 mM)

0.01-0.5 g/L dichloroacetate (0.5 mM)
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0.23-2.3g/L-carnosine (1-10 mM)
0.20-2.0g/L-carnitine (1-10 mM)
0.0021-0.21g/L Alpha-Lipoic acid (0.01-1.0 mM)
0.25-0.75 ml/L insulin (10 mg/ml) |
THAM to adjust pH
(0.01-3.0 L distilled water).

For example, the solution contains:
about 0.14 g/L calcium chloride
about 0.52 g/L potassium chloride (7 mM)
about 0.06 g/L potassium phosphate (monobasic)
about 0.10 g/L magnesium chloride (hexahydrate)
about 0.10 g/L magnesium sulfate (heptahydrate)
about 7.31 g/L sodium chloride (125 mM)
about 0.35 g/L sodium bicarbonate
about 0.05 g/L sodium phosphate (dibasic; heptahydrate)
about 1.98 g/L dextrose/D-glucose (11 mM)
about 0.27 g/L adenosine (1 mM)
about 0.46 g/L glutathione (reduced; 1.5 mM)
about 0.18 g/L ascorbic acid (1 mM)
about 0.21 g/L L-arginine (1 mM)
about 0.27 g/L creatine orotate (0.5 mM)
about 0.30 g/L creatine monohydrate (2 mM)
about 0.15 g/L L-citrulline malate (1 mM)
about 0.08 g/L dichloroacetate (0.5 mM)

about 2.3g/L-camosine (10 mM)
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about 2.0g/L-camitine (10 mM)

about 0.021g/LAlpha-Lipoic acid (0.1 mM)

about 0.50 mV/L insulin (10 mg/ml)

THAM to adjust pH

(about 1 L distilled water).

The solutions described above are used to maintain the physiological integrity of an
organ. The organ or tissue, which is preferably isolated from a human body or the body of an
animal, is contacted for a duration of at least 1 hour. Alternatively, the organ or tissue is
perfused in situ, i.e., prior to being removed from the body. For example, the organ or tissue
1s contacted in situ in a cadaver or in a living patient. The organ or tissue is contacted with
the solution from a period of about 1-5 hours, e.g., 4 hours up to several days, e.g., 1,2, 5, 8,
10 days or more.

A variety of different organs and tissue types are favorably stored and resuscitated
using the solutions. For example, the organ or tissue is a heart. Other suitable tissues/organs
include kidney, liver, stomach, spleen, pancreas, lung, brain, eye, intestines, bladder, skin or
dermal tissue, blood vessels such as veins or arteries, heart valves, sperm, and oocyte(s).

The method of maintaining or restoring the physiological integrity of an organ or
tissue is carried out by contacting the organ or tissue with the solution(s) described above for
a duration of time such that esterase activity is in the range of > 150 arbitrary fluorescence
photon units, intracellular NO concentration is in the range of > 1 nM, and mitochondrial
membrane potential ratio of the cells of the organis >1.00 . The solution preserves intact
cardiac myocyte contractile proteins (myosin heavy chain (HC), myosin light chain (LC),
acitinin, actin, troponinc C); eNOS, caveolin, and vWF, e.g., as assessed with Western and
Immunoblots, whereas storage of tissues/organs such as heart in previous solutions led to

degradation of such proteins such as myosin heavy chain thereby compromising the integrity
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and function of the transplanted organ. Absence or fragmentation of these compostions
indicate deterioration of the organ. Clinical parameters include Left Ventricular End Diastolic
Pressure (LVEDP) 0-30 mm Hg, BP 100-140/60-100, pH > 6.8. The solution also inhibits
stenosis, plaques, clot formation due to damaged endothelium, as well formation of an
atheroma (arterial sclerosis), which is a significant problem in transplant cases.

Also within the invention is a method of evaluating the physiological integrity of an
organ or tissue. The organ or tissue is contacted with solution(s) described above (or another
solution) and a level of concentration or activity of one or more of the following parameters
is detected or evaluated. Biological indices to be evaluated include esterase, nitric oxide, or
cellular membrane potential. Esterase activity is in the range of >150 arbitrary (fluorescence
photon) units, intracellular NO concentration is in the range of > 1 nM, and mitochondrial
membrane potential of the cells of said organ is in the range of >1.00 (ratio of polarized
versus depolarized, where >1 indicates that the mitochondrial membrane is polarized and the
tissue is healthy. The foregoing values indicate that the organ or tissue, e.g., a heart, is
suitable for transplantation into a recipient living mammal.

The compositions for making the storage/resuscitation solution are optionally
packaged in a kit with the ingredients/amounts listed below or multiples thereof, i.e., scaled
up to make 2, 3, 5, 10, 20 times the amount of solution. An exemplary kit contains

0.1-0.5 g/L calcium chloride

0.25-0.75 g/L potassium chloride (7 mM)

0.01-0.5 g/L potassium phosphate (monobasic)

0.01-0.5 g/l magnesium chloride (hexahydrate)

0.01-0.5 g/l magnesium sulfate (heptahydrate)

5.0-10.0 g/L sodium chloride (125 mM)

0.01-0.5 g/L sodium bicarbonate

10
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0.01-0.5 g/L sodium phosphate (dibasic; heptahydrate)

1.0-5.0 g/L. D-glucose (11 mM)

0.01-0.5 g/L adenosine (1 mM)

0.01-0.75 g/L glutathione (reduced; 1.5 mM)

0.01-0.5 g/L ascorbic acid (1 mM)

0.01-0.5 g/L L-arginine (1 mM)

0.01-0.5 g/L creatine orotate (0.5 mM)

0.01-0.5 g/L creatine monohydrate (2 mM)

0.01-0.5 g/L L-citrulline malate (1 mM)

0.01-0.5 g/L dichloroacetate (0.5 mM)

0.23-2.3g/L-carnosine (1-10 mM)

0.20-2.0g/L-camitine (1-10 mM)

0.0021-0.21g/LAlpha-Lipoic acid (0.01-1.0 mM)

0.25-0.75 ml/L insulin (10 mg/ml)

THAM to adjust pH

These ingredients packaged together with instructions for use and are mixed in 0.01-
2.0 L of distilled water. As is described above, insulin is optionally added shortly before use,
i.e., shortly before an organ is added to the solution. The kit is packaged or sold without the
sterile water component. For example, the kit contains

about 0.14 g/L calcium chloride

about 0.52 g/L potassium chloride (7 mM)

about 0.06 g/L potassium phosphate (monobasic)

about 0.10 g/L magnesium chloride (hexahydrate)

about 0.10 g/L magnesium sulfate (heptahydrate)

about 7.31 g/L sodium chloride (125 mM)

11
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about 0.35 g/L sodium bicarbonate

about 0.05 g/L sodium phosphate (dibasic; heptahydrate)

about 1.98 g/L dextrose/D-glucose (11 mM)

about 0.27 g/L adenosine (1 mM)

about 0.46 g/L glutathione (reduced; 1.5 mM)

about 0.18 g/L ascorbic acid (1 mM)

about 0.21 g/L L-arginine (1 mM)

about 0.27 g/L creatine orotate (0.5 mM)

about 0.30 g/L creatine monohydrate (2 mM)

about 0.15 g/L L-citrulline malate (1 mM)

about 0.08 g/L dichloroacetate (0.5 mM)

about 2.3 g/L-carnosihe (10 mM)

about 2.0g/L-carnitine (10 mM)

about 0.021g/LAlpha-Lipoic acid (0.1 mM)

about 0.50 mV/L insulin (10 mg/ml)

THAM to adjust pH

Optionally, the solution is nano-sized to increase the efficiency of traversing the
cellular membrane. Nano-sizing refers to the reduction of the particle size to the sub-micron
range, with the final particle size typically being 1-10 nm. The reduction of particle size
leads to a significant increase in the efficiency of the solution in traversing the cellular
membrane. In one aspect, the efficiency is increased such that at least 20%, at least 25%, at
least 50%, at least 75%, or at least 100% of the solution traverses the cellular membrane.

The invention provides for nano-sizing for the solution of the invention prior to use in
the methods described herein. Alternatively, the invention provides for nano-sizing the water

prior to adding the other compounds/reagents of the solution. In yet another aspect, the

12
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invention provides for nano-sizing the water and nano-sizing each compound/reagent of the
solution separately prior to mixing in solution.

In one aspect, the composition comprises water packets or water clusters in a
nanometer range of size. Optionally, the water packets or water clusters are 1-10 nm, 1-25
nm, 25-50 nm, 50-75 nm, 75-100 nm, 100-200 nm, 200-500 ym, or 500-999 nm.

The invention also provides methods of measuring the pH of an excised heart
comprising contacting the excised heart with the solution of the invention, and determining
the pH of the excised heart, wherein a pH between 6.8 and 7.0 indicates the heart is suitable
for transplantation.

The invention also provides methods of measuring the pH of the solution of the
invention comprising contacting an excised heart with the solution of the invention, and
determining the pH of the solution of the invention, wherein a pH between 6.8 and 7.0
indicates said heart is suitable for transplantation.

In addition to solutions and methods of storing/preserving organs and tissues, the
invention includes a perfusion device. Elements of the device include a chamber assembly, a
perfusion circuit including a first conduit for providing the solution to the organ, and a
temperature control unit. The device includes an immobilized phosphoenolpyruvate (PEP)
carboxykinase and lactate dehydrogenase (LDH) columns to make it a self sustaining system.
For example, the solution coming out of the heart chamber may contain some lactic acid,
which is then continuously converted to pyruvate by the LDH as the solution is pumped back
into the chamber. Pyruvate then enters the TCA cycle for continuous generation of ATP.
Similarly, oxaloacetate that is formed in the TCA cycle is converted to Phosphoenol pyruvate
by PEP carboxykinase. PEP is converted to pyruvate producing ATP. Also, pyruvate enters
the TCA cycle to generéte more ATP. Thus, the 8evice permits the cycle to continue

regenerating substrates. Energy metabolism is sustained in the system until all the glucose
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and/or fatty acids are consumed only upon prolonged storage, e.g., greater than about 2 weeks
or 10 days. For example, the device is suitable for vascular tissue such as heart and blood
vessels, as well as kidney, liver, stomach, spleen, pancreas, lung, brain, eye, intestines, and
bladder.

A system for maintenance or resuscitation of a mammalian organ includes a container
for keeping the organ in contact with the composition or solution described above, a delivery
means for delivering the composition to at least one vascular vessel of the organ, a removal
means for transport of the composition away from the organ, a temperature control means, an
oxygenation means, a filtering means, and a flow control means. The delivery means,
removal means, temperature means, oxygenation means, filtering means, and flow control
means provide or restore a physiological acceptable mammalian environment. A self-
sustaining system includes the following elements: continuous production of nitric oxide,
continuous generation of ATP, buffering of acidosis and hydrogen ions, and quenching of
ammonia. The elements are preferably interconnected.

Other features and advantages of the invention will be apparent from the following
description of the preferred embodiments thereof, and from the claims. All references cited

herein are hereby incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a series of photomicrographs depicting the esterase activity (green) and
cellular necrosis (red) of ventricular cardiomyocytes in the anterior and posterior left
ventricular (LV) wall at 0 minutes, 15 minutes and 120 minutes post-harvest.
Figure 2 is a bar chart demonstrating the esterase activity of ventricular
cardiomyocytes in the anterior and posterior LV wall at 0 minutes, 15 minutes and 120

minutes post-harvest.
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Figure 3 is a series of photomicrographs showing the ratio of polarized (red) to
depolarized (green) ventricular cardiac myocyte mitochondria in the anterior and posterior
LV wall at 0 minutes, 15 minutes and 120 minutes post-harvest.

Figure 4is a bar graph representing the ratio of polarized to depolarized ventricular
cardiac myocyte mitochondria in the anterior and posterior LV wall at 0 minutes, 15 minutes,
30 minutes, and 120 minutes post-harvest.

Figure 5 is a series of photomicrographs indicating the necrosis (red) and esterase
activity (green) of the posterior LV wall of porcine hearts that were incubated in either the
solution of the invention, referred to as “Lazarus”, or Celsior for 4 hours.

Figure 6 is a graphical representation of the esterase activity in the anterior and
posterior LV myocardium in each experimental group, i.e., 4 hour storage in Celsior; 4 hour
storage in Lazarus; NBHD 4 hour storage in Lazarus; and NBHD 10 day storage in Lazarus.

Figure 7 is a bar graph identifying the esterase activity in the anterior and posterior
LV wall of the NBHD model after 1 hour, 2 hours, 3 hours, 4 hours, and 5 hours of storage in
Lazarus solution.

Figure 8 is a series of images demonstrating the ratio of red (polarized) to green
(depolarized) cardiac myocyte mitochondria in the anterior LV wall after 0 minutes, 60
minutes, 120 minutes, 180 minutes, and 240 minutes of storage in either Celsior or Lazarus
solution.

Figure 9 is a series of photomicrographs showing necrosis (red) and esterase activity
(green) of porcine heart left anterior descending artery that was incubated in either Lazarus or
Celsior for 4 hours.

Figure 10 is a series of images depicting calcium mobilization (red) and NO
production (green) of Celsior or Lazarus-treated porcine heart left anterior descending artery

before and after stimulation with bradykinin.
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Figure 11 is a graphical representation of calcium mobilization and NO production of
Celsior-treated porcine heart left anterior descending artery after stimulation with bradykinin.
Figure 12 is a bar graph demonstrating calcium mobilization and NO production of 4

hour Lazarus-treated porcine heart (1 hour post-mortem) left anterior descending artery after

stimulation with bradykinin.
Figure 13 is a series of images depicting immunofluorescence labeling of Myosin and

Actin in the myocardium after 4 hours incubation in either Celsior or Lazarus.
Figure 14 is a series of photomicrographs demonstrating immunofluorescence

labeling of Troponin C and Actinin in the myocardium after 4 hours of incubation in Celsior

or Lazarus.
Figure 15 is a photograph of a Western blot showing the presence of Myosin light

chain protein in anterior (A) and posterior (P) biopsies of porcine post-mortem heart stored in

Lazarus or Celsior for 240 minutes.
Figure 16 is a photograph of a Western blot showing the presence of Actinin in

anterior (A) and posterior (P) biopsies of porcine post-mortem heart stored in Lazarus or

Celsior for 240 minutes.
Figure 17 is a series of photomicrographs showing immunofluorescence labeling of

eNOS in the endothelium after 4 hours of incubation in Celsior or Lazarus.

Figure 18 is a series of images depicting necrosis (red) and esterase activity (green) in

the myocardium and left main coronary artery (1 hour post-mortem) after 10 days of storage

in Lazarus solution.
Figure 19 is a bar chart demonstrating esterase activity in the anterior and posterior

myocardium (1 hour post-mortem) after 10 days of storage in Lazarus solution.
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Figure 20 is a series of photomicrographs showing calcium mobilization (red) and NO
production (green) of 10 day Lazarus-treated porcine heart left anterior descending artery
after stimulation with bradykinin.

Figure 21 is a graphical representation of the esterase activity in a liver after 10 days
of storage in Lazarus solution.

Figure 22 is a bar graph showing the percent necrosis in a liver after 10 days of
storage in Lazarus solution.

Figure 23 is a diagram showing the energy metabolism in the heart during storage.

Figure 24 is a diagram illustrating the ammonia production in the heart during storage.

Figure 25 is a diagram demonstrating the role of creatine in the production of ATP
and the maintenance of metabolic mechanisms in the heart during storage.

Figure 26 is a line drawing of an ex vivo resuscitation and preservation device for a
heart.

Figure 27 is a line drawing of én ex vivo preservation device of a heart in non-
working state.

Figure 28 is a diagram depicting an experimental design.

Figure 29 is a drawing illustrating a Gardos channel.

Figure 30 is a drawing of an aquaporin (water channel).

DETAILED DESCRIPTION OF THE INVENTION
The present invention provides a novel storage solution for donor hearts taking into
account various biochemical processes that occur during storage of an organ for
transplantation. The solution permits a substantially longer preservation period, the use of

non-beating heart (NBH) donors, and improved clinical outcomes for those receiving cardiac
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transplants. The solution includes compositions the address various damaging processes
(listed below) that occur during storage of an organ.

Techniques for the preservation of the donor heart for transplantation have changed
very little despite 30 years of extensive research in the field. In cardiac transplantation, major
obstacles are the limited availability and poor quality of donor hearts after some amount of
storage time. Using current practices and preservation solutions, the limit of preservation

time is 4-6 hours (Ferrera R ef al., 1994 Ann Thorac Surg, 57:1233-1239; Oshima K et al.,

1999 J of Heart and Lung Trans, 18(9): 852-861), and in the United States, all cardiac

allografts are presently obtained from brain-dead, beating heart donors maintained on life
support systems. As a result of this severely limited organ pool and time restraints on
preservation, 10%-40% of all cardiac transplant candidates die awaiting a new organ. In
addition, currently there is a significant incidence of accelerated vasculopathy in transplanted
hearts presumably due, in part, to the poor quality of donor hearts after storage.

The ability to store donor hearts for a longer period of time would increase the size of
the donor pool and allow for transport of donor hearts longer distances to suitable recipients.
Moreover, superior preservation might allow for the use of non-beating heart donors (NBHD)
and further increase the donor pool. Finally, improvement of the condition of donor hearts
after storage would improve the clinical results for the recipient.

The preservation of a harvested donor human heart prior to transplant entails
protection of endothelial cells, cardiac myocyte function, and mechano-contractile coupling,
and is related to the long-term survival of a transplanted heart. Despite advances in science
and technology of prolonging organ viability and storage, few changes have been made in the
clinical practice of donor heart preservation during the past 20 years. The currently available
preservation protocols use hypothermic arrest and simple storage using a variety of

crystalloid-based cardioplegic and preservation solutions, and are limited in terms of the
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length of storage of 4-6 hours. In addition, these techniques invariably subject donor hearts
to periods of global ischemia that may result in functional and metabolic stunning leading to
ischemia-reperfusion injury. In addition, the two major limitations of successful long term
cardiac transplantation today are the lack of enough donor hearts to meet the demand of the
large number of patients who potentially could benefit from transplantation, and the relatively
high rate of long-term transplanted heart failures, which are primarily due to accelerated
atherosclerotic disease.

Surgical techniques for harvesting and transplantation of the human heart are very
well established. What happens to the explanted heart during storage generally dictates the
successful outcome of the transplant. Therefore, there is a pressing need for storage solutions
and conditions. The invention provides storage solutions, methods and devices that maintain
the structural and functional integrity of explanted donor hearts and thus prolongs ex-vivo
storage prior to surgical re-implantation. Application of this newly developed technology
should enable the resuscitation of an arrested heart within 30 minutes of the arrest. As such,
patients dying in the emergency room due to non-cardiac trauma can become potential heart
donors for transplantation.

This invention provides a system for preserving harvested human heart (or other
organs) in need of preservation or resuscitation during preservation and evaluation period
prior to implantation and/or transplantation. This system allows for organs to be preserved at
normothermic temperatures in viable state (and be transported to alternate geographic
locations for transplantation if required), thus potentially increasing the extremely limited
availability of these much-needed organs. In order to preserve the heart in a viable state, the
invention considers both the anaerobic and aerobic modes of metabolism, the requirements
for endogenous vasodialators and an energy source. The preservation solution described

herein maintains the viability of the organ for an extended period, e.g., about 1 hour, about 2
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hours, about 3 hours, about 4 hours, about 8 hours, about 10 hours, about 15 hours, about 20
hours, or about 1 day. The solution of the invention provides nutrients suitable for cardiac
myocyte and endothelial cell energy metabolism. In another aspect, the solutions provide
protective ingredients that can help the tissues/cells resist the damaging effects of prolonged
storage. Moreover, the solutions provide protection against desiccation and rehydration
edema upon transplantation.

The invention also provides a perfusion system that allows for circulation of the
solution not only through the coronary vasculature, but also all the compartments of the static
heart. This ensures that the nutrient rich solution bathes the whole organ inside and outside.

The invention also provides a method to gently prime the heart with nutrients and
intermediate metabolites prior to transplantation. Such priming of the heart physiologically
converts the static heart into a restored sinus rhythm without detrimental contractures and
ischemia-reperfusion injury.

Thus, the compositions, methods, systems/devices and media of the present invention
can preserve, resuscitate and maintain the donor heart in either the static or beating state
during the time of preservation to insure homogenous distribution of the preservation
medium. Maintaining the heart in the beating state further serves to sustain normal
metabolic, contractile, and endothelial functions beyond the current 4-6 hour window of
hypothermic arrest and storage for donor hearts.

The invention provides a novel storage solution for donor hearts taking into account
various biochemical processes that occur during storage of an organ for transplantation. The
solution of the invention will allow a substantially longer preservation period, the use of
NBH donors, and improved clinical outcomes for those receiving cardiac transplants.

Following are some potentially damaging processes that occur during storage of an

organ and how they are addressed by the solution of the invention. Reactive oxygen species
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are generated during storage; however, ascorbic acid and reduced glutathione (i.e. reducing
agents) present in the solution consume oxygen free radicals during storage. Hydrogen ion
production during storage can lead to acidosis; however, the solution contains agents with
buffering activity. ATP is diminished during storage; however, the solution contains
substrates for the production of ATP and maintenance of metabolic mechanisms in the heart.
Ammonia is produced as a result of the breakdown of amino acids during storage; however,
the solution contains substrates for the consumption of ammonia and production of substrate
for anaerobic/aerobic metabolism. Storage can also result in dehydration/edema of the organ;
however, the ionic composition of the solution is manipulated in order to maintain normal
water content in the cell to prevent edema in the reperfused myocyte. This also provides an
ideal environment for myocyte contraction.

Figures 23 -25 illustrate some metabolic pathways in the heart during storage and how
these processes are addressed by the solutions of the invention. Figure 23 illustrates energy
metabolism pathways in the heart during storage, while Figure 24 depicts pathways
pertaining to ammonia production in the heart. Figure 25 depicts energy metabolism in the

heart relating to ATP stores and production of hydrogen ions.

Myocardial Dehydration during storage

A significant problem in organ storage is dehydration. For example, in heart tissue,
myocardial dehydration occurs via the following metabolic processes. A decrease in ATP
leads to an increase in Na' in the cell, secondary to Na' leak and decrease in Na-K ATPase.
activity. The Na-Ca exchanger reverses causing Ca’ to build up in the cell. Subsequently, a
further increase in Ca’ results in Ca’-induced Ca® release from the sarcoplasmic reticulum

(SR). Ca" also induces the GARDOS Channel, which leads to the loss of K* and water
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(Figure 29). Aquaporins are a route for water out of the cell, and upon reperfusion, back into
the cell (Figure 30.)

In order to counteract the above-mentioned sequence of events, the solution contains a
relatively low Na* concentration (about 125mM) and a slightly higher K™ concentration
(TmM). By preventing the dehydration of the myocardium, the solutions of the invention
prevent the rapid uptake of water into the cells once perfusion is reestablished.

Prior to the invention described herein, none of the currently available organ storage
solutions had adequately addressed the potential role of activated hemichannels and/or
aquaporins in induction of edema and ionic imbalance in the stored organs, especially the
heart. Connexin 43 containing hemichannels, that are also the components of gap junctions,
and aquaporins (AQP1) have been demonstrated in cardiomyocytes and the endothelial cells
in the heart. Activation of these channels may play an important role in development of ionic
disproportion, edema, and stiffness of the organs during storage. Increased cell volume
(edema) and stiffness can lead to the failure of the organ upon transplant, or may require
significant pharmacological intervention to reverse this trend before the organ can function.
Problems associated with these channels being activated is addressed by the invention to
improve viable preservation of stored organs.

Optimizing the solution of the invention would prevent activation of hemichannels,
thus avoiding edema, ionic imbalance and energy depletion during organ storage. These
constituents provide a favorable environment and cellular support during ex-vivo storage. As
shown in the Examples below, the protection of structure and function of cardiomyocytes and
the endothelium in BHD and NBHD hearts, stored over a prolonged period in the solution of
the invention, supports this hypothesis.

A decrease in physiological concentration of external calcium (< 1-1.3 mM), a

reduction in glutathione (altered redox potential), energy state (SATP), phosphorylation, or in
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activation of MAP kinase, or any increase in reactive oxygen species and osmolarity leads to
opening of hemichannels. All of these parameters, vwhich are encountered by the heart or
organ during storage, can operate independently of one another in activating the
hemichannels. Opening of hemichannels, because of nonselectivity, allows free flow of
external Na*, CI', and Ca®" into, and K* out of the cytoplasm. Due to the build up of excess
intracellular negative charges (negatively charged macromolecules), the increase in internal
CI concentration would require water uptake via AQP1 and/or hemichannels to maintain
isosmotic condition. Subsequent closing of the channels would establish a higher steady state
cell volume. However, to counterbalance the increased volume and to avoid rupture, the cell
compensates by rearranging the cytoskeleton leading to cell stiffness. Increased cell volume
(edema) and stiffness leads to the failure of the organ upon transplant, or may require
significant pharmacological intervention to reverse this trend before the organ can function.
Activation of hemichannels leads to water and ion accumulation and edema in the heart
during storage. Components of the solution of the invention, including physiological
concentration of calcium, will prevent any of the above-mentioned detrimental changes from

taking place in the stored organs.

Optionally, the solution is nano-sized to increase the efficiency of the solution
traversing the cellular membrane by any method known in the art, including the method
described in U.S. Patent Nos. 6,521,248 and 7,198,254, which are incorporated herein by
reference in their entireties. Nano-sizing refers to the reduction of the particle size to the sub-
micron range, with the final particle size typically being 1-10 nm. The reduction of particle
size leads to a significant increase in the efficiency of the solution in traversing the cellular
membrane. In one aspect, the efficiency is increased such that at least 20%, at least 25%, at

least 50%, at least 75%, or at least 100% of the solution traverses the cellular membrane.
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The invention provides for nano-sizing for the solution of the invention prior to use in
the methods described herein. Alternatively, the invention provides for nano-sizing the water
prior to adding the other compounds/reagents of the solution. In yet another aspect, the
invention provides for nano-sizing the water and nano-sizing each compound/reagent of the
solution separately prior to mixing in solution.

In one aspect, the composition comprises water packets or water clusters in a
nanometer range of size. Optionally, the water packets or water clusters are 1-10 nm, 1-25
nm, 25-50 nm, 50-75 nm, 75-100 nm, 100-200 nm, 200-500 nm, or 500-999 nm.

Increasing storage time significantly, improving condition of donor hearts/organs after
storage, and allowing for the use of NBHD will have a profound impact on the current
landscape of transplant surgery. Immediate impact could be achieved if the solution is used
in place of current preservation solutions.

Assessment of myocardial and endothelial structure and function at the cellular level
indicates that solution can accomplish each one of those goals. Structure and function of the
myocardium is significantly improved after storage in the solution of the invention, referred
to as “Lazarus”, if compared to Celsior (a commonly used storage solution for cardiac
transplants) when the conditions are exactly the same. Furthermore, these parameters are still

preserved after one hour of death (NBHD) and 10 days or two weeks of storage.

Example 1. General methods

Experiments were performed to compare Lazarus to Celsior (a presently used storage
solution in cardiac transplantation) with respect to their effects on the myocardium and
coronary endothelium as assessed using various microscopic and biochemical analyses.

Comparisons were made using beating heart and NBHD models.
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The Lazarus solution contained the following:

Calcium chloride 0.14 gm/L
Potassium chloride (7 mM) 0.52 gm/L
Potassium phosphate (monobasic) 0.06 gmiL
Magnesium chloride (hexahydrate) 010 gmilL
Magnesium sulfate (heptahydrate) 0.10 gm/L
Sodium chloride (125 mM) 7.31 gm/L
Sodium bicarbonate 035 gmiL
Sodium phosphate

(dibasic; hepatahydrate) 0.05 gm/L
D-Glucose (11 mM) 1.98 gmiL
Adenosine (1 mM) 0.27 gm/L
Glutathione (reduced; 1.5 mM) 046 gm/lL
Ascorbic acid (1.0 mM) 0.18 gmiL
L-Arginine (1 mM) 0.21 gm/L
Creatine orotate (0.5 mM) 0.27 gm/L
Creatine monohydrate (2 mM) 0.30 gm/L
L-Citrulline (1 mM) 0.15 gm/L
Dichloroacetate (0.5 mM) 0.08 gm/L
Insulin (10 mg/ml) 0.50 mi/L
Distilled water 1.00 L

Animal protocol

All animals in the study received humane care in compliance with the “Guide for the
Care and Use of Laboratory Animals.” Studies to evaluate organ storage solutions were
carried out using the following animal protocol. The study included three experimental
groups and one control group with three pigs (sus scrofa) in each group. In the control group,
the heart was harvested and kept moist with saline soaked laparotomy pads to mimic cardiac
decay. Biopsies and biochemical analyses were done at regular intervals representing cardiac
decay without intervention. In the experimental groups, there were 9 pigs (45-50 kg); three
pigs in each group. Data was collected using multi-photon microscopy and other biochemical
analyses (Western and Immunoblots) to evaluate the structure and function of the
myocardium and coronary endothelium after storage in solution for 4 hours. The
experimental design is illustrated in Figure 28.

For each animal, weight was recorded on the morning of the experiment. Each was

given an intramuscular injection (IM) of Telazol 4-6mg/kg and Xylazine 2mg/kg IM then
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intubated and connected to a respirator on 100% oxygen. Intravenous access was obtained
through an ear vein with an 18 gauge needle. Anesthesia was maintained with 1-2%
Isolfurane during the course of the experiment and EKG leads were placed for continuous
monitoring. The right femoral artery was exposed and cannulated using an 18 gauge catheter
for continuous blood pressure monitoring on the Power Lab.

A sternotomy was performed and the pericardium was opened and elevated using 2-0
silk sutures to the skin. Next, Kuri myocardial pH probes were inserted using a probe inside
the right atrium as a reference probe. The posterior left ventricular (LV) wall electrode was
placed first and secured with a 3-0 chromic suture. The anterior LV wall electrode was then
secured in the same manner. Five minutes was allowed for the probes to equilibrate and
myocardial pH and temperature were monitored using the pH monitor throughout of the rest
of the experiment. In experimental groups 1 and 2, 300mg/kg of heparin was given through
the arterial line. After waiting 5-10 minutes for the heparin to take effect, a 12-gauge cannula
was placed in the ascending aorta for infusion of cardioplegia. An aortic cross clamp was
applied and one liter of cardioplegia at 4 degrees Celsius (3 pigs received Celsior and 3 pigs
received 500cc 15mmol KC1 Lazarus/500cc 7mmol KCI Lazarus) was given through the
aortic cardioplegia cannula. The cardioplegia solutions were vented through the IVC and left
superior pulmonary vein. After a liter of solution was given at 150mmHg, the heart was
quickly harvested and biopsies of anterior and posterior wall of the LV were taken and sent to
the microscopy lab for evaluation.

In experimental group 3 (NBHD - 1 hour death Lazarus), no heparin was given
before the aortic cannula was placed and the pig was exsanguinated through the cannula to
simulate a trauma death. The heart was then allowed to arrest and it was harvested one hour
later. Each heart was then immersed in either Celsior (3 pigs) or Lazarus (6 pigs — 3 from

beating heart model and 3 from NBHD model) at 4 degrees Celsius for four hours.
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Myocardial pH and temperature were continuously monitored during storage and biopsies of
the anterior and posterior wall were taken at intervals of one hour until four hours post
harvest. Also, at the four hour post harvest time point, a two centimeter segment of the left
anterior descending artery was then dissected out and sent to the microscopy lab for
biochemical evaluation.

In the NBHD model, the hearts were stored for an additional 10 days in Lazarus
solution then biopsied again. Livers were also harvested from the NBHD group, stored for
10 days then biopsied.

Table 1: Timetable for Biopsies and pH Measurement

Time Point Anterior and Myocardial pH Left Anterior
Posterior LV Wall | Measurement (also | Descending biopsy
Biopsies recorded at 10min
intervals)

Immediately after Yes Yes No
harvest

60 minutes post Yes Yes No
harvest

120 minutes post Yes Yes No
harvest

180 minutes post Yes Yes No
harvest

240 minutes post Yes Yes Yes
harvest

Live/Dead Assay

Microscopic and biochemical analyses were performed as follows. The structural
viability of the myocardium and endothelium from each biopsy was assessed using the
live/dead assay (Molecular Probes, Eugene, OR). Cardiac biopsies were labeled with

calcein-AM (green) and ethidium homodimer (red), and images were viewed using
27



WO 2008/100636 PCT/US2008/002170

multiphoton microscopy. The myocardium and coronary samples are loaded with membrane-
permeable calcein-AM ester and membrane impermeable ethidium homodimer. The calcein
accumulates in cells and is transformed by the cellular esterases to produce a green
fluorescence in living cells (‘Live’ part of the assay). This was quantified using Metamorph
Software to calculate average intensity of fluorescent signal. The membrane-impermeable
ethidium homodimer dye enters compromised cells and intercalates with nucleic acids to
produce a red fluorescence (‘Dead’ part of the assay). . These cells were counted and recorded
as a ratio of the total number of cells.
Determination of intracellular NO concentration

The generation of vascular endothelial NO was determined using diaminofluorescein .

(DAF), as described in previous studies (Thatte H et al., 1999 Proc. Natl. Acad. Sci.

96(22):12583; Nakatsubo N et al., 1998 FEBS Lett 427(2):263). The tissue was loaded with
membrane permeable 4,5-diaminofluorescein, which is cleaved by endothelial esterases to a -
membrane impermeable form. This dye is then capable of reacting with intracellularly
generated NO to yield the brightly fluorescent triazolofluorescein derivative. The samples
were washed with HBSS and mounted for microscopy. Baseline NO production was
evaluated then the coronary endothelium was stimulated with 10microM bradykinin.
Intracellular NO concentration was used as an index for endothelial health.
JC -1 Assay: evaluation of mitochondrial membrane potential

Cardiac myocytes were labeled with JC-1 membrane potential dye. Fluorescence was
excited at 488 nm and emission was measured at 520 and 585 nm using narrow band pass
filters. JC-1 formed j-aggregates (red) when mitochondria maintain their membrane
polarization, but dissociated into monomers (green) upon membrane deoplarization leading to

leakage of cytochrome C and proapoptotic factors.
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Images from above assays were evaluated in real time using multi-photon
microscopy. Standard Western Blots and immunofluorescence were used to determine the
structural integrity of the contractile mechanism of the heart and confirmatory assays were
performed using multi-photon microscopy.

Multi-photon and Confocal microscopy

Multi-photon and Confocal microscopy was carried out as follows. BioRad MRC
1024ES multi-photon imaging system coupled with a mode-locked Spectra-Physics tunable
MaiTai titanium-sapphire laser system (pulse duration <80 fs, repetition rate 82MHz) and a
Zeiss Axiovert S100 inverted microscope equipped with a high quality 25X/1.2 NA air, water
immersion 40X/1.2 NA 63X/1.2NA and 100X/1.4NA oil immersion objective was used for
quantitative and imaging studies in both the fluorescence and transmitted light mode. The
major advantages of multi-photon imaging include reduced photobleaching of fluorophores,
reduced background fluorescence, reduced photo-damage to living cells, and increased ability
to image much deeper (~1000 p depth) into a specimen than is possible with the conventional
Confocal microscopy (50 p depth). The technology permits procurement of simultaneous
bright field images as well as visualization and quantification of morphological changes.
These unique features of multi-photon technology provides the system with versatility,
permitting imaging of living or fixed cultured EC as well as intact tissues such as human
heart tissues and vessels with a wide variety of fluorescent probes to investigate the various
physiological processes. The BioRad MRC 1024ES system is equipped with a conventional
krypton-argon laser with 488, 568 and 647 nm emission lines and a femtosecond titanium-
sapphire laser, tunable between 735-990 nm. By simultaneously using the conventional and
titanium-sapphire lasers, one can ratiometrically image mitochondrial membrane potential,
cytosolic free Ca* (by using, e.g., Calcium orange dye) and simultaneously observe

generated NO (using DAF-2 DA) and change in diameter and volume of the whole vein. The

29



WO 2008/100636 PCT/US2008/002170

esterase activity was measured and standardized at wave-length of 488/568, PMT 1at 2/864
and PMT2 at 2/1297, laser power, 90% attenuated and Kalman 3 filter (algorithm). The
fluorescence was quantitated using MetaMorph image processing software (Universal

Imaging, PA).

Example 2: Evaluation of the effects of Lazarus solution on tissues and organs
Control group

The results of the live/dead assay on the control group (cardiac decay) are shown in
Figures 1 and 2. There was a time—dependant decrease in esterase activity (green
fluorescence) and a time-dependant increase in cell death/necrosis (red fluorescence) in
ventricular cardiomyocytes in both the anterior and posterior left ventricular (LV) wall in the
control group over 120 minutes (Figures 1 and 2). Figure 2 depicts a graphical representation
of the decrease in esterase activity over time in the control group (cardiac decay). Moreover,
the results of the JC — 1 assay to evaluate mitochondrial membrane potential in the control
group indicated that there was a time-dependant depolarization of the ventricular cardiac
myocyte mitochondrial membrane (Figure 3: left column in each group represents
polarization (red); right column in each group represents depolarization (green)). As shown
in the graphical representation in Figure 4, the mitochondria in the control group become
increasingly depolarized.
Experimental groups

The objective of the following experiments was to comparé the Lazarus solution of
the invention to Celsior solution, a commonly used storage solution in cardiac
transplantation. As described above, and illustrated in Figure 28, each porcine heart was
preserved in the indicated storage solution (Celsior or Lazarus) for 4 hours. The Celsior

group exhibited less esterase activity (Figures 5, 6, and 7), greater necrosis (Figure 5), and
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greater mitochondrial membrane depolarization (Figure 8) (live/dead assay and JC-1 assay,
respectively) than the Lazarus beating heart model and Lazarus 1 hour death (NBH) groups.

As shown in Figure 5, while the Celsior group exhibited increasing necrosis (red; left
column in each group) and decreasing esterase activity (green; right column in each group),
both Lazarus groups exhibited minimal necrosis (red) and increasing esterase activity (green).
The ability of Lazarus to preserve porcine non-beating hearts for 10 days without changing
solution was also evaluated (Figure 6). The results in Figure 6 graphically illustrating the
esterase activity in each experimental group indicate that there were more living cells in each
Lazarus group as compared to the Celsior group, suggesting that Lazarus was more effective
at preserving the porcine hearts. Next, the esterase activity of 1 hour cadaveric hearts stored
in Lazarus solution for 4 hours at 10 °C was determined. As shown in Figure 7, there was an
increase in esterase activity from baseline and stabilization thereafter in the NBHD model
stored in Lazarus for 4 hours.

Mitochondrial membrane potential supplies the energy by which ATP is generated in
the Krebs Cycle. As such, mitochondrial membrane potential in the porcine heart preserved
in storage solution for 4 hours was determined via the JC-1 assay described above. A ratio of
red (polarized; left column in each group) to green (depolarized; right column in each group)
greater than 1 represents healthy mitochondria within myocytes, i.e., ready to produce ATP.
As shown in Figure 8, the mitochondrial membrane potential of porcine hearts was
maintained better in each of the Lazarus groups than it was in the Celsior group. Moreover,
as shown in Figure 8, mitochondrial membrane polarization was restored in the Lazarus
groups over the course of 240 minutes.

The live/dead assay was also performed on the porcine heart left anterior descending
artery (LAD) preserved in solution for 4 hours. As shown in Figure 9, there was significant

necrosis (red; left column in each group) of the coronary artery in the Celsior group and
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minimum necrosis in both Lazarus groups. Esterase activity (green; right column in each
group) was also more robust in each Lazarus group as compared to the Celsior group.

Endothelial function (calcium mobilization and nitric oxide (NO) production) was
evaluated before and after stimulation with bradykinin in porcine heart LAD preserved in
solution for 4 hours. There was a better preservation of endothelial function in both Lazarus
groups, as indicated by increased calcium mobilization and nitric oxide production in
response to Bradykinin (Figures 10, 11, 12). As shown in Figure 10, both Lazarus groups
had greater calcium mobilization (red; top row in each group) and NO production (green;
bottom row in each group) at baseline and after bradykinin stimulation (pre and post,
respectively). Figure 11 is a graphical representation of endothelial response (calcium
mobilization and NO generation) to bradykinin in LAD of porcine hearts preserved in
Celsior. Both are less than 1.2 from baseline. Figure 12 is a graphical representation of
endothelial response (calcium mobilization and NO generation) to bradykinin in LAD of
NBHD porcine hearts (1 hour death) preserved in Lazarus for 4 hours. The response to
simulation was more robust (>2) than in the Celsior beating heart model group shown in
Figure 11. These results demonstrate that storage in Lazarus solution preserved endothelial
function better than storage in Celsior.
Structural assays using Western blots and immunoblots

The structural integrity of the contractile apparatus in the heart was evaluated by
labeling structural components of the myocardium. Structural components of the
myocardium were preserved (Figures 13, 14, 15, and 16) after storage in Lazarus for four
hours. Figure 13 shows the results of immunofluorescence labeling of Myosin and Actin
after 4 hours of storage in Celsior or Lazarus. Figure 14 shows the results of
immunofluorescence labeling of Troponin C and Actinin after 4 hours in Celsior or Lazarus.

As shown in Figure 14, Troponin C and Actinin (structural components of the contractile
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mechanism) are preserved in Lazarus. Moreover, the results show a striated appearance to
the fluorescence in the Lazarus group (not the Celsior group), suggesting organization of
these structural proteins into an intact contractile apparatus.

As shown in Figure 15, Western blot analysis was performed for anterior (A) and
posterior (P) biopsies of pig # 1, 2, and 3 post mortem heart stored in Lazarus or Celsior.
Myosin light chain protein (20kd) was identified using mouse anti-Myosin (light chain;
cat¥M4401 from Sigma; 10% PAGE; 7.5 ug/well loading). As shown in Figure 16, Western
blot analysis was performed for anterior (A) and posterior (P) biopsies of pig #2 post mortem
heart stored in Lazarus or Celsior. Actinin protein (100kd) was identified using mouse anti-
actinin (cat# 7811 from Sigma; 10% PAGE; 15 ug/well loading). These Western blots
illustrate the superior preservation of the two structural components of the myocyte
contractile mechanism (Myosin light chain and Actinin), as represented by wider bands on
the blot after storage in Lazarus as compared to Celsior.

In order to confirm that endothelial function was preserved better in Lazarus than in
Celsior, immunofluorescence labeling of eNOS in LAD after 4 hours storage in Celsior or
Lazarus was performed. eNOS is the enzyme responsible for NO production in the
endothelium. As shown in Figure 17, the eNOS staining in the endothelium of the Lazarus-
stored heart was more robust than that in the Celsior-stored heart. These results indicate that
Lazarus is more effective at preserving endothelial cells than Celsior.

10 Day Data from the heart and liver

In additional studies, Lazarus was evaluated as a storagé solution for 10 days in the
heart and liver. After 10 days, there was minimal necrosis, robust esterase activity (live/dead
assay — Figures 18 and 19), and preserved endothelial function in the heart stored in Lazarus
(Figure 20). Moreover, there was also minimal necrosis and robust esterase activity in the

Lazarus-stored liver (Figures 20 and 21). The live/dead assay was performed on the
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myocardium and left main coronary artery of the 1 hour cadaveric group stored in Lazarus for
10 days. As shown in Figure 18, there was minimal necrosis (red; left column in both
groups) and significant esterase activity (green; right column in both groups) in the
myocardium and left main coronary artery (1 hour post-mortem) after 10 days in Lazarus
solution, suggesting that storage in Lazarus solution for 10 days preserved the heart. Figure
19 is a graphical representation of the preservation of esterase activity in the myocardium
stored in Lazarus for 10 days. The ability of Lazarus to preserve esterase activity after 10
days in solution was greater than the ability of Celsior to preserve esterase activity after 4
hours in storage. (See Figure 6 for a direct comparison.)

Endothelial function (calcium mobilization and NO production) was evaluated in
LAD stimulated with bradykinin after 10 days storage in Lazarus. As shown in Figure 20,
Lazarus solution preserved calcium mobilization (red; left column) and NO production
(green; middle column) in LAD, suggesting that endothelial function was preserved after 10 .
days storage in Lazarus.

Figure 21 is a graphical representation showing that esterase activity was preserved in
the liver stored in Lazarus for 10 days at 4°C. Figure 22 shows that the average percent
necrosis in liver samples stored in Lazarus solution for 10 days at 4°C was less than 15%,

suggesting that 10 days of storage in Lazarus solution preserves the liver.

Example 3: Perfusion Devices

Figures 26 and 27 depict perfusion devices and systems. Figure 26 shows a system
for ex vivo resuscitation and preservation of a human heart. The afterload balloon pump
controls afterload blood pressure in the aorta. The afterload balloon pump is optionally
replaced with a pressure regulator or valve. Cardiac parameters are maintained within the

following ranges: afterload and/or balloon pump pressure is 60-80 mm Hg; aortic root
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pressure is 40-80 mm Hg (for perfusion during storage); flow rate is 100-300 cc/min.; cardiac
output (CO) is > 2 L/min.; and blood pressure (BP) 120-140/60-80 mm Hg. The chamber
and reservoir contain the solution, e.g., Lazarus solution. Two elements of the system render
it self-sustaining: phosphoenolpyruvate (PEP) caryboxykinase plate and a cardiac specific
lactate dehydrogenase (LDH) plate.
A method for resuscitating (waking up) a heart is carried out as follows:
1. Rapid harvest and arrest of the heart with high potassium (15 mM) in very cold
Lazarus (4 °C).
2. Rapid instrumentation of the heart, maintaining low temperature---i.e. minimum
residence time at the room temperature.
3. Transfer to excess cold Lazarus and storage for 24 hours at 4 °C.
Next Day:
1. Well-established blood chemistry, as required.
2. Keep ready-cold Lazarus cardioplegia with sodium bicarbonate 19 mEq, KCl 18.5
mEq, MgS04, 37 mEq/L.
3. Keep ready non-oxygenated blood.
4. Mix blood and Lazarus 4:1 (assured proper chemistry; i.e. confirm final
concentrations of calqium, magnesium, potassium and sodium)
5. Prime the perfusion system with # 4—maintain temperature at 15-20 °C or colder
6. Rapidly hook up the heart into the apparatus; after physical examination (color,
texture, palpability, edema/ shrinkage etc).
7. Perfuse the heart via the aortic root: @ with non-oxygenated blood (10-15% Hct.)
cardioplegia (Lazarus containing, sodium bicarbonate 19 mEq, KC1 18.5 mEq,

MgS04, 37 mEq/L) 4:1, at 40 mm Hg for 20-30 min, maintained at 15 °C.
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10.

11.

12.

13.

Reperfuse with oxygenated blood (>15% Hct) at 20 °C with perfusion pressure of 40
mmHg for 20 min. Elevate the perfusion pressure to 60 mmHg and the temperature is
increased stepwise to 37 °C over 30 min. The organ is slowly warmed to, e.g., 10,
18, 20, 22, and so on until the organ reaches 37 °C.

Through the course of the experiment check for hyper contracture.

The heart goes into sinus rhythm with normal CO and LVEDP, systolic/diastolic
pressure.

Switch over to perfusing the heart via normal physiological rout, through the
pulmonary vein or left atrium (heart in working state).

Maintain the heart in beating state, until desired steady-state is achieved.

Measure cardiac function parameters.

A solution of the invention, referred to below as beta-Lazarus solution, was used to

restart the heart after storage in alpha-Lazarus. Table 2 displays the concentrations of each

reagent in beta-Lazarus. The pH is adjusted to 7.4 using sodium bicarbonate (8.4%) or

THAM, and maintained at 21-37°C.

Alternative protocol:

1.

2.

Hook up the heart to the perfusion system.

Circulate Beta-lazarus through the heart in non-working state configuration (i.e.
through the aortic root) at 40-120 mm Hg, until the perfusate and/or heart pH
stabilizes at > 7.2; this process can take 30 or more min of perfusion to achieve this
state.

For this to happen, the pH of the circulating beta-Lazarus needs to be adjusted often
as required, with sodium bicarbonate or THAM, based on-line CDI and blood gas
monitoring. Once the steady-state is reached, maintain the pH of the circulating beta-

Lazarus at 7.4.
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4. Adjust the beta-Lazarus, calcium, potassium and sodium concentration to
physiological levels as required, based on on-line monitoring.

5. Once the pH of the solution remains stable at 7.4 for 5-10 min, slowly drain the beta-
Lazarus, while replacing it with platelet and WBC free whole blood till a ration of 4:1
(blood:beta-lazarus) is reached in the reservoir. Altematively, this ration can be
varied to 5:0, 3:2, 2:3, etc. as desired.

6. Once the system regains steady state = physiological levels of electrolytes and pH
(on-line measurements), slowly raise the temperature of perfusing blood:lazarus, @
1°C every 2-5 min, until 37°C is reached. Keep adjusting the electrolytes and pH
during this period, as required.

7. Once the temperature reaches 28-30°C, the heart should start beating and continue to
do so as the temperature is raised to 37°C. At this stage, the blood:Lazarus mixture
can be wholly replaced by whole blood.

8. The system is then switched to working state as described and monitored as required.
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Table 2. Composition of Beta-Lazarus Organ Preservation Solution for Restarting the Heart

Concentration

Components

mM gm/L
Distilled water 1.00L
Calcium chloride 1.30 0.191
Potassium chloride 4.00 0.300
Potassium phosphate 0.44 0.060
(monobasic)
Magnesium chloride 0.50 0.101
(hexahydrate)
Magnesium sulfate 0.50 0.123
(heptahydrate)
Sodium chloride 130.00 7.60
Sodium bicarbonate 4.20 0.35
Sodium phosphate 0.19 0.05
(dibasic; heptahydrate)
D-glucose 10.00 1.800
Glutathione (reduced) 1.50 0.461
Ascorbic acid 1.00 0.176
L-arginine 1.00 0.211
L-citrulline malate 1.00 0.175
Creatine monohydrate 5.00 0.746
L-carnitine 2.50 0.500
Insulin (10 mg/ml) 0.50 mi/L

A system for ex vivo preservation of a human heart in a non-working state is shown in
Figure 27. Using this system, an organ such as a heart is maintained for up to 10 days or 2
weeks prior to resuscitation. Perfusion is carried out via the aorta, and a flow, e.g., direct or
pulsatile flow, is maintained. The flow of solution inhibits activation of apoptotic genes, and

the flow rate is approximately 40 ml/min. The storage unit is kept at a temperature of 4-
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21°C, e.g., in the range of 4-15 °C. To maintain such a temperature, the unit is placed in a
refrigerated chamber or cold room. Alternatively, the system includes a heat exchanger to
regulate and maintain the desired temperature.

In one aspect, the heart is arrested in the solution of the invention with a high K*
concentration at a cool temperature. Preferably, the high K* concentration present in the
solution does not damage the endothelium and ionic channels of the heart. More preferably,
the high K concentration is flushed out of the heart to prevent damage. Optionally, the
magnesium concentration in the solution of the invention is altered.

In another aspect, the functionality of the beating heart is assessed to determine if the
heart is suitable for transplantation. Optionally, the contractility of the heart is assessed
and/or the pH of the heart is assessed to determine if the heart is suitable for transplantation.
Alternatively, the pressure and/or volume in the chambers of the heart is determined in order
to assess the functionality of the heart.

In one aspect, the system of the invention maintains the tissue at a cool temperature,
e.g., in the range of 4-15 °C. The pH of the solution is determined at regular intervals, e.g.,
every 1 hour, every 2 hours, every 4 hours, every 8 hours, or every 10 hours. Fresh solution
of the invention is added to the system when the pH drops below 6.8 in order to increase the
pH of the solution bathing the tissue. This process is repeated until the pH stabilizes around
6.8 to 7.0, indicating that the ATP stores in the tissue have been replenished. Preferably, the
tissue is a heart. In one aspect, the heart is restarted when the pH of the system stabilizes
between 6.8 and 7.0.

Alternatively, the pH of the tissue is determined at regular intervals, e.g., every 1
hour, every 2 hours, every 4 hours, every 8 hours, or every 10 hours. Preferably, the tissue is

a heart. Optionally, the pH of the heart is determined using pH electrodes. Alternatively, the
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pH of the heart is determined using a fiber optic probes system. In one aspect, the pH of the
myocardium, the anterior wall, and/or the posterior wall of the heart is determined.

The pH of the tissue or solution is determined to assess whether the tissue is suitable
for transplantation. Preferably, the tissue is a heart. A pH of the heart between 6.8 and 7.0

‘indicates that the heart was adequately protected during storage. Preferably, the pH of the
heart suitable for transplantation is between 6.8 and 7.0.

The invention also provides that the pH of the tissue or solution is determined during
the excision, storage, or resuscitation of the tissue/organ. Preferably, the tissue/organ is a
heart.

In yet another aspect, the pressure in the chambers of the heart is determined.
Optionally, the ventricular pressure of the heart is determined. In one aspect, the pressure is
determined using a Mylar catheter.

In one aspect, the heart is stored in the solution of the invention (static). In another
aspect, the coronary artery of the heart is perfused.

In yet another aspect, the device contains inputs and outputs to the heart. Optionally,
the left and right pulmonary vessels are cannulated. Preferably, the aortic and left atrial

cannula drain into the device.
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What is claimed is:

1. A composition for preserving or resuscitating a biological tissue, comprising a
physiological salt solution further comprising at least one of a composition selected from the
group consisting of a substrate for the production of ATP, a substrate for the consumption of
ammonia, a reagent that buffers intracellular acidity, a reagent that quenches reactive oxygen

species, and a reagent that balances tissue edema/dehydration.

2. A composition for preserving or resuscitating a biological tissue, comprising a

physiological salt solution and a substrate for the production of ATP.

3. The composition of claim 2, wherein said substrate for the production of ATP is selected
from the group consisting of phosphocreatine, creatine ethyl ester, dicreatine malate, creatine

gluconate, fructose, sucrose, ribose, hexose and pentose.
4. The composition of claim 2, wherein said substrate for the production of ATP is selected
from the group consisting of creatine orotate, creatine monohydrate, adenosine, and

dextrose/glucose.

5. A composition for preserving or resuscitating a biological tissue, comprising a

physiological salt solution and a compound for the consumption of ammonia.

6. The composition of claim 5, wherein said compound for the consumption of ammonia is

selected from the group consisting of omnithine and carbomyl phosphate.

41



WO 2008/100636 PCT/US2008/002170

7. The composition of claim 5, wherein said compound for the consumption of ammonia is

L-citrulline malate.

8. A composition for preserving or resuscitating a biological tissue, comprising a

physiological salt solution and a reagent that buffers intracellular acidity.

9. The composition of claim 8, wherein said reagent that buffers intracellular acidity is

selected from the group consisting of Histidine, Glutamine, Tryptophan, Lysine, and Taurine.

10. The composition of claim 8, wherein said reagent that buffers intracellular acidity is

selected from the group consisting of sodium bicarbonate, THAM, and L-carnosine.

11. A composition for preserving or resuscitating a biological tissue, comprising a

physiological salt and a reagent that quenches reactive oxygen species.

12. The composition of claim 11, wherein said reagent that quenches reactive oxygen species
is selected from the group consisting of dithiothreitol (DTT), beta-Mercaptoethanol,
Acetylcysteine, Alpha lipoic acid, Taurine, Reserveratrol, Lutein, Selenium, Methionine, and

Tocopherols/Vitamin E.

13. A composition for preserving or resuscitating a biological tissue, comprising a

physiological salt and a reagent that balances tissue water content.
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14. The composition of claim 13, wherein said reagent that balances tissue water content is
selected from the group consisting of Mannitol, urea, glycerine, isosorbide, and raffinose

pentahydrate.

15. The composition of claim 1, wherein said composition comprises:
0.1-0.5 g/L calcium chloride
0.25-0.75 g/L potassium chloride
0.01-0.5 g/L potassium phosphate (monobasic)
0.01-0.5 g/L magnesium chloride (hexahydrate)
0.01-0.5 g/L. magnesium sulfate (heptahydrate)
5.0-10.0 g/L sodium chloride
0.01-0.5 g/L sodium bicarbonate
0.01-0.5 g/L sodium phosphate (dibasic; heptahydrate)
1.0-5.0 g/L D-dextrose/glucose
0.01-0.5 g/L adenosine
0.01-0.75 g/L glutathione (reduced)
0.01-0.5 g/L ascorbic acid
0.01-0.5 g/L L-arginine
0.01-0.5 g/L creatine orotate
0.01-0.5 g/L creatine monohydrate
0.01-0.5 g/L. L-citrulline malate
0.01-0.5 g/L dichloroacetate
0.23-2.3g/L-camosine
0.20-2.0g/L-carnitine

0.0021-0.21g/L Alpha-Lipoic acid
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0.25-0.75 mV/L insulin
THAM to adjust pH

0.01-3.0 L distilled water.

16. A perfusion device comprising

a chamber assembly,

a perfusion circuit including a first conduit for providing the composition of claim 1
to the organ, and

a temperature control unit.

17. The perfusion device of claim 16, wherein said organ is selected from the group
consisting of heart, kidney, liver stomach, spleen, pancreas, lung, brain, eye, intestines, and

bladder.

18. A system for maintenance or resuscitation of a mammalian organ comprising
a. a container for keeping said organ in contact with the composition of claim 1;
b. a delivery means for delivering said composition to at least vascular vessel of said
organ;
c. aremoval means for transport of said composition away from said organ;
d. a temperature control means;
€. an oxygenation means;
f. a filtering means;

g. a flow control means;
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wherein said delivery means, said removal means, said temperature means, said
oxygenation means, said filtering means, and said flow control means provide or restore a

physiological acceptable mammalian environment.

19. The composition of claim 1, wherein said composition comprises water clusters in a

nanometer range of size.

20. The composition of claim 15, wherein said composition comprises water clusters in a

nanometer range of size.

21. A method of measuring the pH of an excised heart comprising:
a. contacting said excised heart with the solution of claim 1;
b. determining the pH of said excised heart;

wherein a pH between 6.8 and 7.0 indicates said heart is suitable for transplantation.

22. A method of measuring the pH of the solution of claim 1 comprising:
a. contacting an excised heart with the solution of claim 1;
b. determining the pH of the solution of claim 1;

wherein a pH between 6.8 and 7.0 indicates said heart is suitable for transplantation.
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