Amagen Inc. v. F. Hoffmann-LaRoche LTD et al Doc. 323 Att. 12
Case 1:05-cv-12237-WGY  Document 323-13  Filed 03/19/2007 Page 1 of 31

EXHIBIT B
PART 2 OF 5

Dockets.Justia.com


http://dockets.justia.com/docket/court-madce/case_no-1:2005cv12237/case_id-100734/
http://docs.justia.com/cases/federal/district-courts/massachusetts/madce/1:2005cv12237/100734/323/12.html
http://dockets.justia.com/

Page 2 of 31

Filed 03/19/2007

Case 1:05-cv-12237-WGY Document 323-13

25

eare wuﬁwsm
10A | fozis a10d Ienosea | = uru /9/3w 10
(100°0 > ) uorsnyrad

[%,]
2
3 ur 4 999 (10 < d) ddI = urur/3y /3w’y
S (100> ) Apueoyruds 34 1 = upu/S /3w ) SyeL/BYSL vorsyur  upur/Sy/8r (stuode unupfAperq)
5 U OT~G uoIsnfur A'l aewt II-4LVIN« AT STOPUR’OTTO 1odara) (£)
< : .
§ (100t w0 yorowd)
> Surepowal JB[NdseA JOWm} 03 aNp 33350 {J4I T 021[(NOSH/HED
S uoneus8Axoar rowmy ur | = uorpoalur 3sod shep ¢ arewr I VS« d1 3 /3w 00T aprwopiey], (9)
& (5007 “1p 32 xnvisuy)
§ POAISSqO sem JEVIA U0 109j)8 ou = 3 /3w 001 _
8 %0% &9 JA1T xngg DAY TOd = 3/3w 001 (uonerOuRs
3 TOd wo y3pga ou = By /3w gy PIS/JHED Y3noy)
2 suoyoaluy 350d 54y aTewdy 1185 'd1 Sy/8w o1 pue gz UI[AFIXOIUR ] (S)
£
S (5661 1P #227]) |
m ¥ Avp snsian
= [ Avp usamiaq JdI 1 Juedyrudis = S/8w1-¢
kS 7 Aivp
8 snsiea 1 fivp usamiaq 41 1 rewdrews = 3/ Swpl
m PAAISSqO JAI UO 3333 Jueoyrudis ou = 3 /3w g0 aimns 19215 T« d1 3 /8w 0e—¢0 auoseypwexa( (§)
T (€661 "1v 42 uasuvlisiiy)
| urexns odAy 21nox asop swreu
SUOISTI[OUO0)) / ATeurumns Jnsay /saadg rown],  uondaluy pasoalug a8y

ainssaxd pIny [ennsIsIUT JOWN] JOMO[ 0} UMOYS Usdq dABY suaSe SuIMOY[0F oY,

(panutuoD) T oIqEL



Page 3 of 31

Filed 03/19/2007

Case 1:05-cv-12237-WGY Document 323-13

Campbell

26

JUSJU0D
[ewor}s ueuoinjesy pue uade[jod pado[aAap [9p
(S0'0 > d) %6'98 49 VIAH-IDIS Jo ayerdn |

(00 > d)(StsAerporonu . (zowmy
£q)-%9'6¢ Aq 110dsuen; Arefidessuen | . punore
%0€ 49 &1 1 (1)DAd ONI-D:  ©aIe)
uoyoafur-gsod siy pz puv g Sy q0ud 'S 8rg1 (IO (OL)
(000Z "*1v 32 v1gmy)
, qO¥d Isurede (1,46 Jo 0ayg3 Jowrnnue |
p-ye] 1surede [oxe) Jo 30aJe Iownjnue | | (syex Ev
ayedn VIQg-1D1s ¢ qOud .
£ 341 1 ‘Bureusts I9dJ PYPOIq T4GLLS  SIeIXIQd /(90T ur) (ronqmyur g-45Aad)
suopdafug-gsod sognuput 0F  /PMU AIDS  F-Ied 'd1 Aep/3y/3wgl 14S1ILS (6)
(2007 "1v 12 SPA321d)
unuQf

Hmumm jou uSDr jegqees Ow Mmumm uummmw wS«NﬁﬂmﬁmmOwUmm
(1000°0 > d) &1 T = 8 /3w 0001
(1000°0 = d) d41 T = 3%1/8w 000 1-008
(S0'0 = d) JAI WO Pagge ou = B /3w 01 V4D 3/3w
cuoygoaluz-gsod sapnuaue o7 - dTWL (INBD)LN.  dT  0001°00S°001  @prureunodiN (8)

(£661 "1V 12 S4212)

uren)s od Ay amor asop awreu
SUOISNOUO)) / ATeUIuInsS Jnsay /samadg oump  uonodfuy pasoafug a8y

amssaxd prnyy [eRnsILIUL JOWN) I9MO[ 0} UMOUS Uadq 34kl sjuade Surmor]oy ay L

(ponuuoD) 1 9IqelL



Case 1:05-cv-12237-WGY  Document 323-13  Filed 03/19/2007 Page 4 of 31

Influence of Tumor Physiology on Delivery of Therapeutics 27

\Degradation

'of basement
membrane

Degradation of
interstitial matrix

Intravasation ———jpw—

Blood vessel Lymphatics

Fig.1 This figure models the process of invasion. The continuous basement mem-
brane is penetrated by neoplastic cells. These cells gain access to components of the
interstitial matrix. After degradation of the interstitial matrix tumor cells invade
blood vessels and lymphatics. In order for the cells to enter the blood stream the
cells must penetrate the continuous endothelial basement membrane. Blood vessels

are surrounded by a continuous endothelial cell membrane but lymphatics lack this
form of structural support.

administration, investigated tumor model(s), species and strain of tumor
bearing rodents, and conclusions as they relate to IFP and other interesting
related findings. The tumor IFP lowering agents (among other therapeu-
tic functions) were also evaluated under different experimental conditions
and should be applied with the understanding that what works under one
set of conditions, may not work in another situation. The effects of a few
tumor IFP lowering agents will be discussed here; for more information
see published findings in respective journals *>#+%71%

TNF-a was shown to reduce IFP and MABP by approximately 50-70%
(P < 0.05)and 30% (P < 0.01), respectively. In this study, human melanoma
tumors were implanted in nude mice and a reversible effect of TNF-o on
IFP was observed 5 hours post-injection (P < 0.05), with no observable
influence on IFP after 24 hours.”*

TGE-B lowered IFP in a KAT-4 anaplastic thyroid carcinoma model.
Affymetrix microarray studies and other protein expression assays con-
firmed that the chimeric protein (FC:TBRII) exerted its effect in part
through modulating macrophage activity. When KAT-4 was pretreated

with Fc:TARIL, a significant effect of doxorubicin on tumor growth was
observed.”? |
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Concentration dependent effects of dexamethasone on IFP in LS174T
models were also investigated. Injected doses ranged from 0.3 to 30 mg/kg
with i.p. injections administered over 4 consecutive days. Relatively high
doses resulted in lower IFP values, reduced permeability and vascular
hydraulic conductivity.*® |
 As observed with the effects of other tumor IFP lowering agents,
PTX was found to lower tumor IFP without altering MABP.*” Based on
concentrations per/kg of body weight, dexamethasone exerted a more
potent effect on IFP than PTX. PTX lowered IFP at concentrations around
100 mg/kg but failed to effectively lower IFP at the 25 mg/kg dose. Prior to
a decrease in tumor IFP, a dose-specific effect of PTX on RBC flux near the

- tumor center was observed.”” Inducing RBC velocity in tumor areas near
zone 3 could potentially create new opportunities to deliver peptide and
protein therapeutics to the deeper regions of the tumor. Studies of this type
could eventually contribute to resolving issues related to radioresistant
hypoxic tumor cells.

Taxol (aka ~ paclitaxel), a popular chemotherapeutic agent used in the
treatment of a variety of solid malignancies, has also been shown to lower
tumor IFP, decompress blood vessels and improve oxygenation (PO,) in
patients.”>** Clinical data now supports the role of taxol as a tumor IFP
lowering agent over other chemotherapeutic agents. In a study involving
breast cancer patients, taxol significantly lowered IFP by 36% and increased
the PO, by approximately 100%, whereas doxorubicin did not exert a
similar or significant effect on IFP. The ability of taxol to lower IFP is a
bonus effect of this chemotherapeutic agent.”>* It is possible that other
drugs belonging to its class may exert similar or additional anti-barrier
functions. It is also entirely possible that some of the conventional and
experimental therapeutics that have made their way into the clinic may
lower tumor IFP in addition to exerting other widely accepted antitumor
effects. Although taxol was never initially used in a clinical setting to limit
a major physiological barrier such as interstitial hypertension, it has the
potential to improve penetration of small therapeutic peptides and pro-

~ teins into the interior tumor mass when used in combination with other

agents proven to lower tumor IFP.%3%4%7103 Sypsequent clinical investiga-
tions are warranted.
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4. Concluding Remarks

Given the urgency for development of novel therapeutics against cancer,
an understanding of the major barriers hindering optimal delivery and
transport is necessary. In view of the time and energy invested in the dis-
covery, clinical testing, and marketing of a new agent, the physiology of
tumors should be taken into account as soon as possible to ensure the great-
est level of clinical success in a time-sensitive manner.

Although a number of researchers have managed to achieve some
success with interstitial tumor targeting methods, tumor vascular target-
ing still represents a viable alternative. Improving methods to selectively
deliver therapeutic peptides and proteins to tumor vessels is certainly time
well invested, but other methods of circumventing barriers are also needed.
Another approach is to reduce the burdens of tumor physiology on drug
delivery and transport. Experiments and technologies developed to opti- |
mize the use of agents already shown to limit tumor IFP and/or modify the
tumor interstitial matrix, will likely assist the next generation of treatments
against cancer and progression of disease.

References

1. Simionescu M, Simionescu N and Palade GE (1974) Morphometric data on
the endothelium of blood capillaries. ] Cell Biol 60:128-152.

2. Simionescu M, Simionescu N and Palade GE (1978) Structural basis of perme-
ability in sequential segments of the microvasculature. L. Bipolar microvascu-
lar fields in the diaphragm. Microvasc Res 15:1-16.

3. Simionescu M, et al. (1985) Differentiated microdomains of the luminal plas-
malemma of murine muscle capillaries: Segmental variations in young and
old animals. | Cell Biol 100:1396-1407. ’

4. Ghinea N and Simionescu N (1985) Anionized and cationized heme-
undecapeptides as probes for cell surface charge and permeability
studies: Differentiated labeling of endothelial plasmalemmal vesicles. | Cell
Biol 100:606—-612.

5. Simionescu M, Simionescu N and Palade GE (1981) Differentiated
microdomains on the luminal surface of the capillary endothelium. . Partial
characterization of their anionic sites. | Cell Biol 90:614-621.

6. Movat HZ (1987) The role of histamine and other mediators in microvascular
changes in acute inflammation. Can | Physiol Pharmacol 65(3):451-457.



Case 1:05-cv-12237-WGY  Document 323-13  Filed 03/19/2007 Page 7 of 31
30 - Campbell '

7. Mylecharane EJ (1990) Mechanisms involved in serotonin-induced vasodila-
tion. Blood Vessels 27(2-5):116-126.

8. Vercellotti GM and Tolins JP (1993) Endothelial activation and the kidney:
Vasomediator modulation and antioxidant strategies. Am | Kidney Dis
21(3):331-343. '

9. van Hinsbergh VW (2001) The endothelium: Vascular control of haemostasis.
Atherosclerosis 95(2):198-201.

10. Hobbs SK, et al. (1998) Regulation of transport pathways in tumor ves-
sels: Role of tumor type and microenvironment. Proc Natl Acad Sci USA
95:4607—4612.

11. YuanF et al. (1995) Vascular permeability in a human tumor xenograft: Molec-
ular size dependence and cutoff size. Cancer Res 55:3752-3756.

12. Hudson BG, Reeders ST and Trygvason K (1993) Type IV collagen: Structure,
gene organization and role in human diseases. J Biol Chem 268:26033-26036.

13. Gorog P and Pearson JD (1985) Sialic acid moieties on surface glycoproteins
protect endothelial cells from proteolytic damage. | Pathol 146:205-212.

14. Hallmann R, et al. (2005) Expression of function of laminins in the embryonic
and mature vasculature. Physiol Rev 85:979-1000.

15. Sund M, Xie L and Kalluri R (2004) The contribution of vascular basement
membranes and extracellular matrix to the mechanics of tumor angiogenesis.
APMIS 112(7-8):450-462.

16. Ruoslahti E (1988) Structure and biology of proteoglycans. Annu Rev Cell Biol
4:229-255. S

17. Ruoslahti E (2002) Specialization of tumor vasculature. Nat Rev Cancer
2:83-90.

18. Satoh A, et al. (2000) New role of glycosaminoglycans on the plasma mem-

‘brane proposed by their interaction with phosphatidylcholine. FEBS Lett
477:249-252.

19. Folkman J and Haudenschild C (1980) Angiogenesis by capillary endothelial
cells in culture. Trans Ophthalmol Soc UK 100(3):346-353.

20. Michiels C, Arnould T and Remacle J (2000) Endothelial cell responses to
hypoxia: Initiation of a cascade of cellular interactions. Biochim Biophys Acta
1497(1):1-10.

21. Charonis AS and Wissig SL (1983) Anionic sites m basement membranes. Dif-
ferences in their electrostatic properties in continuous and fenestrated capil-
laries. Microvasc Res 25:265-285.

22. Roberts WG and Palade GE (1997) Neovasculature induced by vascular
endothelial growth factor is fenestrated. Cancer Res 57(4):765-772.

23. Ran S, Downes A and Thorpe PE (2002) Increased exposﬁre of anionic

phospholipids on the surface of tumor blood vessels. Cancer Res 62(21):
6132-6140.



Case 1:05-cv-12237-WGY Document 323-13  Filed 03/19/2007 Page 8 of 31

Influence of Tumor Physiology on Delivery of Therapeutics 31

24. Vincent S, DePace D and Finkelstein S (1988) Distribution of anionic sites on
the capillary endothelium in an experimental brain tumor model. Microcirc
Endoth Lym 1988(4):45-67.

25. Vijayagopal P, Figueoroa JE and Levine EA (1998) Altered composition and
increased endothelial cell proliferative activity of proteoglycans isolated from
breast carcinoma. | Surg Oncol 68(4):250-254.

26. Denekamp J and Hobson B (1982) Endothelial-cell prohferatlon in experimen-
tal tumours. Br | Cancer 46:711-720.

27. Denekamp J (1984) Vasculature asa target for tumor therapy. Prog Appl Micro-
circ 4:28-38.

28. David H (1988) Rudolf Virchow and modern aspects of tumor pathology.
Pathol Res Pract 183(3):356-364.

29. Goldman E (1907) The growth of malignant disease in man and lower animals
with special reference to the vascular system. Lancet 2:1236.

30. Algire GH and Chalkley HW (1945) Vascular reaction of normaland malignant
tissues in vitro. I. Vascular reactions fo mice to wounds and to normal and
neoplastic implants. | Natl Cancer Inst 6:73-85.

31. Folkman J (1971) Tumor angiogenesis: Therapeutic implications. N Engl ] Med
285:1182-1186.

32. Gimbrone MA, et al. (1972) Tumor dormancy in vivo by prevention of neovas-
cularization. | Exp Med 136:261-276.

33. Jain RK and Carmeliet PF (2001) Vessels of death or life. Sci Am 285(6):38—45.

34. Brower V (1999) Tumor angiogenesis-new drugs on the block. Nat Biotechnol
17:963-968.

35. Steege B-t JC, Mayo KH and Griffioen AW (2001) Angiostatic proteins and
peptides. Crit Rev Eukar Gene 11(4):319-334.

36. Ausprunk DHand FolkmanJ (1977) Migration and proliferation of endothelial
cells in preformed and newly formed blood vessels during tumor angiogen-
esis. Microvasc Res 14(1):53-65. —

37. Madri JA and William SK (1983) Capillary endothelial cell cultures: Pheno-
typic modulation by matrix components. ] Cell Biol 97:153-165.

38. Morikawa S, et al. (2002) Abnormalities in pericytes on blood vessels and
endothelial sprouts in tumors. Am | Pathol 160(3):985-1000.

39. Hirschi KK and D’ Amore PA (1996) Pericytes in the microvasculature. Cardio-
vasc Res 32(4):687-698.

40. Jain RK (1987) Transport of molecules across tumor vasculature. Cancer Metas-
tasis Rev 6:559-593.

41. Jain RK (1990) Vascular and interstitial barriers to delivery of therapeutic
agents in tumors. Cancer Metastasis Rev 9:253-266.

42. Jain RK (1988) Determinants of tumor blood flow: A review. Cancer Res

. 6:559-594.



_ Case 1:05-cv-12237-WGY  Document 323-13  Filed 03/19/2007 Page 9 of 31

32

43,

44.

45.

46.

47.

438.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Campbell

Pluen A, et al. (2001) Role of tumor-host interactions in interstitial diffusion of
macromolecules: Cranial vs. subcutaneous tumors. PNAS 98(8):4628-4633.
Renkin EM (1985) Transport of macromolecules: Pores and other endothelial
pathways. Appl Physiol 58:315-325. | |

Dellian M, et al. (2000) Vascular permeability in a human tumor xenograft:
Molecular charge dependence. Br | Cancer 82(9):1513-1518.

Zhao XB and Lee RJ (2004) Tumor-selective targeted delivery of genes and
antisense oligodeoxyribonucleotides via the folate receptor. Adv Drug Deliv
Rev 56(8):1193-204. :

Yoshida J, Mizuno M and Wakabayashi T (2004) Interferon-beta gene therapy
for cancer: Basic research to clinical application. Cancer Sci 95(11):858-865.
XuL,etal.(2001) Systemic p53 gene therapy of cancer with immunolipoplexes
targeted by anti-transferrin receptor scFv. Mol Med 7(10):723-734.

McLean JW, et al. (1997) Organ-specific endothelial cell uptake of cationic
liposome-DNA complexes in mice. Am | Physiol 273(1 pt 2):387-404. '
Thurston G, et al. (1998) Cationic liposomes target angiogenic endothelial cells
in tumors and chronic inflammation in mice. | Clin Inves 101(7):1401-1413.
Campbell RB, et al. (2002) Cationic charge determines the distribution of
liposomes between the vascular and extravascular compartments of tumors.
Cancer Res 62:6831-6836. , ,
Aukland K and Reed RK (1993) Interstitial-lymphatic mechanisms in the con-
trol of extracellular fluid volume. Physiol Rev 73(1):1-78.

Young JS, Lumsden CE and Stalker AL (1950) The significance of the tissue
pressure of normal testicular and of neoplastic (Brown-Pearce carcinoma) tis-
sue on the rabbit. | Pathol Bacteriol 62(3):313-333.

Butler TP, Grantham FH and Gullino PM (1975) Bulk transfer of fluid in the
interstitial compartment of mammary tumors. Cancer Res 35(11 pt 1):3084—
3088.

Boucher Y, Leunig M and Jain RK (1996) Tumor angiogenesis and interstitial
hypertension. Cancer Res 56(18):4264-4266.

Boucher Y, et al. (1991) Interstitial hypertension in superficial metastatic
melanomas in humans. Cancer. Res 51(24):6691-6694.

Sevick EM and Jain RK (1989) Geometric resistance to blood flow in solid
tumors prefused ex vivo: Effects of tumor size and perfusion pressure. Cancer
Res 49(13):3506-3512.

ZloteckiRA, et al. (1995) Pharmacologic modification of tumor blood flow and
interstitial fluid pressure in a human tumor xenograft: Network analysis and
mechanistic interpretation. Microvasc Res 50:429-443.

Zlotecki RA, et al. (1993) Effect of angiotensin I induced hypertension on
tumor blood flow and interstitial fluid pressure. Cancer Res 53:2466-2468.



Case 1:05-cv-12237-WGY  Document 323-13  Filed 03/19/2007  Page 10 of 31

60.

61.

62.

63.
64.

65.
66.

67.

68.

69.
70.

71.
72.
73.
74.
75.

76.

Influence of Tumor Physiology on Delivery of Therapeutics 33

Less JR, et al. (1997) Geometric resistance and microvascular network archi-
tecture of human colorectal carcinoma. Microcirculation 4(1):25-33.

Milosevic M, et al. (2001) Interstitial fluid pressure predicts survival in_pafients
with cervix cancer independent of clinical prognostic factors and tumor oxy-
genation measurements. Cancer Res 61:6400—-6405. _

Jain RK, Munn LL and Fukumura D (2002) Dissecting tumour pathophysiol-
ogy using intravital microscopy. Nat Rev Cancer 2(4):266-276.

Brown EB, et al. (2001) In vivo measurement of gene expression, angiogene-
sis, and physiological function in tumors using multiphoton laser scanning
microscopy. Nat Med 7(7):864-868.

Hlatky L, Hahnfeldt P and Folkman J (2002) Clinical application of antian-
giogenic therapy: Microvessel density, what it does and doesn’t tell us. | Nat
Cancer Inst 94(12):883-893. .

Folkman ] (2002) Looking for a good endothelial address. Cancer Cell
2:113-115. , "
Ferrara N and Davis-Smyth T (1997) The biology of vascular endothelial
growth factor. Endocr Rev 18:4-25.

Dvorak HF, et al. (1995) Vascular permeability factor/vascular endothelial
growth factor, microvascular hyperpermeability and angiogenesis. Am | Pathol
146:1029-1039. ‘

Senger DR, et al. (1993) Vascular permeability factor (VPE VEGF) in tumor
biology. Metastasis Rev 12:303-324.

Yuan F, et al. (1994) Microvascular permeability and interstitial penetration of
sterically stabilized (Stealth) liposomes in a human tumor xenograft. Cancer
Res 54:3352-3356.

Brown LF, et al. (1997) Vascular permeability factor/vascular endothelial
growth factor: A multifunctional angiogenic cytokine, in Rosen IDGEM (ed.),
Regulation of Angiogenesis, Birkhauser Verlag Basel/Switzerland.

Liotta LA, Rao CN and Barsky SH (1983) Tumor invasion and the extracellular
matrix. Lab Invest 49(6):636-649.

Marhava R and Zoller M (2004) CD44 in cancer progression: Adhesion, migra-
tion and growth regulation. | Mol Histol 35(3):211-231.

Woessner JF, Jr (1968) Biological membranes of tissue resorptioh, in BSG (ed.),
Treatise on Collagen, Academic Press: New York, pp. 253-330.

Woessner JE Jr (1998) The matrix metalloproteinase family, in WCPaRPM
(eds.), Matrix Metalloproteinases, Academic Press, San Diego: pp. 1-14.
Agnantis NJ, et al. (2004) Tumor markers in cancer patients. An update of their
prognostic significance. Part II. In Vivo 18(4):481-488.

Itoh T, et al. (1998) Reduced angiogenesis and tumor progression in gelatinase
A-deficient mice. Cancer Res 58(5):1048-1051.

[
3



Case 1:05-cv-12237-WGY  Document 323-13  Filed 03/19/2007 Page 11 of 31
34 Campbell

77. Timpl R, et al. (1978) Nature of the collagenous protein in a tumor basement
membrane. Biochem Biophys Res Comm 84(43).

78. TimplR, et al. (1985) Structure and biology of the globular domain of basement
membrane type IV collagen. Ann NY Acad Sci 460:58-72.

79. Hernandez-MA and Amenta PS (1979) The basement membrane in pathology.
Lab Invest 48:656—680.

80. Uhm JH, et al. (1997) Mechanisms of glioma invasion: Role of matrix metallo-
proteinases. Can | Neurol Sci 24(1):3-15.

81. Stuve O, et al. (1996) Interferon beta-1b decreases the migration of T lym-
phocytes in vitro: Effects on matrix metalloproteinase-9. Ann Neurol 40(6):
853-863.

82. Hamano, et al. (2003) Physiological levels of tumstatin, a fragment of collagen
IV alphaVbeta3 integrin. Cancer Cell 3:589-601. v

83. Pasco S, et al. (2004) In vivo overexpression of tumstatin domains by tumor
cells inhibits their invasive properties in a mouse melanoma model. Exp Cell
Res 301:251-265.

84. Gribbon PM, et al. (1998) in Reed RK and Rubin k (eds.), Connective Tissue
Biology: Integration and Reductionism, Portland, London, pp. 95-124.

85. Brown E, et al. (2003) Dynamic imaging of collagen and its modulation in
tumors in vivo using second-harmonic generation. Nat Med 9(6):796-800.

86. Binder C, et al. (2004) Elevated concentrations of serum relaxin are associ-
ated with metastatic disease in breast cancer patients. Breast Cancer Res Treat
2004(87):157-166.

87. Hong Z, et al. (1995) Enhanced adeno-associated virus vector expression
by adenovirus protein-cationic liposome complex. Chinese Med | 108(5):
332-337.

88. Anwer K, et al. (2004) Peptide-mediated gene transfer of cationic lipid/
plasmid DNA complexes to endothelial cells. ] Drug Target 12(4):215-221.

89. Yuan X, et al. (2003) Lipid-mediated delivery of peptide nucleic acids to pul-
monary endothelium. Biochem Biophys Res Comm 302(1):6-11.

90. Sauer |, et al. (2005) An apolipoprotein E-derived peptide mediates uptake of
sterically stabilized liposomes into brain capillary endothelial cells. Biochem
44(6):2021-2029.

91. Nikol$5,etal. (2002) Local perivascular application of low amounts of a plasmid
encoding for vascular endothelial growth factor (VEGF165) is efficient for
therapeutic angiogenesis in pigs. Acta Physiol Scand 176(2):151-159.

92. Monsky WL, et al. (1999) Augmentation of transvascular transport of macro-
molecules and nanoparticles in tumors using vascular endothelial growth
factor. Cancer Res 59(16):4129-4135.



Case 1:05-cv-12237-WGY Document 323-13  Filed 03/19/2007 Page 12 of 31

Influence of Tumor Physiology on Delivery of Therapeutics 35

93. Salnikov AV, et al. (2005) Inhibition of TGF-beta modulates macrophages and
vessel maturation in parallel to a lowering of interstitial fluid pressure in
experimental carcinoma. Lab Invest 5(4):512-521.

94. Kristensen CA, et al. (1996) Reduction of interstitial fluid pressure after TNE-
alpha treatment of three human melanoma xenografts. Br ] Cancer 74(4):
533-536. _ ’ |

95. Taghian A, et al. (2005) Paclitaxel decreases the interstitial fluid pressure and
improves oxygenation in breast cancers in patients treated with neoadjuvant
chemotherapy: Clinical implications. J Clin Oncol 23(9):1951-1961.

96. Kristjansen PE, Boucher Y and Jain RK (1993) Dexamethasone reduces the
interstitial fluid pressure in a human colon adenocarcinoma xenograft. Cancer
Res 53(20):4764-4766.

97. Leel, et al. (1994) Changes in tumour blood flow, oxygenation and interstitial
fluid pressure induced by pentoxifylline. Br | Cancer 69(3):492-496.

98. Emerich DF, et al. (2001) Bradykinin modulation of tumor vasculature: II.
Activation of nitric oxide and phopholipase A;/prostaglandin signaling
pathways synergistically modifies vascular physiology and morphology to
enhance delivery of chemotherapeutic agents to tumors. | Pharmacol Exp Ther
296(2):632-641. |

99. Griffon-EG, et al. (1999) Taxane-induced apoptosis decompresses blood ves-
sels and lowers interstitial fluid pressure in solid tumors. Cancer Res 59:3776—
3782. ‘

100. Pietras K, ef al. (2002) Inhibition of PDGF receptor signaling in tumor stroma
enhances antitumor effect of chemotherapy. Cancer Res 62:5476-5484.

101. Peters CE, Chaplin DJ and Hirst DG (1997) Nicotinamide reduces tumour
interstitial fluid pressure in a dose- and time-dependent manner. Br | Radiol
70:160-167.

102. Rubin K, et al. (2000) Lowering of tumoral interstitial fluid pressure by
prostaglandin E(1) is paralled by and increase uptake of (51) Cr-EDTA. Int
J Cancer 86(5):636—643.

103. Ansiaux R, et al. (2005) Thalidomide radiosensitizes tumor through early
changes in the tumor microenvironment. Clin Cancer Res 11:743-750. |



Case 1:05-cv-12237-WGY Document 323-13  Filed 03/19/2007 Page 13 of 31

Enhanced Permeability and Retention
(EPR) Effect and Tumor-Selective
Delivery of Anticancer Drugs

Khaled Greish, Arun K. lyer, Jun Fang,
Michio Kawasuji and Hiroshi Maeda

1. Introduction

Research aimed at achieving an effective cure for cancer — a major killer of
humans in many nations — is a great challenge. This effort is reflected in
the immense number of scientific research articles, which numbered more
than 1 million in 2002. In that same year, cancer took the lives of more
than 6.7 million patients throughout the world.! A major focus in cancer
research concerns the unique characteristics of tumor cells or tumor tis-
sues. Understanding of these characteristics will aid development of strate-
gies for selective destruction of abnormal cancer cells without any harm to
patients. Tumor vasculature is an ideal and attractive target for such strate-
gies because it demonstrates more extensive abnormalities than vessels in
normal tissues or organs. For example, it exhibits uniquely different fluid
and molecular transport dynamics to meet an ever-increasing demand for
nutrients and oxygen of the cancer cells.

37
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Among these hallmark characteristicsis the enhanced permeability and
retention (EPR) effect of macromolecular agents in solid tumors, or the EPR
effect, which was described about 20 years ago.>™ By means of the EPR
effects, accumulation of macromolecules at the interstitium of tumor tis-
sues is facilitated. One can take advantage of this macromolecular accumu-
lation, via the EPR effect, for the delivery of polymeric or macromolecular
drugs. EPR effect-based drug design is thus becoming more important for
tumor-selective drug delivery, and the development of anticancer agents
of polymeric or nanosize particles, which are believed to be more effective
~and safer than conventional chemotherapeutic agents, is of great interest.
In this chapter, we briefly discuss the principles and factors involved in
this mechanism, as well as the contribution of various fluid dynamic forces
working across blood vessels in and near tumor tissue.

2. Theory Underlying the EPR Effect

When a tumor reaches a diameter of about 2-3 mm,”® or under hypoxic -
state, it starts to induce formation of its own vasculature, or neovasculature.
In response to an increasing need for a supply of nutrients and oxygen, can-
cer cells influence the host tissue to produce various factors such as vascular
endothelial growth factor (VEGF) [which was initially named as vascu-
lar permeability factor (VPF)], bradykinin, nitric oxide (NO) and hypoxia-
responsive element, and others.””” Also, this induced vasculature in tumor
tissues differs greatly from its counterpart in normal tissues in terms of
microscopic morphology.’¥~1° The defective anatomy, alone or together
with functional abnormalities, results in considerable extravasation of
blood plasma contents. These findings prompted us to investigate the pos-
‘sibility of delivering macromolecular anticancer drugs to tumor tissues in
a selective fashion. For example, 20 yéars ago, we found that Evans blue
dye, which bound with plasma albumin, concentrated selectively in tumor
tissues? (Fig. 1). Other plasma proteins, including transferrin (90 kDa) and
IgG (160kDa), that were labeled with radioisotopes behaved similarly,
whereas smaller proteins such as neocarzinostatin (12 kDa) and ovomu-
coid (29kDa) did not> We named the phenomenon of macromolecule
or microparticle accumulation in solid tumor tissue the EPR effect. Since
then, we have focused our efforts on analyzing the vascular mediators
that facilitate the EPR effect, as well as on influencing the extravasation
(a consequence of the EPR effect), so as to enhance this phenomenon for
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Fig.1 Selective accumulation of Evans blue dye bound to albumin (70kDa) in a
small tumor (a), large tumor (b), and cross-section of the tumor in (b) (c). The depth
of penetration of the dye was showed. The central region of the tumor is necrotic
and avascular, and hence does not facilitate the uptake of macromolecules, because
it is not a growing area (from Ref. 7) (d) shows the accumulation of »I-labeled
N-(2-hydroxypropyl)methacryalmide (HPMA) copolymer in the solid tumor tis-
sues (from Ref. 3). Note that large macromolecules, but not smaller ones, manifest
progressive accumulation.

improved delivery of anticancer drugs, especially macromolecular agents,
as discussed later. During this period, investigations of the EPR effect con-

tinued by use of various biocompatible polymers.32%-2!

3. Anatomical and Pathophysiological Abnormalities
Related to EPR Effect

The density of the vasculatures in many tumors is often higher than that
in normal tissues. The newly developed tumor vessels have abnormally
wide pores between endothelial cells lining the lumina. Davies et al.**
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measured the rate of diffusion of IgG (160kDa) and was estimated to
be 100 wm/hr. A macromolecular anticancer drug, copoly(styrene-maleic
acid)-conjugated neocarzinostatin, or SMANCS (16kDa, also bound to
albtimin) diffuses at about 1mm/hr. In view of the fact that functional
cells can be located as far as 20-30 pwm from tumor blood vessels, one can
understand the easy access of macromolecular drugs to tumor tissue.

Furthermore, tumor vessels were found to lack a smooth muscle layer,
which usually surrounds capillary endothelial cells.®"? In normal blood
vessels, the smooth muscle layer is essential for the proper response to
vascular mediators such as acetylcholine, NO, bradykinin, and calcium,
and hence for maintaining a constant blood flow volume. Vascular medi-
ators cause relaxation of the smooth muscle layer or vasoconstriction, as
a function of smooth muscle constriction. Normal blood vessels have an
amazingly sophisticated system for monitoring the blood supply to healthy
organs such as the heart, brain, liver, and kidney. The vascular smooth
muscle tone is controlled by the autonomic nervous System, as well as
by various vascular mediators, via receptors on smooth muscle cells. The
tonus of the muscles is involved in maintaining a constant blood flow vol-
ume by means of blood pressure and blood flow rate in normal tissues.
Thus, angiotensin II (AT-II)-induced hypertension will cause high blood
pressure (generated by constriction of smooth muscle that leads to a nar-
rowing of vascular diameter) and faster blood flow, but blood flow volume
in the capillaries in normal tissues remains constant.?® This blood flow con-
trol mechanism does not operate in tumor vessels because of the lack of
smooth muscles. Therefore, in the presence of high blood pressure, capil-
laries of tumor tissue show much higher blood flow volume than do those
in normal tissue** (Fig. 2).

In addition to the enhanced permeability, other important relevant
abnormalities include a lack of receptors for vascular mediators, and a
lack of functional lymphatic drainage which is needed for clearing lipidic
or macromolecular particles.? %226 Also, as tumors grow, hypoxia may
result, causing activation of genes responsive to this state, and thus gen-
eration of factors such as hypoxia-induced factor,'®’” VEGF, NO and
others.” " Table 1 summarizes the factors that contribute to the EPR effect
in solid tumors. .

Tumor cells and tissues, as well as surrounding normal cells and espe-
cially leukocytes that have infiltrated the tumor, produce large amounts of
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Fig. 2  Effect of AT-Il-induced hypertension on blood flow volume in (a) normal
organs as represented by the liver and (b) tumor. Other normal organs, including the
brain, bone marrow, and kidney, were also valuated; the tumor used was AH109B
hepatoma in Donryu rats (from Ref. [24]).

angiogenic factors that lead to neoangiogenesis. Most of these angiogenic
factors function as both permeability factors and vasodilators. For instance,
VEGEF is linked to the generation of NO. We have demonstrated exces-
sive production of bradykinin, NO, and prostaglandin in tumors.”#1027
We found that matrix metallo proteinase (MMP) (collagenase), which is
known to facilitate metastasis and angiogenesis to support tumor growth,
also enhances the vascular permeability of solid tumor in mice.”#1425 This
effectis inhibited by many MMP inhibitors.!* NO and superoxide are simul-
taneously generated at sites of inflammation and cancer, and they react very
rapidly with each other to form peroxynitrite, which can activate proMMP
and affect the EPR effect and tumor metastasis.”®

Macrophages play an important role in host defense in mfectlon
and cancer. However, they secrete VEGF and NO, which potentiate
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Table 1 Factors contributing to the EPR effect: anatomical aspects and overpro-
duction of vascular permeability mediators. -

Anatomical Factors

(1) Extensive angiogenesis: High vascular density, irregular formations

(2) Lack of smooth muscle layer: In a hypertensive state, passive opening of gaps
induced by vasoconstrictors, e.g. AT-1I

(3) Microanatomical defect: Wide endothelial gap junctions

(4) Lack of functional lymphatic system: Prolonged retention of macromolecules
after extravasation ‘

(5) Slow venous return

Permeability Mediators

(1) VEGF/(VPF)

(2) Low-molecular-weight mediators: NO, bradykinin, prostaglandins and others

(3) Matrix metalloproteinase (MMP)/ collagenase: Facilitates metastasis; peroxymni-
trite and proteinases also activated (proMMP)

(4) Lack of response to vasoconstrictors (lack of smooth muscle layer, AT-11
receptor) '

angiogenesis and promote tumor growth. Moreover, the thrombin clotting
system is also involved in angiogenesis and tumor progression via multiple
mechanisms, including interaction with and enhancement of VEGE?

4. Augmentation of the EPR Effect in Solid Tumor
by Influencing Vascular Mediators

As discussed earlier, tumor vasculature has irregularities that make it
highly leaky, even for macromolecular plasma components that are not
found in the vasculature of normal tissues or organs. The absence of a
smooth muscle layer means that tumor vessels cannot respond to vasocon-
strictors. Therefore, administration of a vasoconstrictor such as AT-II that
affects normal vessels and increases blood pressure would be expected
to have no effect on tumor vessels. However, hypertension would have
- mechanical effects and cause dilation of tumor vasculature in a passive
manner. Enhanced extravasation would result as discussed below. Indeed,
Hori et al. showed clearly in a window model of solid tumor that some
tumor vessels cannot be seen under normotensive conditions but can when
an AT-II-induced hypertensive state is generated.®® This finding means that
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apparently avascular tumor tissue actually does have vessels but that they
are visible or functional sporadically, e.g. once every 15 min or 25 min, and
that the blood flows in unpredictable directions.>® However, the absence of
smooth muscle in tumor vessels accounted for a three- to five-fold increase
in blood flow volume under conditions of induced hypertension, when sys-
tolic pressure increased from 100 to 160 mmHg by infusion of AT-11.23-3031

With regard to macromolecular agents, deposition of radiolabeled
albumin and SMANCS in the tumor tissues increased two- to three-fold
compared with that in normal tissues.*® This greater delivery of macro-
molecules to tumor tissue was also observed with many solid cancers,
including hepatoma, cholangiocarcinoma, metastatic liver cancer, pan-
creatic cancer, and others, after arterial injection of SMANCS in Lip-
iodol (SMANCS/Lipiodol) under hypertensive conditions induced by
AT-11.33132 In a converse approach, we also utilized vasodilators, such as
the NO-releasing agent isosorbide dinitrate (ISDN; Nitrol), to enhance the
EPR effect via widening the tumor-feeding artery. This result was accom-
plished by infusing ISDN by catheter (31, 32 and unpublished results,
Maeda H, Greish K, et al.).

Itis well known that bradykinin induces intense painand also increases
vascular permeability and that NO promotes angiogenesis.®* Interplay
between bradykinin and other mediators including NO, prostaglandins
(PGs), and VEGF will also lead to angiogenesis. Biosynthesis of PGs par-
ticularly prostaglandin E; via cyclooxygenase isozymes (COX-1 and -2) is
markedly elevated in inflammation and cancer. These increased levels of
PGs can also enhance vascular permeability in solid tumor, as evidenced
by significant suppression of vascular permeability in sarcoma 180 and
other solid tumor models by the COX inhibitor indomethacin and salicylic
acid.”#% We showed that a prostaglandin I, analogue (beraprost sodium)
with a much longer in vivo half-life (about 30 min vs 3 sec for prostaglandin
I;) was useful for the delivery of macromolecules,? although a therapeutic
advantage of beraprost sodium needs to be demonstrated.

We had also reported earlier a significant activation of the bradykinin-
generating cascade in the tumor compartment, and bradykinin was shown
to be involved in the accumulation of malignant ascitic and pleural
fluid.*1%?7 So-called angiotensin-converting enzyme (ACE) inhibitors such
as enalapril and other similar agents can inhibit degradation of bradykinin
in vivo and lead to higher bradykinin concentrations at sites of tumor
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and infection, because of an amino acid sequence homology near the
'C-termini. Consequently, ACE inhibitors did enhance the EPR effect’? %
mediated by either bradykinin or NO. It should be noted that the ACE
inhibitors or prostaglandin I, analogue beraprost, in addition to enhancing
vascular permeability, significantly suppressed blood flow only in tumor
tissue.”’343> It should be remembered that bradykinin is actively gener-
ated only at sites of infection, inflammation and cancer, and not in normal
tissues®?; ACE inhibitors and beraprost have only a slight, if not negli-
gible effect on systemic blood pressure in the normotensive population.
Therefore, increasing the local concentration of bradykinin by means of an
ACE inhibitor, and thereby improving tumor-selective delivery of macro-
molecular drugs should be possible. It should also be mentioned that when
[**Clmethylglucose, a representative low-molecular-weight drug mimic,
was studied, accumulation of this agent in tumor was much less than that
of polymeric drugs and lasted no longer than 10 min.* Such low-molecular-
weight drugs seem to be washed out rapidly into the general circulation
and are excreted via the urine.

5. Relation of Fluid Dynamics in Cancer Tissue
to the EPR Effect

Physiologists have studied fluid dynamics in normal tissue for centuries.
E.H. Starling referred to the constant blood volume between the arterial
end and the venous end of a capillary under normal conditions. In both
normal and tumor vessels, the difference between the hydrostatic and col-
loid osmotic pressures is known to affect the movement of fluid and solutes

“through the capillary vessel wall.2**” In normal human tissue blood vessels, -
the arterial end of a capillary has an average hydrostatic positive pressure
of about 25 mmHg %7 This value drops to about 10 mmHg in the venous
end of the capillary. The interstitial colloid osmotic and hydrostatic pres-
sures remain constant at both arterial and venous ends of the capillary.
This pressure difference facilitates leakage of fluid and nutrients into the
interstitial space at the arterial end of the capillary, and then reabsorption
at the venous end. This continuous translocation of fluid from the arterial
end to the venous end of capillary through the interstitial space, ensures a
continuous supply of oxygen and nutrients for cells, as well as an efficient
removal of metabolic waste products.
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Tumor vessels, however, demonstrate two main differences compared
- with normal vessels. Firstly, significantly enhanced or almost unrestricted
leakage of plasma proteins occurs because of the wide endothelial gap
openings with large pore sizes estimated to be 0.2~0.5 um.?>* Secondly,
the lack of functional lymphatics in tumor tissue, 24253 as described in
an earlier section, would lead to higher interstitial accumulation of macro-
molecules or nanoparticles than in normal tissue because these components
cannot be cleared. As can readily be perceived, the raised interstitial colloid
osmotic pressure would facilitate transfer of low-molecular-weight com-
ponents as well as macromolecules from tumor vesseles into the interstitial
space of the tumor tissues, due to the higher solute level there. Also, the
increased interstitial hydrostatic pressure at the arterial end of the capil-
laries will drive low-molecular-weight components in fluid from the inter-
stitial space into the venous end of the capillaries and back to the luminal
circulation (Fig. 3).

Only the lymphatic system can clear macromolecules, nanoparti-
cles, and lipids in normal tissues, whereas small molecules can move
into and out of blood vessels in both normal and tumor tissues more
freely 232526384942 However, transfer of macromolecules to the luminal
side of blood capillaries does not occur effectively.3%40 Actively divid-
ing tumor cells with accelerated metabolic activity can eliminate low-
molecular-weight waste products via venous return, but the venous return
in tumor tissues was found to be an order of magnitude lower than that
in normal tissue.?** Thus, the impaired lymphatic clearance of macro-

molecules and lipidic components can also account, in part, for the EPR
effect in solid tumors.

6. Implications for Delivery of Drugs to Tumors

In cancer treatment, the concentration of a drug in tumor tissue is of utmost
importance. However, itis not usually possible to achieve a drug concentra-
tion in tumor tissue that is higher than that in plasma by using conventional
anticancer drugs, which are often low-molecular-weight agents without
carriers. However, the EPR effect allowed achievement of anticancer drug
concentrations that were several to 10 times higher in tumor tissue than in
normal tissues or organs. For example, Lipiodol is a lipid contrast medium
and becomes minute particlés after arterial injection. In our experience,
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Fig.3 Diagrammatic representation of vessel structures and transport of various
substances into and out of blood capillaries in normal (a) and tumor (b) tissue.
Leakage of macro molecules and nanoparticles from blood capillaries to tumor
tissues is enhanced but no lymphatic recovery occurs. Furthermore, in tumor tissues
there is no flow of macromolecules back into the blood caplllarles and lymphatic
ducts are absent (from Ref. 40).

injection of SMANCS/Lipiodol into tumor tissue via the tumor-feeding
artery resulted in drug retention for more than several weeks, and the drug
level was 2000-fold higher in tumor tissue than in blood plasma.*##* In this
case, the EPR effect and the first-pass effect work additively. Eventually, the
drug disappeared from the tumor together with degraded tumor tissues.
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Thus, the advent of SMANCS therapy and the discovery of the EPR
effect, which applies to macromolecular anticancer drugs in general,
permitted EPR effect-based anticancer drug targeting to solid tumor in
becoming a reality.>*?4043750 For this type of therapy, the plasma level of
macromolecules, nanoparticles, or lipidic particles (drugs), as expressed by
the area under the concentration curve (AUC), must remain high, prefer-
ably for more than 6 hours. Extravasation of these agents into the tumor
tissue increases progressively with time (in several hours to days), whereas
clearance from tumor does not proceed because of a lack of lymphatic
function. It should be noted that one can maintain a high plasma concen-
tration or AUC for many hours, even with low-molecular-weight agents,
by slow continuous intravenous infusion. However, low-molecular-weight
agents do not exhibit EPR-effect because they can move freely into and
out of blood vessels (capillaries), and the plasma level quickly becomes
quite low because of excretion. Thus, targeting of drug to tumor does not
take place. _

Macromolecular conjugates or particles that contain active drugs of low
molecular weight are usually required, the active principle being released
to react with the molecular target in tumor cells. Therefore, the release rate,
enhanced not only tumor delivery, but become a key issue for the develop-
ment of truly effective anticancer agents. For example, we found that when
SMANCS/Lipiodol is infused via the tumor-feeding artery, it is delivered
to and deposited throughout the tumor but is not cleared quickly (clearance
takes several weeks to months). The concentration of SMANCS adminis-
tered via the artery was 20-30 g /g of tumor tissues even 2-3 months after
injection of 1 mg/ml (SMANCS/Lipiodol), and this remaining activity was
more than 1000 times higher than the minimal inhibitory concentration
against tumor cells (i.e. SMANCS had a minimal effective concentration
below 0.05pg/ml).* Also, SMANCS is itself biologically active without
release from the polymeric matrix. For these reasons, SMANCS therapy is
highly effective.

It should be mentioned that not all tumors are highly vascular; some
appear to be hypovascular or avascular.*® Tumors of the pancreas and the
prostate, for example, are hypovascular. Many avascular tumor tissues such
as the central portion of metastatic tumors demonstrate central necrosis and
circulatory insufficiency. Avascular areas are not growing and need little,
if any, attention.
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The EPR effect functions not only in subcutaneous implanted tumors
- in mouse tumor models, but also in many other tumors such as VX-II
carcinoma implanted in the liver (rabbit); Walker 256 carcinoma which
metastasizes to the omentum in rats; and other metastatic liver and colon
cancers chemically induced in a mouse model, as well as patients given
SMANCS.?1324344 I the clinical setting, visualization of tumior is possible
by use of radioscintigraphy with Ga citrate, a radioactive isotope com-
pound, which binds to transferrin (90 kDa) in blood plasma and selectively
accumulates in the tumor by means of the EPR mechanism.?

The advantage of polymeric drugs with regard to multidrug resistance
has also been discussed.”* The lymphotropic nature of polymeric drugs
discussed previously, is of prime importance for controlling lymphatic
metastasis, which is the cause of many therapeutic failures.>0>*~%’

7. Conclusion

The EPR effect can be considered as a hallmark concept that exploits the
anatomical and pathophysiological defects in the tumor vasculature. It
plays a critical role in more selective delivery of macromolecular anticancer
agents to cancer tissues. Understanding and manipulating the factors con-
tributing to the EPR effect can further improve the selective targeting of
high-molecular-weight biocompatible or nanoparticle anticancer drugs to
tumor. The EPR effect can be enhanced in many ways, such as by using
vascular mediators and by arterial injection to attain concentrations in
tumor tissues that can never be possible with conventional intravenous
chemotherapeutics. With achievement of the targeting of macromolecu-
lar drugs to tumors, the rate of release of free drugs from the composite
becomes the key for successful anticancer therapeutics.v In summary, EPR-
based strategies portend a bright future for cancer chemotherapy.
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Abstract

The term PEGylation defines the modification of a protein, peptide or non-
peptide molecule by the chemical linking of one or more poly(ethylene
glycol) (PEG) chains. PEG is the polymer of choice for drug conjugation,
being non-toxic, non-immunogenic, non-antigenic and highly soluble in
water; all properties that are conferred on the conjugated drugs. The PEG
derivatives have the following advantages: (1) a prolonged residence in the
body due to a reduced kidney clearance, as a consequence of the increased
molecular weight; (2) a decreased degradation by proteolytic enzymes,’
thanks to the shielding effect of the polymer chains; (3) reduction or elim-
ination of protein immunogenicity.

Thanks to these favorable properties, PEGylation now plays animpor-
tant role in enhancing the use and potential of peptides and proteins as
therapeutic agents that, in the native form, often encounter severe limita-
tions in their use. So far, several chemical strategies have been developed
to perform the linking of the polymer to a biologically active molecule,
and a wide range of methods of which a selection is reported here. A clear
demonstration of the potential of PEGylation is the numbers of products
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that have already reached the market or that will soon be available. In
addition to a review of PEGylation methods, this chapter also describes
recent achievements in PEGylation of protein and peptide drugs.

1. Introduction

Research in polymer-protein conjugation had its beginnings in the sixties
through the seventies when dextran was studied as a coupling polymer.
Since then, many studies have been carried out using both natural and
synthetic polymers and suitable chemical strategies for conjugation have
been developed along with the identification of conditions for selective
modification and easy purification as well as tailor-made analytical pro-
cedures. Among all of the polymers studied so far, PEG emerged as the
best candidate for modification, thanks to its uncommon properties that
are conferred on the final conjugate. The most interesting characteristics of
PEG are: (a) the lack of immunogenicity, antigenicity and toxicity; (b) high
solubility in water and in many organic solvents; (c) high flexibility of the
chain and; (d) FDA approval for human use. Many pharmaceutical com-
panies are now looking to this technology to improve their products, most
of them being proteins or peptides (an increasing portion among all drugs
after the human genome sequence release) since PEGylation appears to
be powerful solution to many of their shortcomings. Common limits for
therapeutic application of peptides and proteins are their tendency to pro-
mote an immunological response (in particular when their sequence is not
identical to the human protein); their chemical instability (both in vivo and
in the formulation); and their short body residence time, the last mainly
evident for the low molecular weight peptides. Most of these problems are
overcomed by PEGylation, thanks to the combination of increased molec-
ular weight, coverage or blockage of critical protein’s sites (epitopes or
sequences degraded by enzymes) and the enhanced solubility of the con-
jugates in water. As reported in several articles and reviews (Refs. 1-4),
PEGylation increases the hydrodynamic volume of the molecule so that
the first common positive effect of conjugation is an extended blood resi-
dence time due to reduced kidney clearance. Consequently, the derivatives
need a reduced frequency of administration with respect to the unmod- .
ified drug. Moreover, PEGylated molecules possess increased solubility.
The shielding effect of a PEG chain on specific sites on the protein surface
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Table1 PEG conjugates that are already on the market.

Conjugates | Year to Disease
market
PEG-adenosine deaminase 1990 Severe combined
(Adagen®)?° immunodeficiency disease
(SCID)
PEG-asparaginase (Oncaspar®)21 1994  Acute lymphoblastic leukemia
Linear PEG-interferon «2b 2000 Hepatitis C and clinical trials for
(PEG-Intron®)3377 cancer, multiple sclerosis,
| HIV/AIDS.
Branched PEG-interferon o2a 2002  Hepatitis C
(Pegasys®)34'35
PEG-growth hormone receptor 2002  Acromegaly
antagonist (Pegvisomant,
Somavert®)36
PEG-G-CSF (pegfilgrastim, 2002  Treating of neutropenia during
Neulasta®)> chemotherapy

Branched PEG-anti-VEGF aptamer 2004 Macular degeneration
(Pegaptanib, Macugen™)8 (age-related)

prevents or reduces the expression of immunogenicity and antigenicity, and
enhances stability towards both chemical and enzymatic degradation.>™”
For small drugs, it may yield more convenient biodistribution, selected cel-
lular uptake® 1% and, thanks to a specific linkers or molecules, a controlled
drug release or drug targeting into specific organs or cells."! _

The first application of PEG as a bioconjugation polymer has been pro-
posed in the late 1970s by Professor Frank Davis at Rutgers University."?
Following this pioneering study, large number of drugs with different struc-
ture (proteins, peptides, small molecular weight drugs, polynucleotides)
have been PEGylated, thus creating a new class of drugs,'® some of which
have become blockbuster products. In Table 1, PEGylated products that
have already reached the market are reported.

2. Features of PEG as Bioconjugation Polymer

Raw poly(eth-ylene glycol) is synthesized by ring opening polymeriza-
tion of ethylene oxide. The reaction is initiated by methanol or water,



