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Abstract:

Artificid cells are prepared in the laboratory for medical and biotechnologica
aoplications. The earliest routine dlinical use of artificia cdlsisin the form of coated
activated charcod for hemoperfusion. Implantations of encapsulated cdlls are being
studied for the trestment of diabetes, liver failure and the use of encapsulated geneticaly
engineered cdllsfor gene therapy. We recently found thet daily oraly administered
artificia cdl containing ageneticaly engineered microorganism can lower the elevated
urealeve in uremic rats to norma levels and increase the surviva of the animdl.
Furthermore, this can remove potassium, phosphate, uric acid and other waste metabolite
from uremic plasma Blood substitutes based on modified hemoglobin are dready in
Phase 11 dinicd tridsin patients with as much as 20 units infused into each patient
during traumasurgery. Artificid cdls containing enzymes are being devel oped for
clinicd trid in hereditary enzyme deficiency diseases and other diseases. Artificd cdl is
aso being invedtigated for drug delivery and for usein other usesin biotechnology,
chemica engineering and medicine.

I ntroduction

Artifidd cdl evolves from Chang's attempts to prepare artificia structures for possible
replacement or supplement of deficient cell functions[1-5]. Like naturd cells,
biologicaly active materids ingde the artificid cells are retained and prevented from
coming into contact with external materids like leucocytes, antibodies or tryptic
enzymes. Molecules smdler than protein can equilibrate rapidly across the ultrathin



membrane with large surface to volume rdationship. A number of potentid medica
goplications usng atificid cells have been proposed [2-5]. Thefirst of these developed
successfully for routine dinical useis hemoperfuson [6]. After initid clinicd trallsin the
form of coated activated charcod hemoperfusion for poisoning, kidney failure, and liver
falure[6], itisnow inroutine dinical uses[7]. Thisreview will highlight some examples
of the increasaing interests in the biotechnologica gpproaches of artificia cdlsfor dinical
gpplications. Some exciting recent developmentsinclude research and clinicd tridson
modified hemoglobin for blood subgtitutes; the use of atificiad cdls for enzyme therapy,
cdl thergpy and gene therapy [8]. The use of ord artificid cells containing geneticaly
engineered cdlsin uremiais anew area of potentid interest to nephrologists.

Artificial cells containing enzymesfor inborn errorsof metabolism and other
conditions

Chang and Poznanksy have earlier implanted artificid cdls containing catdase into
acataesemic mice, animals with a congenitd deficiency in catdase [9]. Thisreplacesthe
deficient enzymes and prevented the animas from the damaging effects of oxidants. The
atificd cdls protect the enclosed enzyme from immunologica reactions[10]. Chang
aso showed that artificid cdlls containing asparaginase implanted into mice with
lymphosarcoma delayed the onset and growth of lymphosarcoma[11]. The single
problem preventing the clinica goplication of enzyme artificid cdlsisthe need to
repeatedly inject these enzyme atificid cdls. To solve this problem, Bourget and Chang
found that microencapsulated phenylaanine anmonialyase given ordly can lower the
elevated phenyldanine levels in phenylketonurig] PKU] rats [12]. Thisis because of our
more recent finding of an extersive recycling of amino acids between the body and the
intestine[13]. Thisisnow being developed for clinicd trid in PKU [14]. In addition to
PKU other examples include the remova of tyrosine in tyrosnemia or melanoma, the
remova of glutamine or asparagine in other cases. We are encouraged in this ordl
gpproach because of our preliminary clinica testing of oral microencagpsulated xanthine
oxidase as experimentd thergpy in Lesch-Nyhan Diseasg[15].

Artificial cellsencapsulated cellsfor cell therapy

Chang et d reported the encapsulation of biologica cellsin 1966 based on a drop method
and proposed that "protected from immunologica process, encapsulated endocrine cells
might survive and maintain an effective supply of hormone”’ [35]. Limand Sun

devel oped this drop-method by using milder physica crosdinking [16]. Thisresulted in
aginae-polylysne-aginate [APA] microcapsules containing cdls. They show that after
implantetion, the idetsindde artificia cells remain viable and continued to secrete

insulin to contral the glucose levels of diabetic rats. Many groups are now developing

cdl encgpsulaion for cdl thergpy. Thisincdudes artificid cdls containing endocrine
tissues, hepatocytes and other cdlls for cdl therapy [8,17-21]. Implantation of
microencapsulated genetically engineered cells has been reviewed recently [21]. This has
been studied for potentia applications in amyotrophic latera sclerosis, Dwarfiam, pain
trestment, 1gG;  plasmacytos's, Hemophilia B, Parkinsonism and axotomized septal
cholinergic neurons.



The promising results of implantation of encapsulated cells require further devel opments
especidly to improve the long term biocompatibility for implantation. 1n the meantime,
severd groups are looking into other configurations and other sites of action for more
immediately dlinica applications. For example, Aebischer et d’singenious use of
capillary fiber to encapsulate cells has dlowed his group to implant cdls followed by
retrieval and re-implantation in dinicd trids[22]. In those conditions where larger
amount of cells are needed, e.g. idets and hepatocytes, other approaches have been
developed. Thus, Humes group uses “encapsulated” rena tubule cells with capillary
fibresfor a*“bicartificia kidney’[19]. Dimetrious et a [19] are testing hepatocytes
“encapsulated” in acapillary fiber device [19] in series with a encapsulated charcod
hemoperfusion device for liver falure patients [19]. Because of long-term blood
compatibility problems, both of these can only be used in acute conditions. Another
gpproach isusing oral adminigtration as described below

Doesorally administered artificial cells containing genetically engineered cells have
arolein uremiatherapy?

Advancesin molecular biology have resulted in the availability of nonpathogenic
geneticaly engineered microorganisms that can effectively use uremic metabolites for
cdl growth. Prakash and Chang therefore studied the ord use of microencapsulated
geneticdly engineered nonpathogenic E.coli DH5 cdls containing Klebsidla aerogenes
uresse genein rend falure rats[23-25].

Red Blood Cell Substitutes

Polyhemoglobin as blood substitutes: Native hemoglobin [tetramer], bresks down into
haf molecules [dimerg after infusion causing rend toxicity and other adverse effects.
Chang has extended his origina approach of artificid cells containing hemoglobin and
enzymeq1,2] to form polyhemoglobin —amolecular verson of atificid cells Thisis
based on the use of bifunctiona agents like diacid [2,4] or glutaraldehyde [35] to
crosdink hemoglobin molecules into polyhemoglobin. This gluataradehyde crosdinked
polyhemoglonin gpproach has been extensively developed more recently [36-41].
Polyhemoglobin congsting of 4 to 5 hemoglobin molecules stays longer in the circulation
and they do not breakdown into dimers. One exampleisthe recent report by Gould et d
on their ongoing dinica trids using pyridoxdated glutara dehyde human

polyhemoglobin in trauma surgery. They show that this can successfully replace blood
loss by maintaining the hemoglobin level with no reported side effectd37,38]. More
recently, they have infused up to 20 unitsinto individud trauma surgery patients. (2002
Sept update: Gould et d has published their Phase |11 clinicd trid results for trauma
surgery in the 2002 July issue of J. American College of Surgeons. Biopure's

glutaral dehyde crosdinked bovine hemoglobin has been approved for human usein
South Africain April 2001) An o-raffinose polyhemoglobin has dso been developed.

Polyhemoglobin containing catalase and superoxide disumutase: The present
polyhemoglobin shows promise especidly for perioperative uses asin hemodilution,
replacement of extensive surgica blood loss and other conditions with no potentials for
ischemia-reperfusion injurieg 40]. However, polyhemoglobins do not contain red blood



cdl antioxidant enzymes like catalase and superoxide dismutase. Thus, for the
resuscitation of sustained severe hemorrhagic shock or in reperfusion of ischemic organs
asin stroke or in organ trasnplantation, the use of polyhemoglobin may resultin
ischemia-reperfuson injuries[43]. D’ Agnillo and Chang have therefore studied the
crosdinking of superoxide dismutase and catd ase with polyhemoglobin to form PolyHb-
SOD-CAT [44]. We found that when compared to polyhemoglobin, PolyHb-SOD-CAT,
sgnificantly decrease the rlease of heme and iron from hemoglobin and aso effectively
removes oxygen radicas [44,45]. Reperfuson sudiesin arat modd of intestind

ischemia, shows that PolyHb-SOD-CAT reaulted in negligible increase in oxygen

radicals, unlike the high level that resulted from reperfusion using polyhemoglobin [46].

Recombinant human hemoglobin: Although polyhemoglobin isin the most advance
gages of clinicdl trid, there are other modified hemoglobins [40,41, 47-49]. Unlike
polyhemoglobin these are Single tetrameric hemoglobin formed by intramolecular cross-
linkage [50,51] or recombinant human hemoglobin [52,53]. Clinicd trias on these show
vasoactivities and other effects of nitrate oxide remova [51,53]. Lemon’s group [54] has
therefore devel oped a new recombinant human tetrameric hemoglobin with markedly
decrease afinity for nitric oxide [54]. When infused into experimenta animals, this did
not cauise vasoactivity.

Other new generations of modified hemoglobin blood substitutes: Polyhemoglobin stays
in the drculation with a hdf-time of only up to 27 hours. In order to increase this
circulation time, Chang's origind idea of acomplete artificia red blood cdl [1,2] isnow
being developed as third generation blood subdtitute. Thus submicron lipid membrane
microencapsulated hemoglobin [55] is being explored especidly more recently by the
group of Tsuchidain Japan [49] and Rudolph inthe U.S.A.[48]. The U.S. group has
modified the surface properties to result in a circulation haf-time of about 50 hours [56].
Chang and Y u are developing a new system based on biodegradable polymer and
nanotechnology resulting in polylactide membrane hemoglobin nanocapsules of about
150 nanometre diameter [57-61]. Thisisamdler than the lipid-vesicles and contains
negligible amounts of lipids. We have included superoxide dismutase, catdase and dso
multienzyme systems to prevent the accumulation of methemoglobin. The circulation
timeis double that of polyhemogobin

Generd:

The above review contains a very brief overview of thisrather large area. For more
gpecific details, please refer to the references given including those published recently
from here (62-65). Artificid CellsBiotechnology isarapidly evolving areaand rapidly
updating can be found at our McGill University website: www.artcell.megill.ca

Acknowledgements



The supports of the Medical Research Council of Canada, now Canadian Indtitute for
Health Research, the “Virage” Centre of Excellence in Biotechnology from the Quebec
Ministry and other sources of support are dl gratefully acknowledged.

BIBLIOGRAPHY::

wWn

10.

11.

12.

13.

14.

15.

16.

Chang TMS. Hemoglobin corpuscles. Research Report for Honours Physology,
Medica Library, McGill Universty 1957. (reprinted in Biomat. Artif Cdls Artif
Organs 1988;16:1-9)

Chang TMS: Semipermeable microcapsules. Science 1964;146:524-525.

Chang TMS, Macintosh FC, Mason SG: Semipermesble agueous microcapsules. |.
Preparation and properties. Can. J. Physiol. Pharmacol. 1966;44:115-128.

Chang TMS. Semipemesble agueous microcapaules ["atificid cdls]: with
emphasis on experiments in an extracorpored shunt system. Trans Am Soc Artif
Intern Organs 1966;12:13-19.

Chang TMS: Artificid Cdls. Springfield:C.C. Thomas Publisher, 1972.

Chang TMS. Microencepsulated adsorbent hemoperfuson for uremia, intoxication
and hepatic faillure. Kidney Int. 1975;7:S387-S392.

Winchester J+. Hemoperfuson; in Maher J- [ed]: Replacement of Rend Function
by Didyss. Boston: Kluwer Academic Publisher, 1988, pp439-592

Chang TMS Artificid Cels "Encycopedia of Human Biology" [2nd Edition]. San
Diego,CA. Dulbecco, Rendo [editor-in-chief], Academic Press, Inc., 1997, pp457-
463.

Chang TMS, Poznansky MJ Semipermesble microcapsules containing catdase for
enzyme replacement in acatal seemic mice. Nature 1968;218[5138]:242-245.

Poznansky MJ, Chang TMS. Comparison of the enzyme kinetics and immunologica
properties of catdase immobi lized by microencepsulation ad catadase in free
solution for enzyme replacement. Biochim Biophys Acta 1974;334:103-115.

Chang TMS The in vivo effects of semipermegble microcapsules containing
L-asparaginase on 6C3HED lymphosarcoma. Nature 1971;229[528]:117-118.

Bourget L, Chang TMS: Phenyldanine ammonia-lyase immobilized in microcapsules
for the depleture of phenyldanine in plasma in phenylketonuric rat model. Biochim.
Biophys. Acta. 1986;883:432-438.

Chang TMS, Bourget L, Liser C: New theory of enterorecirculation of amino acids
and its use for depleting unwanted amino acids usng ord enzyme-atificid cedls as
in removing phenyldanine in phenylketonuria. Artificia Cdls, Blood Subditutes &
Immobilization Biotechnology 1995;25:1-23.

Sarkissan CN, Shao Z, Blain F, Peevers R, Su H, Heft R, Chang TMS, Scriver CR: A
different approach to trestment of phenylketonuria phenyldanine degradation with
recombinant phenyldanine ammonia lyase. Proceedings Nationd Academy of
Sciences 1999;96:2339-2344.

Pamour RM, Goodyer P, Reade T, Chang TMS. Microencapsulated xanthine oxidase
as experimenta thergpy in Lesch-Nyhan Disease. Lancet 1989;2[8664]:687-8.

Lim F, Sun AM: Microencapsulated idets as bioartificid endocrine pancreas. Science
1980;210:908-909.



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Chang TMS. Artificid cdls with emphass on bioencgpsulation in biotechnology.
Biotechnology Annud Review 1995;1:267-295.

Kulitreibbez WM, Lauza PP, Cuicks WL [eds]: Cdl Encapsulation Technology and
Therapy. Boston: Burkhauser, 1999.

Hunkeler D, Prokop A, Cherington AD, Rgotte R, Sefton M. [edd]: Bioatificid
Organs A: Technology, Medicine and Materid, Ann. N.Y. Acad.Sci, 1999, volume
875; Acad. Sci, 831:271-279.

Dionne KE, Can BM, Li RH, Bdl WJ, Dohety EJ, Rein DH, Lysaght MJ, Gentile
FT: Trangport characterizetion of membranes for immunoisolaion, Biomaterids
1996;17:257-266.

Chang TMS, Prakash S Thergpeutic uses of microencapsulated geneticaly
engineered cells. Molecular Medicine Today 1998;4:221-227.

Aebischer P, Schluep M, Deglon N, Joseph JM, Hirt L, Heyd B, Goddard M,
Hammang JP, Zurn AD, Kao AC, Regli F, Baetge EE: Intrathecad delivery of CNTF
usng encgpaulated geneticdly modified xenogenec cdls in  amyotrophic laterd
sclerosis patients, Nat. Med. 1996;2:696-699.

Prakash S, Chang TMS. Microencapsulated geneticaly Engineered live E. coli DH5
cdls adminigered ordly to mantan normd plasma urea level in uremic ras. Nature
Medicine 1996; 2 [8]:883-887.

Chang TMS, Prakash S Artificid cdls and geneticaly engineered microencapsulated
for E. coli cdls for urea and ammonia removd: "Methods in Molecular Biology:
volume on Expresson and Detection of Recombinant Gene' Series, Humana Press,
USA 1996 Chapter23:343-357

Prakash S, Chang TMS. Preparation and in-vitro andyds of Engineered E. coli DH5
cdls, microencepsulated in  atificd cdls for urea and ammonia removd.
Biotechnology and Bioengineering 1995;46:621-626.

Chang TMS. Microcgpsule atificdd kidney:  including updaied preparative
procedures and properties. Kidney Int 1976;10:S218-S224.

Kjellsrand C, Borges H, Pru C, Gardner D, Fink D: On the clinicd use of
microencapsulated  zirconium phosphate-urease for the treatment of chronic uremia
Trans. Am. Soc. Artif. Intern. Org. 1981;27:24-30.

Prekash S, Chang TMS: Growth kinetics of genetically engineered E. cli dh 5 cdlsin
atificd cdl apa membrane microcgpsules prdiminary report Artif Cels, Blood
Subgtitutes & Immob. Biotechnology, an internationd journa 1999;27[3]:291-301.

Prakesh S, Chang TMS:. Artifidd cdl microcgpsules contaning geneticaly
engineered ecoli dh5 cdls for invitro lowering of plasma potassum, phosphate,
magnesum, sodium, chloride, uric acid, cholesterol, and credinine a preiminary
report. Artif Cels, Blood Subgitutes & Immob. Biotechnology, an internaiond
journa 1999;28:5-6,475-482

Prakash S, Chang TMS. Growth and surviva of rend failure rats that received ord
microencgpsulated geneticdly engineered E. coli DH5 cdls for urea removd.
Biomat. Artifi. Cellsand Immob. Biotech., an Internationa Journal 1998;26[in press).
Chang TMS; Live E. coli cdls to trestment uremia replies to letters to the editor.
Nature Medicine 1997;3:2- 3.

Setala K, Heinonen H, Schreck-Purla, L: Ingesion of lyophilized soil bacteria for
dleviation of uremic symptoms. IRCS Med Sci Nephrol Urol 1973;73:35



33. Wrong OM, Edmonds CJ, Chadwick VS [eds]: The large Intestine, Lancaster, MTP
Press. 1981.

34. Friedman EA: Bowe as an atificid kidney. Am. J. Kidney Dis.1996,28:521-528.

35.Chang TMS. Sabilization of enzyme by microencgpsulation with a concentrated
proten solution or by crosdinking with glutarddehyde. Biochem Biophys. Res Com
1971;44.1531-1533.

36. Dudzisk R, Bonhard K: The development of hemoglobin preparations for various
indications. Anesthesist 1980;29:181-187.

37.Gould SA, Moore FA e d.. the fird randomized tird of Human polymerized
hemoglobin as a Blood Stubditute in Acute Trauma and Emergent Surgery. J. Am
College of Surgeons 1998;187:113-120

38. Gould SA, Sehgd LR, Sehgd HL, DeWoskin R, Maoss GS. The dinica development
of human polymerized hemoglobin; in Chang TMS [ed]: Blood Subditutes:
Principles, Methods, Products and Clinicd Trids. Karger: Basdl, 1998, Vol.2, ppl2-
28.

39. Pearce LB, Gawryl MS. Overview of preclinicd and dinica efficacy of Biopure's
HBOCs, in Chang TMS [ed]: Blood Subgtitutes: Principles, Methods, Products and
Clinicd Trials Karger: Basdl, 1998, Val.2, pp82-98.

40. Chang TMS: Blood Subdtitutes Principles, Methods, Products and Clinical Trids.
Vol.1 Karger, Basdl, 1997.

41. Chang TMS: Artificid Blood: a prospective. Trendsin Biotechnology 1999;17:61-67.

42. Adamson JG, Moore C: Hemolink ™, an o-Raffinose crosdinked hemoglobin-based
oxygen carrier; in Chang TMS [ed]: Blood Substitutes: Principles, Methods, Products
and Clinica Trids. Karger: Basd, 1998, Val.2, pp62-79.

43. Chang TMS [ed]: Is there a need for blood subditutes in the new millennium and
what can we expect in the way of safety and efficacy? Artif Cdls, Blood Subgtitutes
& Immob. Biotechnology, an internationd journd 2000;28[ 1]:i-vii.

44. D’Agnillo F, Chang TMS. Polyhemoglobin-superoxide dismutase, catdlase as a blood
substitute with antioxidant properties. Nature Biotechnology 1998;16[7]:667-671.

45. D'Agnillo, F, Chang TMS. Absence of hemoprotein-associated free radicd events
folowing oxidat chdlenge of crosdinked hemoglobin-superoxide —dismutase
catalase. Free Radica Biology & Medicine 1998;24]6]:906-912.

46. Razack S, D'Agnillo F, Chang TMS. Effects of Polyhemoglobin-catalase-superoxide
dismutase on oxygen radicds in an ischemia-reperfuson ra intestind mode.
Artificid Cdls, Blood Subgitutes and Immobilization Biotechnology 1997;25:181-
192.

47. Window RM, Vandegriff KD, Intaglietta M [eds]: Blood Subditutes. indudrid
opportunities and medicd chdlenges. Boston: Birkhauser, 1997.

48. Rudolph AS, Rabinovici R, Feuerstein GZ [eds]: Red Blood Cdl Substitutes. N.Y.,
Marcel Dekker, Inc., 1997.

49. Tsuchida E [ed]: Blood Subditutes Present and Future Perspectives. Amserdam:
Elservier, 1998.

50. Bunn HF, Jandl JH: The rend handling of hemoglobin. Trans Assoc Am Physcians
1968;81:147.



51

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

Nelson DJ Blood and HemAssst'™™ [DCLHb]: Potentidly A complementary
thergpeutic team; in Chang TMS [ed]: Blood Subgtitutes: Principles, Methods,
Products and Clinica Trids. Karger: Basd, 1998, Vol.2, pp39-57.

Hoffman SJ, Looker DL, Roehrich IM et d.: Expresson of fully functiond tetrameric
human hemoglobin in escherichia coli. Proc. Natl. Acad. Sci. USA, 87:8521-8525,

Freytag JW, Templeton D: “OptroTM [Recombinant Human Hemoglobin]: A
Thergpeutic for the Delivery of Oxygen and The Restoraion of Blood Volume in the
Treastment of Acute Blood Loss in Trauma and Surgery”; in Rudolph AS, Rabinovici
R, Feuerstein GZ [Eds: Red Cdl Subditutes; Basc Principles and Clinicd
Application, New Y ork: Marcel Dekker, Inc., 1997, pp325-334.

. Doherty DH, Doyle MP, Curry SR, Vdi RJ, TJ Fattor, Olson JS, Lemon DD: Rate of

reection with nitric oxide determines the hypertensve effect of cel-free hemoglobin.
Nature Biotechnology 1998;16:672-676.

Djordjevich L, Miller IF. Synthetic erythrocytes from lipid encgpsulated hemoglobin.
Exp Hematol 1980;8:584.

Philips WT, Klpper RW, Awasthi VD, Rudolph AS, Cliff R, Kwasborski V V,
Goins, BA: Polyethylene glyco-modified liposome-encapsulated hemoglobin: a long
circulating red cdl subgtitute. J. Pharm. Exp. Therapeutics 1999;288:665-670

Yu WP, Chang TMS: Submicron polymer membrane hemoglobin nanocapsules as
potentid blood subgtitutes: preparation and characterization. Artificid Cedls, Blood
Subgtitutes & Immobilization Biotechnology, an internationd journa 1996;24:169-
184.

Chang TMS and Yu WP. Nanoencapsulation of hemoglobin and red blood cell
enzymes based on nanotechnology and biodegradable polymer; in Chang, TMS [ed]:
Blood Substitutes: Principles, Methods, Products and Clinicd Trids. Karger: Basd,
1998, Val.2, pp216-231.

CHANG TMS (2002) Oxygen Carriers. Current Opinion in Investigational Drugs,
3(8): 1187-1190

CHANG TMS (2003) New Generations of Red Blood Cedl Substitutes. Journal
Internal Medicine 253:527-535

CHANG TMS, POWANDA D & YU, WP (2003) Andysis of polyethylene-glycol-
polylactide nano-dimengon atifica red blood cdls in mantaning sysemic
hemoglobin levels and prevention of methemoglobin formation. Artif Cedls, Blood
Subdtitutes & Biotechnology, an internationa journa, 31 (3) 231-248

LUI ZC, CHANG TMS (2003) Coencapsulation of Stem Sells and Hepatocytes. In
Vitro Converson of Ammonia and Invivo Sudies on the Lowering of Bilirubin in
Gunn Ras after transplantation. Interantional Journal of Artificial Organs 26 (6):
491-497

CHANG TMS (2003)Artificid cdls for replacement of metablic organ functions.
Artif Cels, Blood Subdtitutes & Biotechnology, an internationa journd, 31 (2):151-
162.

. ORIVE G, HERNANDEZ RM, GASCON AR, CALAFIORE R, CHANG TMS ¢ 4

(2003) Cdl encapsulation: promise and progress. Nature Medicine 9:104-107

YU BL, CHANG TMS (2002) In-vitro kinetics of encgpsulated tyrosnase. Artificid
Cdls, Blood Subgtitutes & Immaob. Biotechnology, an internationd journd 30: 533-
546






