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whersas no§ blnod L-upantman netivity appnnd a!nr 1.9 lnhet!.on o! ="

asparaginase mlerocapauln (uo. . "aody" L—;opgn;!.n se hvch hu vu-y

vapidly afcer mcction of As but not I!t.t ’m. AN \nn no lcnnt Phﬂhlog—

-

ically active m—yivo after 8 days poat: mg ection, ‘robably bneauu o!«i

‘decreased parmeability ot 'thu nicrocapaulaes. «\N' 1nu!.ntd | nro phm

‘\,1

L-asparagine coneuntuuon ‘for a ugnim;antly lou;ir pnr:lod of u\u E\\m the
equivalent dose of AS. AN Nere more cttoetivc qhm AS &n induqina cmhu i
ngnnioi'\ of estahlished 6C3KED lyapl\onreon in mn—imniml mice. Rowaver,

both AM an%s /ost .
L-~asparaginase serum inhibited thc catalyeic acc\(v“t? of AS huc aot m. In

eir antitusor activity in !,un\mhud nict. ) In-vitro, ;ntt;f

/
ismunized nice, mich 1éwar levala of L-asparaginase activuy vere nuyid in /
the "body" and in the blood aftcr mdtct:lon of AS, a3 comrqd to non-:l.umnhtd

mice. ' Blood L—a/qéu‘aimn activity was clund nucr iotc upidly n.o.

Noithor AS ner

could 1ovnr “the plasm- L—upnqim ecuccnfntion ounlncmtly.
dthough the." ody“ L;;npuqimu levels remained hi;h for up to 2 daya atu:
\ ¥

1:0-7&:1“ o! I ‘t{th the aid of Brwlnia cirotovora L-npauxi.mn. !utt:het
studiu were arr,hd out to examine possible mechanisas that my aeco\mt. !or

these obnw tiops in ixmmind nice. 7\ <0
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Chn du;ourh ;\on-:lnunuin. no\n ayons. p:a obsarver I‘q:pniuon _ ;

dl\\t h nn; dc nivnux ainm.eatih dlactivicd dc Lvupuuimu apris .
uucction 1ntnp¢ruonnh d‘\mi nlunon( l.-nparuimu (8A), aoua K
7yn‘ai‘von-u cependant mti me\m(i activicd amumc de L-asparaginase cpr\o
m -etion intnpiruonhh dt\ncggaptuhl de Lrasparaginase m)\hu \

4 ﬁaux “aomtiqun“ de la L-npa:uimn ont npidmnt dininué nprh i.njcction

do SA. gcpmdant on t'a pas noté la nt;n variation Aprh injection de MA, .

I 2

Rui\t jours aprld 1'1\\1¢c:ion. XA’ ne pou‘dumt pl.un aucune activicé
‘phyniolos‘iqyu tn vivo, ‘pmbablmnt 3 cause d'une pu-hbdintl dintnube des
'nicrocqpfulng ]Nl m\inthnm‘nt 16'!.-‘””“;1:'\. A-des concentrations plas-
"u::l"q'un &zaiio i afro "dunm: une piriocin de temps significativement plus
longua quu ne la h!.t SA l dn :aux nnbhblu. NA ont }iti plus effactives
que SA d{ma l'induction a’ une r&anuion complite de Lymphosarcomes 6CIHED
‘ptouvh chez law ho\n‘h non-eimunhln. cgpmdmt. chaz les souris immunisées,
ln deux, MA et SA, ont p.rdu hut activit&/mtitmonh. Ir vitro, un

stum antbl.-upan(simu :lnh:bo l‘ncuviti catalytique de SA wmaia non celle:
dea NA, Ghn les acutu imm\htn. par oppoaition, aux risultats obtenus cher
les Mn-imuuuiu. -apras mjcc:!.on de SA, M\ retrouva dn tth bn niveaux °
d‘aetiviti sanguine at "auntiqu.“ de L-mapa\tuimn. - L'activicd de la L-
' amtud.mu s'est ngativé beaucoup plua ;npidcun\: ausal chez ces mlues

‘ {; . . [ . e :
souris !anunhh Quoique lea taux “"somatiques" de L-~ssparaginase soient

. dmutit &hv&u j(l/)fl deux joun -apris injection desd NA, ni SA ou WA n‘mxt pu

diminuer significativement la concentration phmtiqm de la L-asparagine.
Avec l'aide de }1; L-ajparaginase de Brwinia carotovora, d'mttn $tudes furent
_eatreprises afin d'exaniner les wécanismes possibles ‘xpnqmt les odservations:

obtenuss chez les souris immunisSes. ‘
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In this thesis, I have taksn advantage of the option provided by

n

section 4.2.7. (h) of the regulations of the Faculty of Graduate Studies
and Research that allows the candidate to present his thesip in the fora of
original papers which would be auitl&le for submission for publication.
Chapter II was submitted for p‘ublicnt:}on in May 1973, and has already been
published by the journal, Enzyme (Volume 18:218 - 239, 1974). Chapters III
and IV have been written in somewhat more datail to comply with usual thesis
B requirements. These latter two chapters in appropriately ified form will
be submitted shortly for publication. Appendiceas have been added to Chapters
1I, III and IV, wherever it is believed that they will be of value to the

reader, Since Chapters II, III and IV were written as separata articles,

there i{s of necessity some degree of repetitior—in the text, qf}
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The treatment of cmcu: by chemotherapy is based on tho“'f\m—
dunr\\t'al premise that cancar cells differ in some M)i from normal cells,
and thus can be destroyed by chemicals which will be less toxic to nor-
mal cells. The demonstration ‘thlt some cancers, wost notably chorio-
carcinoma and Burkitt's 1yni>hon. can be cured by chemotherapy provides
definitive proof that this basic premise is a valid one. Successful
chemotherapy to date, however, has not l;un qualitatively specific for
tumor cells, but is based largely on quantitative differences betwean
tumor cells and normal eg).h. for example the more rapid growth of
some tumor cells. As an unfortunate corollary of thglq, normal tissues,
such as Jthose of the bone marrow, lymphatic aystem, gastrointestinal
epithelium, akiﬁ, and hair, that:‘)uho have a‘high growth fraction are
also susceptible to the cytotoxic effects of most of the currently used
anticancer drugs. .

The discovery of the tﬁcupeutic effects of the snzyme i.-q-
paraginasa rapresents one of the nmr-t approaches to aue‘cnrin thc'-
search for an _cxploii:able. qualitative, watabolic diffuunce batwesn
norsal 7mdt neoplastic cella. It was proposed that n(},iniotration of
L~asparaginase would result in selective -tatv\‘ation of tumor cells by

N / )
depleting their exogenous supply of L-asparagine upon which the tumor

cells have an absolute nutritional dependence. At tha same time, nor- ~

nal tissues Qould be spared because they, in contrast to theses tumor

cells, are co.pab.le of ayanthesizing sufficient quantities of endogencus

- \




L-asparagine wvhich is normally considered to be a non~sssential amino
acid. The reaction of cancer chemotherapists to the potential of .
L—‘:pausimse 48 an antitumor agent- was appropriately summed up

by Zubrod (1) who wrote in 1970, "“the exlitnmt generated over the
early announcements (of the therapautic activity of L-asparaginase)
was greater than for any other antitumor drug. Here, seemingly, was
the first antitumor drug, which, penicillin-like, killed the invading
cells withouyt harming the hogt..." -~ '

The initial hopes that the nutritional dependence of some
cancer cells on L-upu:;gine may represent an absolute biochemical
difference between neoplastic and normal caells have been dampened by
findings that L-asparaginase is not without tox!citj Eo normal cells.
However, L-asparaginase has {:und a place in th: armamentarium of
drugs used clinically by cancer chnoth;rapiats for tha treatment of
acute lyamphocytic leukemia. . .

L-asparaginase differs uniquely from all the other clinical
antineoplastic agents im that the rationale for its use is based on a’
nutritional defect of certain cancer cells. The induction of a select-
ive nutritional deficiency for tumor cells by L-asparaginase represents
the first practical demonstration of the clinical use of an enzyme in
cancer therapy. The future success ’of a "selective nutritional deprﬂ:l-
vation" approach to cancer therapy may be influenced profoundly by the
results of ressarch on L-asparaginase as a model of this approach.

Fron experience with thia enzywe, certain basic, important concepts

‘have emerged concerning the use of enzymes for cancer therapy in general.

/ / /
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For cn-;h; such experience suggests that if other potential anti-
tumor enzymes ars to be clinically active, th‘my should possess tho'.
o following prcrc;uuitc properties: atabon:ltx c‘nd catalytic aetiv;lty
at pi\yaiologic pH, a low & valus, and an np?rq‘chbh plasma Ihalf-
life. Negative results obtained have also been important in so far
as it is only when present l/hitntiom are clearly defined that
future emzymic approaches to cancer t.hctapy coulﬁd be developed with
increased hopes for success. In this regard, a vu‘-hty ;f other
amino acid-degrading enzymes have since been suggested as youib.h
antitumor qen'ts. These include: glutaminase (2 - 9), serine de-
hy;ltat:au (10, 11), arginase (12) »' phanylalanine a—?nia-lyuc
(13, 14), and most recently, leucine dehydrogendse - (15).

In the' &\)nowinz section of this thesis, a brief review on
L=asparaginase will be presented. Since well over 500 papers on
L-asparaginase have bean p\;blich.d i1 the last decade (16), no attempt

has been made to provide an exhaustive review of this wide-ranging’

topic. Several review articles (16 - 28) and proceedings from two

, international symposia (29, 30) on L-asparaginase are available in

the literature. These have been used as general references. More

specific and detailed references have also been provided in the text.

T
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IB - L-ASPARAGINASE . 3
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In 1953, Kidd (31, 32)‘raported that injection of normal

Y

gulnea pig u‘r“un caused the complete regression of established Gard-

.ner GCS*IED lymphosarcoma and the Lorens lymphoma II in mice, and de-

layed the appearance of the Murphy-Sturnm lymphosarcoma in rats. Sers
ftonh saveral other species, namely the horse, rabbit and humas, were

without effesct. Also, susceptibilivy to the effects of guinea pig

serum was found to be confined to certain t:mor cell lines. It was
at first thought that guinea pig a:r<:n acted through h:l.ts high com-
plement activity, thus augmenting an immunological reaction between
the hoat and the iumplanted tumor. However, no fraction of complement
could be identified with tumor-inhibitory properties and rabbit anti-
sera which also contaiw high degree of complement activity, did mot
have ’hny a+t1tmor effects. Independent work by Neuman Wy (33)
in 1956 and Haley et al (34) in 1961 showed that cells of the Walker
curcingiucon 256 and the ‘1.5178Y' mouse letzkmit had an absolute nut-
ritional ;oguirmnt for gmwt;x in vitfo for L-asparagine which is
generally considered to be a non-essential amino acid for normal tissues.
Any relationship between the reports by Kidd, Nc/tncn and McCoy, and
Haley et al, was not recognized at the time, and w‘as left unnoticed.
Broome, while vorking in Kidd's laboratory, began a search
to find constituents in guinea pig serum which were not 0present in
other animal sera found to be ineffective against tumors. He for-

tunately came across a paper published in 1922 by CJ.uiegti (35) who

sy




l
o was studying the diatrn;u'tion of amino aeid—dvnding enzymes in
Lhe tissues of different miﬁl species in relation to diet. GClementi
observed that L-ap‘patngimu v'u presant in the liver and kidney
of many species, but occurred in the blood of only one of the animals
he studied, ;.he guinea pig. Broome therefora compared the antitumor
. properties of guinea pig serum with; its L-asparaginase activity, and
in a series of papers (36 - 38) coxi]vincingly provided evidence thet
the L-asparaginase activity of guinea pig serum was responsible fo
its antilymphoma effects. On the basis of these u:d other extensive
studia.s that will be referred to later, the antineoplastic activity
of L-asparaginase is now ven—utabliol{ad. b
A very important advance in the development of L-asparagin-
ase as a cancer chc-othu‘}lpcutic /nétnt vas thc\rcport by Mashburn
and Wriston (39) that I.—npa.tq\inne p'tumt in Escharichia coli had
tumor-inhibitory properties. This discovery made it possible to
. obtain larger quantities of enzyme for extensive investigation and
evaluation. Subaeq\i-.nt studies showed t\’hat. E. coli L-~asparaginase
was al;o effactive against several ott;u' types‘of murine laukemias
and solid tumors (17, 40), and spontaneous dog lymphosarcoma “1). . i
- These latter findings in such diverse’ animale as the mouse, the rat, \\\

. {
and the dog, encouraged hopes that E. coli L-asparaginase would be '/Q

of clinical value, _ -
Before adequate supplies of:E. coll L-asparaginase became
available, De Barros et al (42) in Brazil treated one patiemt with

melanoma using crude axouti] seruyl L-asparaginase, and Dolowy et al (43)

/ ) )
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-in the United States treated one patient with acute lymphocytic
leukemia using crude guinea pig serum L—npatqipnc. 'l‘hcg both noted
slight and transient therapautic eftccta.’ When adequate supplies
of’ L-upatagimﬁe fto:g E. coli did become available, clinical trials
were carried out in 1967 in the United States by Rill et al (&)
at the Wadley Institutes of Molecular Biology, Dallas, and by Oattgen
et al (45) at the Memorial Sloan-Kettering Canc;r Center, New York.

These studies were the firat to d;nonattatt significant therapsutic
responses to L-asparaginase in the treatment of h\;nnn c‘n‘cu, part-
icularly acute lyhmphocytic leukemia. Since then, intensive research

on this enzyme has beean carried out both at the bacic and clinical

levels of investigatiot, and an impressive literature has developad
' ‘ I

on this subject.

Distribution and sources of L-asparagivase
L-asparaginase is widely distributed, being found in animal,

-

plant and microbial sources.

It wvas first found in guinea pig serum by Clamenti (35) who
~

also reported its absence from sera ofl other common mammals. It has

ainc bteen found in the sera of 4 other members o\f the suparfamily

4

Cavioidea to which the guinea .pig belongs, namely the capybara, the
Patagonian hare, the paca, and the agouti (46 - 48). With the .xc?pt-h
ion of a upotjrt of traces of L-asparaginase activit:ygin rabbit serum
(49) and its presence in the sera of 2 species of New World wonkeys

(18, 50), I.;-upu:agmu appears to be abunt; from the sera of all

»
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other mammalian species.
The enzyme is, howeve
Ian:lmls. It has been found in/the liver of the rat (&)
en (55), and x\\linu pig (56

It is Also presant in the tissues of fish (lﬁ

certain birds (35).
A recent detailed report/by Milman and Cooney (59) on the distribition

at L-asparaginase is p;/ucnt in the pancreas,

and birds i.ndicate
@ liver, brain, ovnz’y. spleen, lung, testes md kidney of many of t\m
s /

animals surveyed.
L-upanginau has also beenr found in plants nourcn, /

barley rootlets an.
L-asparaginase fortumt:uy is present in many nic/f rganisms,

of L—aspatnginue. It should be noted that only some of

+

Some properties ofh E. coli L-asparaginase EC-2

hydrolase; EC. 3.5.1.1)
The properties of this enzyme have been described in detail
w

The my-c is \quitl otabl

in several papers (16, 22, 64 - 67).
' At room thmamc er

ra
aqueous solution in the pH range of 5-9.
|
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the anzyme losas its catal&uc activity within 1 hout. The entyme 1L

e

A ad -

terile conditions, enzxyme acuvity is praserved for v-nkc\ At 6000.

I

rclati\uly‘ stable\in the ptumcc of organic aclvents such as .acetone,

alcohol, and others\ .The enzyme has an\ isolectric point of 4.6 - 5.5.
It has a broad pH optimum between pR 415 - 8.5. & values for .E\ coli L-alopnta—
ginase have been reported to be 1.15 ﬁ 107N ;- 1.25 :t~ 1077 N Although, there
is some dioerepmcy in the literature w:lth respett to the exact mole-

dular weight of E. coli L-asparaginase, the generally accepted value

1s 130,000. . : ‘

The myne has a tetrameric structure composed of & identical
subunits, The subunits are stmccuhlly sinilar and poksess "222 pseu-
dosymmetry". A crystal lattice structure with spl:u'leal subunits (dia-
hct'et 40 &) ‘account ntishct‘or'ily for ;:he X-ray data. Electron micro-
scopy rgvnh a generally 3loﬁbuhr appnlranco for the whole molecule
and supports t;ht existence of a tetrameric structure with & approiintcly
spherical subunits forming n square with a centre hole. Circular
dichroiam stud:le’n on the confomtion of the eanzyme ihow that the native
ensyme consiats of 103 a-helix, 45X B-atructure, and 45X disordered.

Al:lno acid analysis of L-asparaginase after acid hydrolysis indicates
that I.lnparuc acid and L-asparagine wake up the largeat number of
amino acid-residues in éh; entyme molecule. Very low concentrations.
of cystine, histidine, and \trypto}htn ate present in the molecule.
Neither carboh}dnte\ nor wmetallic moieties could be detected-in the

structurs. 4

[}

e
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The subctute_ specificity of L-upufggimc appears to.be

'
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 paragioase (17, 18, 22). L-upA aginase is effective agaiunst oyer

| kemias, the 6C3HED and P1798 lymphosarcomaty;-and‘the Lorenmz 1

C ftﬁew{r N \m \ o ‘7‘~ o ¢ A

Syl v*iwsgg

o/ .

N I
restricted to 4 and S-carbot L - or D - o-amino acids with an

w=nit=-

rogen function. The hydralysh of L-glutamine by t.-npatagmu is an

/
intrinsic property of tb(o enzyme and not due t o the prumo of con-
7

taminating L-glutaminise. E. coli I.:upataginno has 3 - X of the
o ¥ -
activity toward L-glutamine that it has towvard L-a’i;ttqim. Host of

©

{ . 7
the known L-aspavaginases, with the notable oxcopt:lon of guinea pig

J
- Serum L-asparaginase, have inherent L-glutumpn activities. The

hydtolysis of L-asparagine u\d 1~glutanine 9éeur at the same active
site in E.f coli L~asparaginase; the lcutf’ hydrolytic cctivi:y toward
L-glut ue h prbbably due to an hpcr;/‘ct ﬁt of the oubattatu at

/

the o#ive site of the enzyme. In th}u thesis, “iv should be notcd th,/“.

only /the L-npaugino-duplcting effeft of L-asparaginase has bean ’

-ql(niud. //
/ . /

/ Miny animal tumors ha /. besn shown to be inhibited by

fifty neoplasms in the mouse, 1uding thq L5178Y and MRAN. u--
phoma (31} 40, 68), and the NMurphy-Sturm lyaphosarcoma, the Wal er\
256 carcinosarcoma, the ACNCA2)and the Jensen sarcomata in the rat :

(31, 69, 70), and spontanecus ip-ptyurcou in the dog (41, “)

—

Since the initial clinical trials mentioned u:nu (82-43),

nore utmlvc‘clzuiiul trials/wvith L-upatuimo*ma bun conducted
s many centres in well over 1,000 cancer patients (29, 30, 71-81).

| :
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These studies have shown that L-asparaginase is wmost eaffective in

+

the \trntunt of a:eutt lymphocytic leukemia, trodmiﬁ couplete re-
nissions in abo}xt 60X of pat:lcntc' Lrgtod. most of whom were resistant
to conventional antileukemic drugs. The :‘uponu rate in patients
with acute mlocytic. welononoeytic. or monocytic hukah has baen
much less (10 ! ISX) Occasional responsas have been obtu.ntd in pat-
ients with ignant melanoma, chronic mnlocytie leukenia, lymphosar-
coma and reticilum cell nrcou No ai:uiﬂcmt tnponus have baen

. /
observed in patiouta with other types of solid. tunors..

4

Nechanism of cnt:‘:t action ]

PN j

nthough\thc prﬁiu mechanism of the antitumor activity oi’

L-asparaginase is mot fully understood;, t!u most: widely accepted hypo-
ltheais is based on the ca‘:alytic action of the c;xxyn in the hydn;lyaia ,
of L-asparagine to L-aspartic acid and ammonia. L~asparaginase-sensitive
tumors, ln\;f;ontrast to&. wost normal \"cclls ;nd L-asparagi 1se-resistant )

tumors, require adl extetual source of L—npang:lm fot ptimal growth.

Thu;, administration of L-asparaginase dcphtu the pla of c:ltculctiug'

L-upnn.g:lnu. ;nd 20 dtptim dtpend-nt tulot cells of their extra-
cellular source of L-upangim (38, 40, 82-84). It has been shown
. t!ut hese L-nspnnlxim-dcpcndent cells cannot aynthnixlt sufficient
cndog'ho\;a L-asparagine due to very \low levels of the enzyme, lL-aspara-~
gine synthetase, or the inability-of these cells to increase L~aspara-
gine synthctan' activity‘;ftu L-aaptragim;e adninia:ttfion (68, 85-88).
' f ‘At the present time, the only ‘knm pathvays of I.-upanginf
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wetabolism in animal tissues are conversion td L-aspartate by hydrolysis

" or to a-Retosuccinamic acgd by transamination, and utilization for pro-

tein gyﬁthnh (17, 89). Because no major route of L-asparagine utili-

zation, other than protein aynthnh. is knowm, it is btlh‘nd that a
lack of L—uparagim results in the mhibition of synthesis of certain

protuna nocnuty for the growth of moplut:lc cells.: On the other

» hand, it :ls po;pibh that there way cxipt other routes of L-asparagine

utilization, which though not yet dett&t'ed. are nnnr.ill to tha sur-
vival of tumor cells.’ 8051:\ and Kidd (83, 8&) and Broome and Schwart:
(85) have showm that protein syathesis is inhidited when unsitiin

cells are deprived of L-asparagine. Bossman and Kessel (90) studied

the effect of L-asparaginase on glycoprotein synthesis in LS5178Y cell b
< B

suspensions and suggested that hydrolysis of cell membrane glycoproteins,

as well as inhibition of their synthesis by the enzyme, cause rapid
ee].l lytia. ) |

: Following inhibition of protein synthesis, DNA aynthcsis.
then RNA synthesis are inhibited (84, 91). Although the inhibition of
DNA synthesis has been regarded as a uéondat\y effect of wdiatutbod
protein metabolism, Hirschmann et al (92) hnv. auuuttd that l.-upua—
ginase has a direct influence on DNA metabolism, pot\hapa by 1nhibition
of de novo purine aynthesis via sone unknown.mechanisa. A prielininary
report by Woods and Dixon (93) also suag‘tgts that the C-skeleton of

I.-aspangina may serve as a direct precu‘rsor in thu bLosyﬁthesis og

#ertain pyrimidine nucleotides isqlnted from lyqphonrco_n cells., -

It kas been proposed by Ellem et al (91) that L-asparaginase could stop

i
N !
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his%;ge synthesis and thereby inhibit DNA replication. '_Anothet in vivo
effect of L-asparaginase treatment that may tel&te: to tt'\e mechanism of
tumor death is the results by Mashburn and wtistpn‘(%) and Maghburn
and Landin (95) who found an increase in both acid and alkaline ribo#\-
t'luclease activities after L-asparaginase treatm;nt of the P1798 lym-
phosarcoma. .

In addition to its effects on protein and nucleic K@d meta- -
bolism, L-asparaginase ‘treatment may also result in other indirect
effects which are harmful to neoplast‘ic tissue. For example, Broome
(82) has suggest;d that the high levels of L-aspartic acid observed
after L-asparaginase treatment may be toxic or my‘significgntly alter
metabolic control mechanisms in the tumor cells., Miller et al (96)
proposéd that the inherent L-glutaminase activity of L-asparaginase
may enhance its antitumor effect by lowering the circulating levels
of L-glutamine which is the nitrogen donor for the biosynthesis of
L-asparagine in mammalian cells. Ryan and Dworak (97a) and Ryan and
Sornson (97b) hm%f shown that administration of L-aSpafaginase de-
presses the gly;i;\’\e level in susceptible but not .resistant 6CIHED
tumors, and suggested that the loss of cellular 'glyc:lne may be nt;te
important than loss of L-asparagine because of the requirement of
glycine for purine synthesis. The latter findings may be related to
preliminary in vitro results obtained imn a recent‘ study by Chatto-
pad'hyay et al/\ (98) who reported that glycine inhibits the activity of
L-asparaginase from guinea pig ]:iver. \

The relation of all thdse possible effects to the tumor-

ol
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inhibitory properties of l-asparaginase have not yet been fully eval-

l
uateq, but inhibition of protein synthesis appears to be of the most

»

significance.

/

Factors that influence the tumor-inhibitory effectiveness of L-asparaginase

There are 2 major factors that determine the tumor-inhibitory

properties of a particular L-asparaginase preparation. These are:
(a) The affinity of the enzyme for substrate or its K,: and
¢

(b) The clearance rate of the enzyme from the host's circulation

or its plasma half-life.

(a) The affinity of L—b&'spargginase for L-asparagine: A low K, i.e.

a high affinity for substrate, at physiological pH is an absolute
requirement for antitumor ac;tivity. This is especiallj; i?n,portant
since lL-asparagine concentration must be lowered to at least 10.5 M
(10 nmoles/ml) in the medium to become rate-limiting in protein |
synthesis (82, 83, 85, 99). Indeed, the difference in the tumor-
inhibitory activity of 2%Hdistinct L-asparaginases isolated from

E. c‘olii (39, 64, 100, 101) has been reiated to their /Km values:
EC~1l enzyme vi‘th low affinity has no tumor-inhibitory action,
whereas EC-2 has high affinity and is a potent antitumdr agent
(18). Broome (18, 99) has similarly attributed the relative tumor-
inhibitory effectiveness of L-asparaginases from E. coli and agouti
serum to the difference in their Kp values, the more potet;t E. coli

enzyme having a lower K. It should be noted that Erwinia caroto-

vora L—asparag?nase which is clinically active has a (low) Ky of

-
+
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1.0 x 1073 M (102). This enxzyme has been used by us in studies
\

to be described later in Chapter IV of this thesis.
9
The clearance rate of lL-asparaginase from the host's circulationm:

The more rapid the removal of injected enzyme from the host's
’ .

- circulation, the lesser the antitumor activity of the en:'yue:, -

The clearance rate. of the enzyme itself is influenced by at

least 5 factors:

(1) The source of the enzyme. Thus, the lack of tumor-inhibitory
activity of L-asparaginases from yeast (103), Bacillus coagulans
(104), chicken liver (55), and other sources, hm;e been related
to the short plasma half-lives of these enztymes, whereas guinea
pig (103) and agouti (99) serum L-aspafaginases, for example,
have long half-lives and are potent antitumor agents. Even

different commercial prz&atations derived from a common source,

e

for example E. coll, vary in their plasma half-1li 0 some
extent (16, 105).

(2) The iscelectric point of the enzyme. Hashbu/rn and Landin (105)
have suggested that the rate of clearance of circulating in—
jected L-asparaginase was directly related to the extent of

'eparrcu'e‘*of the isoeiectti;: point of the enzyme from neuérality.
More. dettailed studies i;y Rutter and Wade (106) led these authors
to suggest that the isoelectric point of lL-asparaginase influences
the phagocytosis of thg enzyme from the plasma, perhaps by in-
creasing the degree of opsonisation of the enzyme,

The half-life of the enzyme in the plasma not only‘\depends on the
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(o * properties of the enzyme itself, but also on the physiological state

of the host, as discussed below. é

3)

(e

The presence of the lactic dehydrogenase-elevating virus (LDH

virus). This virus is present as a contaminant in most, if not

all, of the mouse tumors generally employed for L-asparaginase-
studies. Studies by Riley's group (107 - 109) have conclusively
demonstrated the profound-beneficial influence this virus may
have on the therapeutic response of the tumor-bearing host to
lL-asparaginase therapy. When the virus was eliminated from in-
fected mouse tumors, the therapeuntic potency of L-asparaginase
was markedly diminished. When the tumor-bearing mice were in-
tentiocnally infected with the LDH virus, long~term remissions
wvere recbtained following single doses of L-asparaginase. The
virus alone had no antitumor effect. The potential value of

the LDH virus in test systems for determining the therapeutic
value of a given enzyme has been emphasired by more recent
studies (110, 111) which showed that the glutaminase—asparaginase

enctyme isolated by Roberts et al (4, 6) was totally without

- therapeutic effect in the absence of the LDH yirus, vhereas it

was a potentially valuable antitudmor agent in the presence of
the virus. The observed beneficial influence®of this benign
replicating agent as an adjunct to lL-asparaginase therapy has
no theoretical antecedent and the basis of-its action 1s the
induction of anAinpairnent: of the capacity of the infected bost

to clear protein from the blood, thus prolonging the plasma
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half-life of the enxyme.
The immune status of the host. Many studies (100, 112-118)

have conclusively demonstrated that the presence of circulating,
humoral anti-L-asparaginase antibodies, inhibit the catalytic
activity of injected enzyme and cause a 'drmtically accelerated
removal of the ;u:yme from the bloodstream of immunized hosts,
thus reducing the therapeutic value of the enzyme. This will

be discussed more fully later. /

Finally, estrogen pretreatment of tumor-bearing mice have been
shown to result in increased cluralnce t;te of injected L-aspara-
ginase (103). This is consistent with the observation of Kim
(119), later confirmed by Broome (103), that estrogen treatment
decreases the tumor—-inhibitory effectiveness of gginea pig

serum. It has been proposed that estrogen treatment may cause

an increase in the phagocyticiactivity of the reticuloendothelial

system for removing injected substances (103).‘

I

Advantages of the use of Gasgarqmag in acxﬂ:gsuhocgic leuksmia therapy

L-asparaginase has been considered to be a valuable addition

to the chemotherapeutic regimen for the management of acute lymphocytic
leuken:l.a. because of the following major properties (1, 24, 29, 30, 120):

It Zs a good remission rate even wl\xen used singly.

a fairly rapid speed of response.

(c) + It has the highest therapeutic index (1000) among all clinically
available utilMc agents. All other drugs used in the treatment

—



of acute leukenia have therapeutic indices which are invariably
< 10 and are usually given in near toxic doses, '

{d) 1Its lack of cross-resistance with other antileukemic /agents makes
it often effective at a very late stage of the disease even when

-

the patient has become resistant to all other chemotherapeutic

agents. This is probably related to the fundamental difference
in its mechanism of action.

(e) Its lack of significant bone marrow depression in a situtation
where both disease and other ant leukea%c drugs depress hema-
topoiesis makes it a prime candidate for use in combination with

a variety of other antileukemic but myelosuppressive drugs.

Problems associated with l~asparaginase thera

Two major drawbacks have arigen during the course of clinical
trials that detexr a more widespread use of L—asparaginase. These are:
(a) A wide spectrum of adverse side effects; and

{b) The development of resistance to repeated L-asparaginase therapy.’

(a) Toxicity: A large '/variecy of unt d side effects have been
.
observed with the clinical use of L—uparagime 1, 23, 28, 29,
81, 121 - 123). Some of the general side effects reported include

anorexia, nausea, mit"ting,-chills, fever, diarrhea and weight loss.
/

Liver toxicity was manifested by increased levels of serum glﬁtuic- —

oxaloacetic transaminase, alkaline phosphatase, 5'-nucleotidase,
bilirubin, increased retention of béo.sulphalein, and decreased

levels of serum albumin (ausing'ggnetalized edema and 1ov1 serum calcium),
/
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fibrinogen and other coagulation fu‘:‘\:ots. Fatty neta-orphoua‘ of
the liver has also been observed. Hypolipideaia with decreased
serum levels of cholesterol, phospholipids, and total lipids was
found in most patients, but ‘hyperlipidmia has alu; been observed.
Pancreatic dysfunction was manifested as pancreatitis, and by irm-

J
creased levels of serun amylase, lipase and blood glucose, with

/>decteased levels of serum insulin (causing diabetes to develop ,

in some cases). Renal dysfunction was manifested by inctused)
levels of biood urea nitrogen and acute renal failure in sowme
casegq. Hematological changes include granulocytopenia, lympho-
cytopenia, and thrombocytopenia. Effects on the central nervous

system include headache, drowsiness, lethargy, depression, dis-

i

orientation, and confusion. Immune reactions to L-asparaginase
‘ 1

have developed with hypersensitivity reactions occurring in
approximately one third of treated patients. These reactions

vere usually of the anaphylactic t:ype\, characterized by urticaria, \
abdominal cramps, hypotension, cyanosis, respiratory disttess and

faclal edema. Coma and even fatal anaphylaxis has also been re-

# !
‘ This wide spectrum of effects'may be attributed to. at least

{1) They may be the direct or indirect result of L-asparagine
depletion causing, for instance, inhibition of protein syn-

thesis in\the liver, pancreas and braia.

(2) They may arise because of the antigenic nature of the foreign
. \
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enzyme preparation. Thus, repeated ix\j’oetiom of anzyme may
evoke hypersgenaitivity reactions and other :l-amolﬁ:lcal com—
pl;ca,tions in the host. Several groups have raportbed the
presence of anti-L-asparaginase antibodies in the sera of
L-asparaginase-treated p'atients," using the techniques of
precipitation (117, 118, 122, 124), complesent Fization (122),
}adioimmoass;y‘ (125) andépassive hemagglutination (77, 118).
The presencé of reagin-type antibodies (Ig E) has also been de-
tected in patients who experienced anaphylaxis (77, 118, 125).

(3) They may originate from the possible coétaination of the
enxyme p/z:epa'ution vith bacterial substances such as endotoxins.
Indeed, bacterial endotoxins are known to cause side )effects
which resemble many of those observed after Iruparaémne
therapy: nausea, chills, fever, vomitting, weakness, hypotemsion,
tui:itétory disturbances, fibtim;empenk. coagulopathies,
hepatic injuries, renal failure, and dela;ed hypersensitivity
reaction: (73, 126 - M8). \

The latter 2 factors represent problems vhich would generally be

encountered vhen using entymes derived from heterogencus sources,

avd prem-\nbly ate not peculiar to L-asparaginase.

xuiaéance. The other major limitation of Ia_-.uparac:lnuei treat-

1

ment is development of "clinicll resistance to the antilevkemic
effect of the en:yu%: There have been & ujat sechanisas pro-
posed to explain the o;:i;in of resistance ;o i—upu‘qiuse therapy:
(1) A warked incresse in L-asparsgine synthetase nmu/nu been

[y

P
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shown to occur in tumor cells, probably by a mechanism of de~
repression of L-asparagine synthetase, /80 that the tumor cells
no longer have to depend on an external supply of I;-aspan,gine_
(68, 85 - 88, 129). In this regard, Gallo et al (130 - 132)
have shown that L-asparaginase-resistant cells contain re-

duced levels of an asparaginyl-tRBNA species which they pro-

posed normally acts as a co-repressor for L-asparagine
¥

2

biosynthesis.

{2) Phenotypically stable L—aspatagine—independent mutant cells
may .arise spontaneously ;Ln a population of parent L-asparaging
dependent cells even when L—asparagir{ze is continuously avail-
able in the growth medium. This‘ pos!iaibility was demonstrated
by Handschumacher's group (133, 134) who reported a mutation
rate in vitro of L5178Y mouse leukemia cells from L-asparagine-
-dependence to “L—asparagine-iﬁdependence of about 1 x .‘l.().'6 /cell/ .
generation, properties of this change being consistent with
a spontaneous, random, mutational event. Thus, mutation followed '
by selection for L-asparagine-independent mutant cells in an
E«aﬁuagine-free medium could lead tc: the Jevelop-ent of an
L—asparagmase—resistaﬁ; cell .population.

3) ’An?thet mechanism of resistance might involve the development

of more efficient means by tumor cells of extracting -L-aspara-

gine from the plasma, erythrocytes, or Oothet normal host cells

(82, 135). ?

’ \
(&) Because bacterial L-asparaginase is a large protein which is



foreigp to the recipient host, it is not surprising that re-
peated 1nject10ns of the enzyme will result in the production
of humoral antibodies against the enzyme. This has been re-
ported to occur in several studies (77, 100, 112 - 118, 122,
124, 125). Humoral antibodies have been shown to fohibit the
catalytic activity of injected L-asparaginase and cause an
accelerated in vivo removal of the enzyme from the host's
circulation (100, 112 - 118), thus reducing the antitumor
effectiveness of the enzyme. O‘E these 2 factors, the short-.
ened plasma half-life of the enzyme appears to be the more
important, especially since the maximum inhibition of catalytic

activity by immune serum has been found to be 45 - 532 (100, 113,

116 - 118).

Cowmbination chemotherapy

In attempts to reduce the problem of tumor cell resistance
to L-asparaginase, wvhile increasing the total tumor cell kill at the same
time, L-asparaginase has been studied for use in combination with
other ch?notherapeptic agents. There are 2 basic concepts which form
the rationale for the use of several chemotherapeutic agents in com-
bimtiof: against a particular peoplasm.
(a) 1If -2 or more drugs have different toxicities for normal tissues l
- -and are effective against a particular type of neoplasm, the anti-
tumor effects may be potentiated without concomitant additive

toxic effects for any given normal tissue.

a



(b) The use of drugs with different ne‘chanim of action may decrease
the development of resistmeé by zfeducingothe chances for survival
of tumor cells resistant to a singfle agent.

n Three properties of L—aspara:gimse in pfrticu:hr, nanely

its high therapeutic. index, different éxpression of hosl Itoxicity,

and lack of cross-resistance with o:hex; antitumor agents, led to ex-

tensive investigation of its use in cuiﬁbinltion with other drq%gly.

Indeed, Burchenal {136), paraphrasiang éhe well~knowa statuem:.of

Sir Winston Churchill, appropt’iately étated. "never have so many comr—

pounds with so many different mechanisms of action poteﬁtiated the

antileukemic activiéy of one agent". Agents that‘ have been shown to

have synergistic effects when used in various combinations with L-

asparaginase iuclu;e: prednisone, vincristine, daunowmycin, cytosine

arabinoside, thioguanine, cyclophosphamide, 13-bis(2-chloroethyl)-1-
nitroedurg:‘(m), azotomycin, 5—-f1uorounc°11, S5-azacytidine and others

(29, 30, 137 - 145). No attempt will be made here to describe the

results obtained in these studies. However, 2 interesting findings

yhich have en[erged ftonu these reports will be mentioned in this reéard:

(a) The addition of other antileukemic ag;nts t’o L~asparaginase therapy
does not necessarily result in any therapeatic advantage. For
example, L-asparaginase + azaserine, a glutmmine antagopist, did
not yield better results thsn L-asparagivase a:!.one in animals (137),
or. in patients with acute lywphocytic lmlknh (138, 139). Also,
the addition of a third drug, 6-azauridine, to the Mn—

ation of L-asparaginase + cytosine arabincside, did uotj show any
\ )

/ v e
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advantage in

s (140), or in ptiients with acute lymphocytic
0 ‘\" .

leukemia (141)

(b) Therapeutic synergism for a given combination of drugs may be
critically schedule-dependent, that is, \'vhethet the drugs are given
simultaneously or sequentially. For ms;le, Capizzi ot al (142)
reported that there vas no therapeutic advantage over the use of \
methotrexate u;*i l-asparaginase when these agents were given
sinultaneously. Subsequent reports by Connors ind Jones {(143)

and by Vadlamudi et al (l44), however, showed poteftiating anti-
\

tumor effects when these same agents were given s y tially but
not simultaneocusly. . C
The use of }.—nspattgfnase m\ ombination with other antitumsor ©

agents as a more optimal wmeans of cytoreductive chemotherapy represents

one attempt to overcome the problem of cell resistance experienced

during L—upu:aginu;e therapy. ' Several oéher appmchet‘ have peen

tried in an effort Fo iwprove l-asparaginase therapy, These h;ve‘been )

desc;-ibed in Chapter 1I. Ome of these alternate approaches involves

the entrapment of the enxyme \;ithin "semipermeable microcapsules™ prior

to its adn:l.nistution. \ “ |
As mentioned earlier in sect:lon n ?t this Chaptér, .the wide

spectrum of side effects observed ing I.-vupangiuu therapy way be

partly attributable to the antigenic nature of the enzyme nd the

possihle presence of acmin; bacterial coubninnntc ea~

dotoxins. Ihe latter reprasent fundmsental problems which he .
|

-~
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.therapeutic usefulness of enx in- general a:lnc\e most enzymes used
\

in clinical theripy are derived Pfto- hetetogeneous, e.g. bacternl.

soutcea. Moreover, one of several -ecbmim mgonsﬂ)le for the

loss of the:'apeutic potency of L—asparagime upon b:cpeated mjections
of the enzyme, has been showm ‘to be the t;pid in vivo re-ovpl and.
im‘ct:lvnation of the enxyne by dirculating, hunotal Alntibod'iu present
in the host. If some of these difficulties coild Wcimmen:ed or
overcome, the use of enzy-ea 1p ¢linical nedicine. in general, and
L-asparaginase, 1n pu‘ticul.ar, would be extended to their full po:intial
importance. A major admce in this direction has COI_;‘;ftOI Chang's
pioneering work on the entrapment of enzymes within suipemable
uicro::npsules (Martificial cells™). Inq:he following section of this
thesis, the subject of s.ipemal;ie unicrocapsples viu be reviewed
with particular emphasis on their biomedical applications, Chang has
published a recent monograph (146) and has written several wore .

[
recent review articles (5.1\7::_-_151) aon this-subject.




Introduction | ,

IC - SENIPERMEABLE MICROCAPSULES

o~

|
The UCC{I "artificial cell™ as proposed by Chang is not a E
physical -entity but a concept involving the preparation of artificial [
structures of cellular dimensions for various possible biomedical ;
a'pplications such as the replacement or sqp;;enent of deficient cell
fx:metions (146). These artificial structures havg also been described
as se-ipemeable nicrocapsules (146, 152 - 156). 1Im 1957, Chang (152)
reported his first attempt to produce an artificial cell system con-
sisting of red blood cell hemolysate enclosed within spherical ultrathin ;‘
collo(d:lon membranes of cellular dimensions. This simplified wodel of - [‘r
a red blood cell, in which the biclogical cell wmembrane was replaced by ;f
an artificial cell membrane, was found to beha(re like its natural count-— ;
erpart in many ’mysn. Tests showed that carbonic anhydrase and catalase / )
in the hemolysate retained their catalytic activity aftexr encapsulationﬁ
and the haolyeate partly retained its ability to combine reversibly
with oxygen jiffusing ‘in and to catalyse the hydrat:lon of C0,. Altho?gh
the initial artificial cell model of the red blood cell had limited ;
fuﬁctiond properties, results were suff:lé:lently i.ntetest:lng to prou{n:

Chang to iovestigate the poteutnl of the “artificial cell™ concepti;

in more detail. Si.nce the initial approach, Chang (153 — 156) has‘f /
prepared u-:lpernui;le aicrocapsules by varioup other techniquesj vhich n

hlve subsequent]y bben -odified aod updated (146). These newer ﬁro-

cedures result in r.he ptepatation of ﬁcmcnpsules vith great v?tiatioqs
:l.n«con ents, size, configuration, wembrane uterid!. petneald.ug;y o y .

’

1] I i
. {
. A |
{



£

27

f ~
characteristics and othér properties (146, 154 — 156). For example,
Chang has applied the artificial concept to the encapsulation of
severad individual enzymes, multiple enzyme systems, cell homogenates

L
of liver and endocrine cells, intact cellsy smalle% artificial cells,
o~
cell organelles, ion exchange resins,&md activated charcoal. Mem-
brane properties have5 also been altered so that desired properties
; 4
may be obtained, inciuding variations\ in the pore size, thickness,
L]
charge, polymer material, biocompata}i ity, and incofporation of

protein, lipid, polysaccharides and even transport carrier molecules

into the artificial cell membrane.

Basic features of artificial cells

Artificial cells, in general, possess at least 4 major
features of biclogical cells (146, 154 - 156): .‘0(

(a) They are aqueous compartments of microscopic dimensions which
are enclosed by an ultrathin membrane. Becaus? of the small
size’, there is a large surface area :.volume relatiomship for
jthe microcapsules. Chang (146, 157) has calcqlated that 10 ml
’of 20 um - diameter microcapsules have a total surface area of
2.5 m?, vhich is more than twice the surface area present
in a standard hemodialysis machine (1 mz). The thickness
of the enclosing membrane is about 200 A (146,' 156) which is
of the--same order of magnitude as biological cell membranes. Be*
cause of the‘ enormous surface area of the microcapsules and the

fact that the microcapsule membrane is at least 100 times thinner

than standard hemodjalysis membranes, the potential tramsport



(®)

(c)

1C))
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,rate of 10 ml of 20 ym—diameter microcapsules is at least 200
times higher than for a whole hemodialysis machine (146, 157 - 159).
In addition, the small diameter of the artificial cells, like
their biological counterparts, allows for an extremely rapid
equilibration of permeant solutes throughout the small int{a:‘§
cellular space of the microcapsules.

Microcapsules have been prepared with enclosing membranes of
protein, polysaccharide,-zipids, 1lipid and cross—-linked protein
complex, or lipid and polymer, in an attempt~}o mimic more
closely the comple¥ lipoprotein structure, coated externally
with mucopolysacchaglde, of biological membranes (146, 154 - 156,
160, 161).

Artificial cells also partially mimichbiological cells in that
they create an intracellular environment wvhich differs from

the extracellular enviromment. Through a mechanism of passive

restriction (Figure 1), intracellular macromolecules and or-—

ganelles are conserved within the artificial cells and prevented

from coming into direct contact with macromolecular substances
in the external environment. Also, external impe

are prevented from entering the intracell

chanimu{tobe acted upon by the cell contents.
Variations in the permeability characteristics and other properties

of the artificial cell nmembranes have also been made so as to
! \

~
i
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1 | - INTRACELLULAR IMPERMEANT MATERIALS
. JE - EXTRACELLULAR IMPERMEANT MATERIALS
S,P- PERMEANT MOLECULES

!

+  FIGURE 1 i
“Schematic representation of biological and artificial cells.
| (from Chang, T.M.S. (146) ).
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_allow a wmore selective permeation of various types of molecules,
as occurs in natural cells., Examples of these variations in-
clude alterations in the polymer material, protein, lipid and

’ polysaccharide content, chargé, pore size, thickness, surface

properties, and even incoryporation of special carrier molecules

(161, 162) into the artificial cell membranes.

Methods of preparation of gsemipermeable microcapsules
7

Many methods now exist for the preparation of semipermeable

- microcapsules (146, 149, 151, 154, 156). The general procedure

involves 3 basic steps .(Figure 2):

(a) Ewmulsification of the aqueous protein solution in an organic
liquid with the aid of a suitable detergent; -

(b) Formation of a permanent polymer membrane around each micro-
droplet by the addition of a suitable material to the continuous
p}use; and

(c) Transferral of newly formed microcapsules from th(e orgauic phase

Z with the aid of a suitable deﬂtergent, and suspension in an aqueous
medium,

This general procedure has been modified and extended to prepare micro-

capsules with many viriations in size, cqnfigu;ation, menbrane materials,

&

permeability characteristics, etc. ]

In\the method of interfacial coacervation (intérfacial pre-
cipitation or organic phase separation), the formation o; the membrane
is a physical process whi;:h depends on the lower solubility

/
of the polymer, dissolved in a water-immiscible fluid, at the -
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PROCEDURE FOR WAX1MG WiCROGAPSULES
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interface of each aqueous microdroplet in an emulsiop. The use of
collodion (cellulose nitrate) as the polymer material with erythro-
cyte hemolysate as the internal aqueous phase is most commonly employed.
The detailed preparation of collodion microcapsules has been described
in Chapter IV. With appropria‘te modification of this procedure, /poly-
mers other than cellulose nitrate can be used: for example, cellulose
acetate and polystyrene (146, 154, 156). Mueller and Rudin (172) have
also described the preparation of microspherical bilayer lipid mem-
branes enveloping red blood cell hemolysate, using a variation of this
approach.

Morgan et al (163) introduced interfacial polymerization, as
a method for preparing a large class of polymers, 1mlud1an nylon. This
method depends on the chemical ‘'reaction (polycondensation) between a
diamine (e.g. hexanethyle.nedianmine) in the aqueous phase a;:d a dicarb-
Q;ylic acid halide (e.g. seba::;yl chloride) in the organic phase, to
form a polymer (nylon - polyamide 610) at the interface. The chemical,

reaction that takes place may be represented as follows:
=-HC1
NH2 (CH2) gNH2 + Clco(cH2)sCcoCl —-v{na(cnz)5un—co(cnz)8co }
1,6 Hexamethylenediamine Sebacoyl chloride Nylon - Polysmide 610 Y
¢ (Polyhexamethylene sebacamide)

o]

Chang et al (153 - 156) used this principle to wodify the first method of

f

interfacia.l coacervation for preparing semipermeable microcapsules v:lth
nylon membranes. The procedure for the preparation of nylon microcapsules
has been described in detail in Chaptét II. ue-bra;:es wmade of polymers
othér than-nylon can also be prepared by this p{rocednre: for examwple,
cross-linked protein, polyureas, polyphthalamides, polyurethanes, poly-
sulfonamides and polyphenylesters (146, 156 - 156, 161, 164 - 168).

/
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A third method for the preparation of semipermeable micro-
capsules is by secondary emulsion (146, 157). In this approach,'a
fine emulsion of ac_lueous microdroplets is dispersed in an organiuc
phase containing polymer. The oréanic phase containing the fine
aqueous microdroplets is then itself dispersed into larger drop-
lets in an aqueous phase. Thus, each of the large organic phase o
droplets will contain a number of smaller aqueous microdroplets.

The érganic rpolymer solution is allowed to solidify to form solid
spheres, each containing varying numbers of aqueous microdroplé;s
inside. It should be noted that this method, unlike the other two
described above, results in the production of microcapsules con-
sisting of a large amount of polymer matrix. Microcapsules made

of silicone rubber (silastic), ethyl cellulose, polystyreme, and
other polymer materials, have been prepared by this method (146, 157,

-

169). An extension of the princip!ge of secondary emulsion is the
emulsification of aqueous solu::lon in a polymer organic solution

as above, but instead of fomi;lg microspheres, the polymer solution is
extruded in the form of fibers (170). Another variation of tl"ze double
emulsion technique is to enmisify aqueous microdroplets in a water-
immiscible phase consisting of surfactant, additives, and a high
molecular weight paraffin, and then ennlsify;nQ .the organic phase.
This results in the encapsulation of aqueous microdroplets within

1iquid-surfactant membrane microcapsules (171).
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Properties of semipermeable nicrocapéules

-

These properties have beéen described in detail by Chang

' (146, 154 - 156). Unless otherwise specified, "microcapsules" (or
"microencapsulated™) referred to in the text from here on relate to
those prepared either by interfacial coacervation (collodion) or in-
terfacial polymerization (nylon), »im'asumch as these have been studied
and characterized in more detail than others. Microcapsules stored
in an aqueous medium are generally spherical due to the high colloidal
osmotic pressure gradient generated by the et}gqsed protein. Nylon
microcapsules usually have a clear interior (see Figure 1, Chapter II),
but collodion microcapsules always show considerable precipitation
of the enclosed protein. The mean diameter ¢;f microcapsules
prepared by the most convenient (standard) method is approxi-
mately 100 ym. The diameter of the microcapsules can be varied by
changes in the speed of the mechanical emulsifier, the concentration of the
emulsifying agent, and the viscosity of the organic phase. Larger micro—
capsules can also be prepa'red one at a time by interfacial coacervation
or polymerization, using a drop technique. Thus, microcapsules have
been preparéd with mean diameters ranging from less than 5 uym to 5 mm
by the interfacial coacervation or ;;olynerization techniques.

The membrane thickness of nylon microcapsules prepared by
the standard method has been estimated by electron microscopic studies
to be 200 Z; this is thinner than the collodion microcapsule membranes (500 1).
Although the nylon membranes are very thin and flexible, Jay and
Edwards (173) have reported that they, unlike biological membranes,
can withstand a membrane tension of up to 2520 % 20 dynes/cm. Thus,
even when suspended in distilled water, the high internal pressure
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3
generated does not result in rupture of the microcapsule membrane.

Studies on the electrical properties of microcapsules show
that there is no net surface charge n;asurable by electrophoresis
for nylon microcapsules. The electrophoretic mobility of collodiom
microcapsules has been measured to be 0.93 ym % 0.06 ym/sec/volt/cm
(160). The electrophoretic mobilities of microca‘?sules with variously
modified membrane compositions have also been described (146, 160, 167).
Studies by Jay and Burton (175) show that a poten\t\i/al difference of
0.52 £ 0.02 mV exist across the membranes of nylon microcapsules, pro-
bably because of the phenomenon known as Donnan equilibrium, resulting
from the presence of the nondiffusible hemoglobin inside the micro-
capsules. -In further studies, Jay and Sivertz (176) calculated that
the resistivity of the nylon microcapsule membrane is 3 x 10 ohm—-cm.

When microcapsules are placed in a hypertonic solutionm,
water is rapidly withdrawn osmotically and the microcapsules assume
a folded appearance, somewhat analagous to the phenomena of crenation
in erythrocytes or plamolysis in plant cells. Reversible cremation
and syelling of microcapsules,when placed in a hypertonic or 'hypo-
tonic medium respectively, illustrate the general propert} of
amipemab}lity of the nit.;.tocapsule -egbrane. Detailed studies
by Chang and Poznansky (177) on the permeability characteristics of
nylon microcapsules provided an estimate of the equivalent pore radius
of the microcapsule membrane tu\be/lﬁ/ A. Conceptually, a functional
pore radius of 18 A means that the microcapsule membrane 1s imper-

I . .
meable to macromolecules, such as hemoglobin, enzymes and other proteins,

S i s aiabe | o e,



but are permeable to smaller molecules. The permeability studies

by Chang an@/l’oznansky (177) show that there is an extremely rapid
equilibration of permeant molecules across the microcapsule membrane.
For example, the half-time for equilibration vasg found to be 4.3
seconds for urea, and 35.5 seconds for sucrose. As stated earlier,
this extremely rapid permeation rate may be attributable to the
ultrathiness of the membrane and the large surface area of microcapsules.
The equivalent pore radius of the membrane can be varied, for example,
by changing the polymetization reaction time (in the case of nylon
nicrq’capsules) or using membrane materials with different permeability
characteristics. The permeability characteristics of microcapsules
are very important factors in the multitudinous applicatioms of
artificial cedls.

!

Microencapsulated enzjymes

Chang (146, 149) and Zaborsky (178) have published compre-—
hensive reviews on the different types of enzymed that have been micro-
encapsulateid by several laboratories using the various techn'fq\ues
described earlier. The enzymes that have been microencapsulated in-
clude: enzymes present in erythnﬁ)tghemlysate, urease, carbonic
anhydrase, uricase, trypsin, catalase, asparaginase, lipase, lactase,
o-glucosidase, zymase complex (yeast), muscle extract,; phenolase,
nitrate reductase, f—fructofuranosidase. More recently, Campbell and

¢ Chang microencapsulated hexokinase and pyruvate kinase (179) and

also alcohol dehydrogenase and malic dehydrogenase (180). ' A general
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feature of such microencapsulated enzymes is that they do not leak

T out because the surrounding membrane is impermeable to macromole-
cules; however, pernean% substrates can be efficiently acted onr by
the enclosed enzyme. One exception to this that deserves brief men-

tion is tt;s recent work by Gregoriadis and his colleagues (181 - 183)

~

on the encapsE;t\ﬂm) of enzymes within liposomes (1lipid spherules)
for possible enzyme Teplacement ther‘apy. In these cases, the enz
are entrapped within aqueous compartments between concentric 1lipid
bilayers. Unlike other types of lficroencapsulated enzymes; however,
liposomally entrapped enzymes can only act on substrate after release
from the liposomes.

In theory, since microencapsulated enrymes are in free sol-
ution in the aqueous phase, there should be no inherent changes in
the properties of the entrapped enzymes themselves after encapsulation.
Bowever, diffusional effects of the membrane and changes in the in-
tracellula.x: aicroeavironment may cause changes (apparent) in the V..,

e
Kp, pH-activity profile, specificity, and other kinetie

Y

yparameters, of the enzyme, as co-paren'i to its na!:ive counterpart. A rev-
iew of the diverse literature on the various properties of different
types of nicro;qs;apsulated enzymes is not appropl:int'e' in this thesis
and will not be attempted. However, one important property, tbal:\ of
st.abuity, vill be discussed in the following as this directly relates
to some of the in vitro md in vivo observations made with relation to )
L-asparaginase i.n the present studies. A detailed account of some of

the kinetic and other data specifically relating to microencapsulated

‘ e,

# . . -
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L-asparaginase will be presented in a later section.

All enz/nes microencapsulated with a high concentration of protein,have
shown, to date, the gener@nl feature of increased stability relative to the mnative
enzyme in free solution (146, 149, 151; 184). AFor example, when stored at A°c,

catalase in free solution lost 50X of its initial activity after 15

/
days, vhereas m:lc’:roem:apsulated L-asparaginase retai\n/ed wore than 90# ‘
of its initial activity for more than 100 days (184). When stored at
37°C, the stability of microencapsulated catalase was also more stable than
catalase in free solution (184). Studies on the stability of L-aspara-
ginase in the solution and microencapsulated forms will be described
later. Increased stability was also observed‘ by Cbang for storage at °
4°C of carbonic anhydrase, urease and lactase (146, 151, 154 - 156).
Chang (146, 184) has attributed the increased stability of microencap-—
sulated over the solution form of enzymes to the fact that, since pro-
‘tei.nsj ¢annot leak out, the entrapped enzymes remain at all times in an Y.
intracellular environment containing a high concentration of protein.
‘This is the case even if the microcapsules themselves are dispersed
in a very dilute suspension. Chang (184) has also shown that dcro-—
encapsulated Ws can be stabilized even further if tlhe enzyme —
containing nicrocapsules,. after fomtion; are treated with glutara—
ldehyde to cross~link the enzymes within the microcapsules. In this
way, glut;raldehydrtteated catalase microcapsules were found to be
siéni.ficantly wore stable than untreated catalase microcapsules after
storage at 37°% (184). Another method:to increase mzy;e stability 1is

to microencapsulate e:‘uynes vhich have already been “immobilized" (see

[
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section ID) by various techniques (1&6, 185). The featjire of in-
b9

creased sta‘,biiity of microencapsulated enzymes over thel¥ native

RN
#ounterparts offers the advantage that there may be less need for
|

frequent, repeated injections of microencapsulated enzymes .since
they retain their catalytic activity for a longer period of time.

In addition to a hiéh diffusion rate of permeant substrates
and increased stability, there are other features of biomedical
significance which are conferred by the microencapsulation of enzymes.

These include the following (146, 151, 154, 178, 185).

As a result of the small amount of polymer matrix required

to entrap a given qu;ntity of enzyme, there is negligible acc-
umulation of polymer material after in vivo introduction of micro-*
encapsniated enzymes into the host. |

‘ ugh an ideal membrane material has not yet been
developed, Chang et all (146, 160, 186, 187) have shown that micro-
L:apsules with a more bioco-paﬁble -e-br-ane cox‘x.ld be obtained 1if '
the membrane is coated with'albumin or benzalkonium-heparin com—
plex cbllodion, or if the membrane is prepared with berizalkonium-

heparin co-glex collodion instead of collodion in the organic phase.

" .athis would allow enzyme—containing microcapsules to come into con-

‘uct with biological fluids without causing serious adverse effects

on the formed elements of blnod Earlier this year, reports from this laboratory

(188, 189) also described the preparation of an albumin-coated,
"heparin-grafted cellulose membrane which had improved biocompatible
properties on in wvitro an:l in .vivo testing.

v o
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Since most enzymes used in clinical therapy are derived‘

8

from 'heterogeneous, e.g. bacterial, sources, the adginistration of
soluble enzymes info the body pose a number of ptoleich limit
fheir therapeutic usefulness\ {146, 1&5). Such problems, for emple,“
have already been described in detail in the case of L-asparaginase
in section IB of this thesis. A significant mfeature of microencap-
sulated enzymes 13{’ that enx§nes and any accompanying uctoni::}ecnl..ax
contaminants, such as endotoxins, once entrapped within the micro-
capsules, do not leak out into the circulation of the host (146,

154~ 156, 185). Thus, there may be reduced immmological and other
toxic prob}len;\arisingﬂ in the host. Furthermore, if [hu-oral amgi-
bodies are éresent in the surrounding milieu, t'hey cannot cross“the »
microcapsule membrane to inactivate the entrapped enzyme (146, 154 - -
156, 185). These l,atter“considerati:ons are fundamental to the t:hexar:
peutic usé of microencapsulated enzymes and will ebe discusseé at lm;th
‘in subsequent sectiom; of this thesia vi.th\patticular reference to

sicroencapsulated L-asparaginase.

/
It should be noted that some care must’ be taken in selecting

the appropriaté procedure for micrpencapsulation of a given enzyme.

For instance, the reagents used in the interfacial polymerization

rocedure -do not afféct enzymes like L~asparaginase and urease but

may inactivate other enzymes such as catalase {190) and uricase (191). ,

Catalase and uricase, however, can be successfully microencapsulated
|

y the interfacial coacervation procedure (190, 191). Another important
=Y

po. Lhat deserves comment 1is that enzymes euntrapped within semiper- -

¢
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meable microcapsules can act only on external substrates“which can
diffuse across the membrane (146, 154 - 156, 178). Permeant gubs-
tances include substrates up to the size of polypeptides but not
macromolecule:s. In the case of interfdcial polymerizatiom, it
should also b; pointed out that the enzyme may be incorporated into

the membrane structure of microcapsules (146, 154, 156, 167).

’

!

7

Biomedical applications of microencapsulated enzymes

Because of the fundamental importance of enzymes in all
biological processes, their biomedical applicatigns-, both realized
and potential, are multitudinous. The following section of this
review will be restricted to 3 examples of n'lodel enzyme systems
that have been investigated in this laboratory to illustrate the
principle of using micranfapsulated in 1ieu of native enzymes
for biomedical purposes. . .

The basic demonstration of the feasibility of using
microencapsulated enzymes for in vivo administration came from
studies in this léboratory (155, 192) using nicroencapsulateé
urease for i.p. injection into dqgs as a test model enzyme system.
In these ‘ijnitial studies, it was found that the enzyme did not leak
out into the blood, but r.auined-inside the microcapsules in the
peritoneal cavity where it acted efficiently on systemic urea
diffusing in. The conve_rsi:on of blood urea into ammonia resulted

in a quantitative increase’ in blood ammonia levels. These results

led to further studies to examine the feasibility of using microen-

41
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% capsulated enzymes for various biomedical applications, as 111~

!

ustrated by the 3 examples described next.

\

o (a) Enzyme replacement therapy for congenital enzyme deficiency diseases

The first studies on microencapsulated enzyme replace-

Pl
ment therapy were carried out by Chang and Poznansky (190), using
a special strain of mice (Felnstein's acatalasemic Csb mice) ‘
congenitallyﬁeficient in the enzyme catalase (193). Feinstein
(194) showed that ‘intravenous injection of beef catalase solution
can reverse hydrogen peroxi‘de toxicity in acatalasemic mice and
suggested that this mutant strain of mice and catalase were use—
ful as a model system for the study of enzyme replacement therapy
of inborn errors of metabolism. Feinstein found that although
injection of catalase solution could replace the enzyme deficiency,

-

repeated injections caused the pro&utioﬂ of antibodies to the
enzyme.
. Since Chang had earlier successfully nicroencalpsulated

} : catalase in coilodion microcapsules {191), Chang and Poznansky (190)
began investigating various aspects of enzyme replacement therapy
ufing artificial cells containing catalase for Injectfon into these
acatalasemic mice. They showed that 1.p. injectiop of microencap-
sulated catalase, 11ike catalase 1in solution, was effective in pro-
tect\ing acatalasemic mice from :axic doses of injected sodium .
perborate. Analyais showed tha: this pr*:tectm of acatalasemic
mice by nicroencapmﬂ.ated catahue vas due to the effek;tive reaofval

e i
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of perborate by the microencapsulated enzyme. This demonstration

t

that microencapsulated catalase successfully replaced the deficient
enzyme led to further studies by Poznansky and Chang (195). These
showed that catalase activity could be assayed in the blood after

i.p. injectio:; of catalase solution, but not after injection of
microencapsulated catalase which remained in the peritoneal cavity
where 1t continued to act efficiently on perborate. Microencapsulated
catalase was also found to be more stable in vivo than catalase in
solution. Immunological studies showed that repeated injections of
catalase solution, but not catalase microcapsules, resulted in the
production of anti-catalase antibodies. It was further reported that
in mice immunized to catalase, cat#lase solution was ineffective

in reducing body perborate levels whereas microengapsula;:ed catalase
continued to act efficiently.

\ The experimental studies described above, therefore, encourage
the t;ope that microencapsulated enzymes might: eventually be extended
for use in enzyme replacement therapy in certain enzyme deficiency
conditions in man., The experimental model used in these studies

is of particular interest because a similar clngenitalg -deficiency
disease, acatalssemia, exists in man (196). It should be emphasized
here that the work described above serves only as an experimental
model for :anebtigati.ng' the feasibility of using microencapsulated
enzymes for supplementing certain enzyme deficiency conditions. Thus,
the 1.p. route of 1nject%on may not be the optimal route of adminis-

tration for use in patients. Other routes of administration of /

¥ |
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artificial cells have been reviewed recently by Chang (146, 147).

In this regard, catalase microcapsules have been used successfully
in an extracorporeal shunt system th the removal of perborate
injected into acatalasemic mice. Microencapsulated catalase has also

1

been applied directly to oral lesions in acatalsemic mice an:i was

found to'act efficiently (197).

(b) Enzyme therapy of substrate-dependent tum&rs .

- Having demonstrated in preliminary studies the feasibility
of us\ing microencapsulated L—aspataginase for suppressing the growvth
of thé L—asraragine—-dependent 6C3HED lymphosarcoma in mice (200), i
Chang proposed tt;at another biomedicdl application of microencapsulated
enzymes is their potential use for chemotherapy of substrate-dependent
tumors. Since then, the use of microencapsulated L-asparaginase for
the treatue’nt of the Gardner 6C3HED lymphosarcoma has been studied in
this laboratory as a model system of this approach to cancer chemotherapy.

In yitro studies

In vitro studies show that W¢ 1abelled L-asparagine

equilibrated rapldly across the microcapsule membrane (199)/. The
assayed enzyme activity of I~asparaginase after mroancapsuutim;
has Km reported by Chang (200, 201) and Siu Chong and chan& 202)
to vary from 337 to 407 of the same amount of enzyme in free
solution. These values are in agreement with that reported by
Mori et al (168) of 37% using a slight modificat of Chrmg'u

tochu:l.quc.{ The Vgex of microencapsulated L-asparaginase has been
V- . K .
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reported to be about 1/3 the Vpyx of the enzyme in free sol-
ution (168, 200). The available data on the Ky of microencap-"
sulated L—asparaginase, how;ver, are not in agreement. Whereas
Chang (199) has teporte& that the Kn for microencapsulated
L-asparaginase was the same as Ir-aspitaginase in solution, Mori
et al (168) has found that the Ep for microencapsulated L-
aspar:agin«ase~ (1.3 x 10‘—3 M) was about 100 times higher than for
L~asparaginase in solution (1.8 x 10-5 M).

Studies on the pH ~ activity profile (168) indicate
that although the optimum pH was 8.0 for both L-asparaginase in
solution and microencapsulated L-asparaginase, the range of acciw\rit;r
of microencapsulated L—asparaginase was more restricted by changes )
in the pH of the incubating medium. The optimum temperature for
acti\iicy has also been found to be lower by. 10°C for microen-
capsulated L-asparaginase, as compared to L—uparagiuue in

solution (168)." The reason(s) for changes 1in the pH profile

and optinua tqnperature as a tuult of microencapsulation are
pruently not; clear.
Stability studies by Chang (201) fhoved that collodion
\ / \ L-up;raginafe nicn;cap‘nlu, vhen stored at 4°c, retained 90%
of their original catalytic activity sfter 100 days, wheress L- /
up&agimse solution stored at; this c-petacu;:a lost: 507 \ of
their‘ initial activity after 20 days. Chang (201) also found that

the microencapsulated mzyu kept at 37% was much more stable

than the enzyme in »llution. Mori et al (203) rcportaﬁh‘t therg/

.
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was no loss of activity after repeated use o?ﬁiylon L~asparaginase
&

microcapsules in' vitro and that the activity of these microcapsules
was more stable?‘ :épan,b-asparaginase solution when stored at 4°C.
However, when sﬁ}red at 30°C, they found that the activity obf
both forms of enzyme decreased in a similar manner.

L-asparaginase microcapsule suspensions do not show
any leakage of enzyme on in vitro testing of the supernatant
for enzyme activity (146, 199, 201, 202) or by immunological
testing using the Ouchterlony double diffusion technique (203).
Other in vitro evidence showing the absence of leakage of .
properly prepared Lyasparaginase microcapsules ]will be discuased—

in more detail in pter IITI of this thesis.

In vivo studies

- Jected L-asparaginase microcapsules is.the same as for other |

The prilztiple behind the in wvivo action of 1.p. in-

microencapsulasted enzymes (146). This principle 1s s

schematically in Figure 3. Briefly, the physical size of the
microcapsules prevents the microcapsules from lesving the peritoneal
cavity. As a result of the equivalent pore radius of the atcro-
capsule membrane, entrapped mro-oleculu,' such as hemoglobin,
L-u.masinué, and endotoxins, cannot lesk out from the micro-
capsules ‘nor can _{I-:mocpecific ‘/mtibodiu enter the microcspsule

to inactivate the enclosed enzyme. Pernmeant nolecu}ec‘ can,

»
hovever, diffuse efficiently across the Wm
‘ e ‘

Thus, 1~ ag diffuses from the blood into the peritoneal

-
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| Schematic diagram to illustrate the mode of action of 1.p. injected semi-
peraeable L-asparaginase microcsapsules.

N (modified from Chang, T.M.S8. (146) ). -
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fluid and then across the microcapsule membrane along its con—
centii'iation gradient to be acted on by the enclosed L—asparagina{ae.
The produfits, L-aspartic acid and ammonia, of the reaction then
diffuse along their concentration gradients from inside the
microcapsule back to the blood in the reverse direction. It
should be noted that the ?eritoneal cavity 1is somewvhat similar
to the interstitial space bet;ieen tissue cells in that ultra-
filtrate and diffusible molecules from the blood capillarie;
can equilibrate rapidly across the peritoneal cavity. In this
way, the plasma levels.of L—-asparagine can be lowered without
the enzyme having to enter the host's circulation.

Chang (200) in 1969 first described preliminary in
vivo studies showing that nil’oencapsulated l~asparaginase wvas

effective in suppressing the growth of the 6CIHED lymphosarcoma

in mice. In & more detail;d report, Chang (146, 199) presented

after tumor m}antation, niétoencapcu ted e vas

more effective than L-upa;:aginue solution in d%iug the
appearance of the tumor. He showed that the time when the tumor
first- appeared\was 14.0 P’ 4./5 da—ys forlthose gjivax L-asparaginsse
solution, and > 69 days for those given L—upnuginue microcapsules.
The values obt.ained for control animals ve#c 9.0 £ 0,9 days and

8.7 tjl 6 dayc for those given saline or control ﬁ;toup-ulu

containin; no L~asparaginase, rupgctively. Furthersore, uhetm
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all control and L-asparaginase solution-treated animals died

as a result of the tumor, 507 of those treated with L-aspara-
ginase microcapsules wereﬂ:t‘ihgf‘-,f:ee for more than 120 days
after tumor implantation. Subsequent to these studies, con-
comitant studies were caz)ied out by Chang (201) using collodion
L-asparaginase microcapsules and by Siu Chong and Chang (202)
using nylon L-asparaginase mictocapsules:) on the effects of ({
1.p. injected L—asparaginase microcapsules on the plasma L—aspat:—
gine levels {in normal C3H/HEJ mice. It was shown by both these
studies that microencapsulated L-asparaginase was more effective
than L—asparaginase mlutts);/tn suppressing the plasma L-aspara—
gine concentrations in these mice. A more detailed description
of the results obtained in these and other follow-up studies
will be reserved for fuller discussion in Chapters 1I to IV.

In addition to the i.p. route of administering L-aspara-
ginase nicrocapsule;; Chan’g' (147) recently described preliminary
studies using a combination of L-asparaginase-loaded art?.ficul
ceils with synthetic capillary fibres in a shunt zystm.' In
these experiments, Chan; used a Bio—-fibre 50 Minibeaker (developed
by the Dov Chemical Co.) vhich 1s a de;r,d.ce containing synthetic '
capillary fibers in the form of a bundle. These capillary fibers
act very much like the blood capillaries, allowing ultrafiltration
and dialysis to occur. By adding artificial cells containing

L-asparaginase to the fluid bathing the external surface of the

o i
capillary fibers and recirculating lL~asparagine solution through
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the capillary fiber bundle, Chang showed that the artificial
cells can efficiently convert the L-asparagine into' L-aspartic
acid and ammonia. With prolonged use of this system, L-aspara-
ginasel in the artificial cells was found to remain active for
more than 2 months in the suspending fluid bathing the capillary
fiber bundle. This is in marked contrast to ‘the obse;:vation that
the catalytic ’activity of l-asparaginase solution added to the
external fluid decreased rapidly after prolonged use. Chang has
proposed that the similarity in design of this combined system
of artificial cells and synthetily capillary fibers to the physio:-
logical and functional organizayion of organs and tissues may

be promising in the future construction of artificial organs.

kd

Removal of accummlated metabolities

“Pioally, the third example that will be discussed 1s
the possible use of a combination of microencapsulated urease
with asmonia adsorbent in) the treatment of uremis that accompanies
repal failure. Chang (157) in 1966 showed that 10 ml of 90 um
microcapsules placel in an extrncotpoﬁul chamber were efficient
in lowering the gyres content of blood alloved to £low directly over
tb4e microcap v(nore than 502X of 1ts‘ pretreatment level within
90 minutes of hemoperfusion). Conco-:lttnt with this fall in blood
utes level, thc blood smmonia rose to levels well above values
characteristic af ur-:l.nal hepatic coma. In this.same study (157),
it vas further dT-outratod that the ammonia so gmetnr,ed can be

-
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removed by the use of microencapsulated ammonia afisorbent (Dowex-50 W x 12).
The feasibility of this urease-ammonia adsorbent model system for the
removal of systemic urea has been confirmed and ed by sub;equent
work in this (204) and other laporatories (205 - 207). In addition

to their u:\n extracorporeal shunts, microencapsulated urease and
ammonia adsorbents have also been used fgr oral ingestion (204, 206, 207).
In this regard, oral ingestion of microcapsules containing other
adsorbents have also been shown to be effective in the removal of

urea (208). The work described above for the removal of urea is still

in an experimental stage anc# has not yet been developed for clinical

use in patients with renal failure. '

~

Clinical demonstration of artificial cell concept

. As a result of experiments perfof-ed in 1966 using urease,
ammonis adsorbent and activated. charcoal (157), Chang proposed the
theoretical basis for the construction of a compact artificial kidney
using microencapsulated charcoal as the adsorbent for the Fepnval
of uremic toxi:;é"(157). After initial, basic, laboratory work (157, 160,
209’1- 211) demonstrated the feasibility of using microencapsulated
charcosl as a compact artificial kidney, Chang (211) in 1970 reported
1ts first clinical use in a patient with chronic renal failure.

The rationale behind the use of dc:unupsuhted chatcoal
as a cospact srtificial Idjdnzy may be stated briefly as £ollaln (146,
157, 212, 213). 1t had been sh:wn by several workers ~(2110 - 217) \that
free actt‘vaud charcoal granules could efficiently ramove many uremic
!
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me:abblites and drugs from perfusing blodd. tely, bowever,

the charcoal causes a significant reduction latelets of the

perfusing blood and releases embplizing charcoal ﬁartié.les (215, 126).
Chang (157, 160) therefore suggested that ai roencapsul+ted char::oal
within blood-compatible mepbranes may avod this problen, since the
enclosing membranes would prevent any free’;')owder from going into

the patient's circulation, and at the same time, prevent the blood
platelets from coming into direct contact wi;;h the surface of the
charcoal. 'However, permeant uremic netabolit:ef would still be ablf!

to diffuse through the microcapsule membrane @ be removed by the
encloseél adsorbent. In its present form, the microcapsule ag:tificul
kidney consists essentially of a silicone-c/oated ch&‘ber containing

a packed columm of 300 gm of 1-5 -Dactivate(li charcoal granules which
had been coated first with a collodion membrane then with humsn albumin.
Because'of the ulttathin ‘memprane ( A) and the large lurface area /
(2.25 h ) of these dcroma;cuhted charcoal granules, Chang (146, 148,
213) has calculated that the :heore;ical transport rate of pm:

molecules across the microcapsule sembrane is at least 200 times faster

than in a standard ha-odialy-ex. ”, ,

i Using the cbové albmin-coated col.lodion mtomcaymdated

' acl:,ivated charcoal CACAC) licrocapsule kidney, Chanz (146, 211, 213,

218 -~ 226) has cartied out atenlive cliniul trials since 1970, Such
;zpertence has shown that the clearance of creatinine, uric acid, and
other uremic metabolites is significantly higher thin in the standard |
isaodulyzer. More ﬁp:vttmly, Chang (221 ~223) has recently found that

e i v ok St 2
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the ACAC microcapsule artificial kidney efficiently removes molecules
in the range of 300 - 1500 MW ("middle molecules™) which have been
mplicateg by B@abb et al (227, 228) as the molecules-principally res—
ponsible for toxicity in urenia. Furthermore, ;osﬁ recent clinical
assessnent of combined ACAC quion with Dow(model 4) be-odialy;is
or the Amicon ultrafiltrator indicate that in add}{tion to creatinine,
wric acid, and "middle molecules™, the rapid rao/v;l of urea, v“aterp,
and electrolytes are now also possible (222, 223)1. ]

, The nicrocaplsule artificial kidney has also been shmm. to be
wmore efficient than the standa::d hemodialyzers for the re-{val of drugs
guch as salicylate, barbiturstes and glutethimide fn snimals with m{ge '
intoxication (210, 211) and for the removal of glutethimide, methaqualome,
metbyprylon and phencbarbital in overdosed patients (224, 225).

At present, no artificial liver is avaihble for treating

patients with lf{ver failure. Chang (221, 226) has also carried out ACAC

hemoperfusion successfully in patients with hepatic coms snd has attri-

buted the clinical improvement of the patient to efficient removal of large

toxic. molecules ( > 2006 M) and proteis-bound noleculei by tiaq ACAC
)

¥

microcapsule system, ’ - . /
' These extensive studies carried out using the ACAC micro-

cayll;le arrificial kidney demonstrated the safety and efficiency of
microencapsulated systems in an c}:trapond shant for use in patients.
With further wo;ru- in o:hgr areas of research, the clintcal success
of“thc srtificial cell concept aﬁoutagu the development of micro-
encapsulated enzyme systams for analogons u]bn in patients, -

- L
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It is ok;vious from the foregoing that xesearch on the

artificial cell concept covers a wide spec;:rm of studies and is ~
not confined"to ;yme therapy. The entrapment of my-es vithin

" semipermeable micr éapsule; has recently been rel..\‘ognized to be one
of 4 ;ajor techniq for the "{mmobilization” of enzymes (see 'sectimn
ID). L-asparaginase has also been immobilized by these other techniques
in an effort to reduce the severity of some of the problems associate(\"
with L-asparaginase therapy. In the final section of this introduction,

the work done on these other types of immobilized L-agparaginase will
be reviewed. U '

T
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‘enzymei are available in the literature (146, 178:1 229 - 237). As a \‘
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ID -~ OTHER TYPES OF IMBILIZ%D L-ASPARAGINASE

The immobilization of enzymes represents one area of research

in enzyme technology whlic?x together with the production, 1isolation, ‘
purific-:ation and use of enzymes 1in a v;riety of ~\teac°tor éeoqetriu,
make up the new area of specialization referied *:o as "enzyme engineering”
(229, 230): The term "{mmobilized enzymeﬁ" has t*een used to describe
all enzyme preparations in which the enzyme is coﬁnstrained one wvay or
another wit:hin the limited confines of & supporting polymer (230).
Several excellent'and detailed reviews on the subject of immobilized
result of the Enzyme Engineering Conferences held in }971 and 1973
(229, 230), the follov;ing classification of immobilized enzymes

has been recomiended, based on the technique used for immobilization
(see Figure 4). Immobilized enzymes should first ludivided into
entrapped and t;ou:‘td enzymes. Entrapped enzymes should thcp’bc sub-
divided into matrix-entrapped and microcncnpluhtod cnzynn, while
bound enzymes should be sub-divided into adsorbed and covnlcntly bound
enzymes. In addition to 1:- microcncapluhtion with&n -mipcrnublc

microcapluln,fL-upnugimu has also bun immobilized by each of thue r

other tcchniquﬁn . . “

"

Adsorbed L-asparaginsse l‘ N . d ‘ .

Nicolasv .and Mardashev mn the first to immobilize b—upu'n}-
ginase. They adsorbed L-asparaginase onto Whﬂ ‘celluloss (238)

R
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and later ont:.)o diethylaminoethyl cellulose (239) for 1im vitro kinetic
studies on the hydrolysis of L-asparagine. They found that the colmn‘
of adsorbed L-upnraginac’/e retained catalytic activity. These studies ;
wvere not in any way related to interests in L-asparaginase as a pot-~ B
ential antitumor agent. Indeed, they pr‘cedcd Broome's discovery \

(36 - 38) of the antineoplastic effects of L-asparaginase. This
immobilization technique, however, has not been since investigated as

a means of improving lraspara(gi‘nau therapy, probably because of

the relative ease with which the enzyme can reversibly adsorb and

desorb from the supporting matrix.

v

Covalently-bound L-adparaginase
, Weetal (240) was the first to immobilize L-npur%agimc by

~

covalent linkage. He covalently linked L-asparaginase to a Dacron

vascular prosthesis and tested its in vitro snd in vivo .tnbiiity in

a dog. 1In vitro -tt;digu showed that at the end of 18 days storsge

st 23°C 1n saline, 27% of the initisl activity remsined. In vivo studies

/

showved that the enzymatically active graft. implanted in the abdominal

sorta of s dog retained 44,5% of its initial activity. Veetal (241)

later also covalently bound L~asparaginase to carriers such as a

glass or methacrylate and tested: these systems in vivo., These studies showed
that the L-asparagine levs 14 successfully be lovered in b.‘l.ood alloved
to perfuse over it. kages of snzyme into the blood wis howevek reported

i

~——

in these lt@m.
ssalberger et al’ (242') described 4 methods for covalently

bindini L~asparaginsse to insoluble matrices of microcystalline ceallulose,

I



czitboxymethyl cellulose and carboxymeéthyl dextran. Except for omne
preparation, L-uparaginase immobilized to these uupporps was found

to be more stable at 37°C than the enzyme in free .olution. No in vivo
testing of i:ﬁgu derivatives was reported, although their use in an \
extracorporeal shunt fyltm vas suggested, —

Allison et al (243) covalently attached L-asparaginase to

ar&::nbility and kinetic parameters of the immobilized\enzyme. They
£ that the L~asparaginase nylon tubing, after 2 months of storage,
retained 1002 O:Kif‘i initial sctivity at 4°C and 50% at room tegpera-
ture. An increase A.n the Ky (apparent) was observed upon immobflization.
Although the pH optimum of both the impobilized and solution fom of
the enzyme va@im, the range of activity was somewhat more res-
tricg:pd.by pH changes in the case of the immobilized enzyms. The
immobilized L~aspara 1qun;:/3fu also found to be nor; resistant to

thermal insctivation)than cnzm in free solution. Xo 4in vivo work

has bun rep vy: yet by this group. chr, they suggested the
/

’ use of. L-aspafaginase nylon tubing in an extracorporesl shunt for

huknu therspy. More rccf'ntly, Bunting snd Laidler (244) have
aho.ltudiod the flovw kinetics of L-upcrl"gimo covalently attuM
to nylondtubing. ' /

Horvath et sl (245) covalently bound L~asparsginase to u '
polycarboxylic gel layer vhich itsslf was :tuchad to the inner wsll
of nylon tubu. In vitro studies_showed thnt thc 1~asparsginase .

activity of tho tubps vas qui.tc stable, and t.hcn was no detectadbls:
o 4
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leakage of enzyme from the tubes into the perfusate, Studies in

vhich this enzymé reactor system was connected in series with isolated

rat liver, showed that the normally steady-state L-asparagine level 4in

the hepaiic output could be effectively lovered depending on the enzymic
activity of the L-asparaginase tube. On the basis of these studies, :)‘
this design of nylon tubes was suggested for use as extracorporeal

shunt systéms for maintenance of a low plamﬁ L-asparagine. It was

proposed that this type of reactor design was different to the earlier

one used by Allison et al (243) because of the addgd sdvanta&c of

the presence of the gel layer which protects the embedded enz from

external proteolytic agents.

Sampson et al (246 ~ 248) have described the use of L-aspata-
ginase covalently coupled to polmthylne-tlucrylate plates in an
corporeal chmotherapctltic unit for 1in vivo ltn;diu in dogs, babdons
and man. They showed that hemoperfusions over the L~asparaginas¢ plates

caused & sharp decline in the serum L-asparagine concentrations. Signi-

gicant m;oquppreuion, manifested by decreased 1 hocytic/ reactivity

to various vegetable m&to'gens, was observed during h pprf.qsion.

Assays of sera in initial .studies (246) for L-asparsginase actiiity

!

revesled that there was aboyt 337 leskage :ot the enz from the

tes during perfusion. In later studies (248)’ hovever, enzyme leak-

ge from the plates was reduced to only 27Z. No major t ity was
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8 ’}V‘It is interesting to note that serum L-asparagine levels remained
\ low as long as perfusion continued, but promptly returned to normal
within 3 hours after cessation of perfusion. On the basis of these
studies, Sampson et al (248) suggested that this extracorporeal
approach might be of potential value in the management of human
allograft recipients, vhile obviating some of the toxic effects of 5
L-asparaginase. Hersh, who was colllsborating s/cith s@aon'a group,
cov;lently coupled E. coli and Erwinia carotovora l-asparaginsses
to polymethylmetliacrylate plates and described the in vitro pro-
perties of these immobilized preparations in a subsequent paper (249).
.The most detailed .mi.. on covalently~bound L-asparaginase
have been those of Cooney et al (250), using the Dacron vasculsr
prostheses described earlier (240). In vitro studies showed that
amidohydrolysis by this "enzyme graft” was depandent on the('flow rate,
character of 'thc,,pcrfunte, temperature, substrate concentration and
pH. Immunological studies showed that mouse anti-l-asparaginase serun
inhibited thc catalytic activity of the enzyme graft by 30 - 52% in vitro.
g In vivo studies showed that mice implanted 1.p. with tﬁ‘; ¢nz;u grafe
(nu‘cron circlet buring 1 IV L~ssparaginase) developed humoral anti~-
bodi:Z:o the m'zync (measured bx the technique of passive hn’ulu-
tins ). The iomunogenicityof the immobilized L-asparaginase im-

plagt vas ac:ﬁbuccd to relesase of enzyme from the support into the
‘ . body, as & result ot gradual rup:ura of the covnlcnt bond bstveen
othe enzyme and the polymer. uo incrm; :l.n t‘hc survival time of

L5178Y leukemic mice was found after i.p. implantation of the

® .
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/- colhpn, u a carrier for the immobilization of L~ssparsginsse by

L-asparaginase graft. Autopsy studies sh'owed that fibrous adhesions
were present on the intimal surface of the enzyme graft. Removal of
these fibrous adhesions revealed that the graft still retained 152

of 1its original activity (after 2 weeks of implantation). On the
basis of these studies, Cooney et al proposed that tl}eyptotein
accumulation on the surface of the graft limits accessibility of
substrate to the enzyme and thus impairs its catalytic activity ln
vivo. It 1is interesting to note, in this regard, that Siu Chong

and Chang (202), in an esrlier report, also described similar find-
ings with 1.p. injected L~ lpuugirue nicro:‘npml.u. They found that
progressive fibrosis occurred around the surface of 1.p. injected
L~asparaginase nicrocapsulci. this resction Saconing very marked around
the 8th day post injection, They proposed that this likely formed s
relatively impermesble barrier to external L-asparagine, thus A‘ccount-

ing for their finding that L-asparaginase microcspsules, though con-

- taining catalytically active L-asparaginsse, exhibited limited duration

of physiological activity in vivo (202), Hicrompmhtod L-aspars~
ginase, hovever, was found to rouin oignitimt tumoy 1nhibit.ory pro~
perties in vivo (146, 199, 202, Chaper II1 of this thesis). )
Vpnlumubrmhn et al (251) used a biological protein,
covalent linksge. In'this preliminary study, L-ssparsginase vas liaud
with collagen, md the L-asparaginase~collagen mixturs cast ss s
membrane, dried, and then cross-linked with glmrauchydc; This .

-
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membrane was wound to form a modular reactor. In vitro tests showed

that the 4mmobilized L-aapvaragime vas very Jtcble for over 4 months upon

storage at 4°C. An increase in the L (apparent) was also observed (about 80

times higher than the value for the enzyme in solution). The pH
profile in tl:is case wvas very finihr for L~-asparsginase in the immo~
bilized or solution form, Other in vitro work and possible clinicsl
evalustion of collagen-immobilized L-asparaginsse were suggested.
Lastly, Paillot et al (252) described the rather interesting
technique of binding L~asparaginase to an inert csrrier y;otain, hulon
albuain, by cross~linking it with glutaraldebyde to{ form s soluble,

immobilized enzyme system. L-asparaginase immobili
was shown to retain as high as 807 of 1its initial a‘ct ity after
cross-1linking, and wvas mors resistant to proteolytic att ck/ by trypsin
in vitro. In vivo studies on mice did not show any overal / toxicity
for this type of L-uiuuginuc polymer. This type of immobilized

/
enzyme system was suggested for use via intrsvenous injection.

LRl

Matrix-entrspped Ll-asparaginase

Updike's group (253 - 255) has immobilized L-aspsraginsse
by 'entrapping the enzyme 1o & hypoancumig polyscrylamide gel which
was then mgchanically fragmented into smallexr gel psrticles. - In vitro

Ey

studies showed that the gel-entrapped iuyu was ?romud from attack
by proteclytic-ensyms (pronsss), bacteria, snd specific sntibody /
(253, 254). "Although the sverage size of the gel/could be mads smaller

.,(by incrsasing the polymer congmrum) :lun the physical size of the
{

P

by this technique

~ S
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entrapped protein, it was reported that leaching out of protein always
/occurnd fton, he matrix (258, 2547 In vivo studies showed that 1.p. }’
injccte& gel-entrapped L-asparaginase particles had an sctivity half-
1life of about 9 days, and that L-asparaginase activity could still be
measured in particles recoveref! from the peritoneal cavity for up to
4 weeks after 1njéction. As a result, serunm L-asparagine levels
vere luppr—eued to nearly zero for at le‘ut 2 days after 1.p. injection
(255). It was also shown that intravenously injected L-ssparsginase
particles into rats produced s more prolonged depression of the serum
L~asparagine level than observed after similar injection of L-aspara-
ginase solution, Particles so injected csused plugging of the pulsonary '
microcirculation, and vheezing and hyperventilstion vere observed.
These particles were removed by the reticuloendothelisl system, and
the spleen was found to increass to doubls its normal siu during the *
first 10 days after injection. Updike has -/uuum the use of & mors
biodegradable polymer so as to av;u possible l,u:rogcnic polymer non‘o
disease as a result of repested injections ofthis type of Lmmobilized

| S /
Mori et al (256) .hnvc also {mmobilized L-ssparsginsse by
sutrapping it in s polyacryh.nu‘c gel lattice snd studied the resultsnt

that gel-satragped L-asparaginase
sin, trypsin and Pronase-?, sns (.
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vas wore stable than L-asparaginase solution when kept at 37°C.” Gel-
entrapped L-uparakinue packed in a column retained 40X of the original
activity after 15 days of contiq}uou- opceratmn at 37°. In these studies,
no leakage of L-asparaginase activity could be detected from such a
column wl;i.ch_g{ficiently lowered the L-—a-paragine content :o zZero in
blood fl,owing through it. No in vivo studies were reported.
Ohnuma et al (257) immobilized L-asparaginase by entrapping
it in 2-hydroxymethylmethacrylate gel which was then dried, ushed
to ¢ obtain smaller gel particles, and then rehydrated. Ip vivp studies
ciﬁwed that cf;:er i:p. injection of these gel-entrapped L-asparaginase
particles, a peak D'-npnngimf activity appearesd in the plasma
which was 5% of that observed after similar injection of an equivalent
dose of L-asparaginase solution, The clearance rate of the cnzyu
from the plasma after {.p. injection of gel-entrapped L-upausindvf
was slso found to be sbout 7 times slower than that of the mtin ’
anzyms. This vas prob;bl;; due to, onzyu lesksge from the gel matrix
in vivo. Gcl-entrnppod' L~asparaginase ;upggc--ad the plasma L-hap;_rqbu
h;nl to the same degres as L-asparsginass solution., Preliminsry
studies on t!/u tumor.inhibitory affect of the 2 enzyme yrcp&auou,
howaver, suggested that gel-satrapped L-ssparaginase vas slightly more
therspeutic than L-asparaginase in |solution. '
Q More rncutly, an mtoructn; ‘tecimique tot 1smobilizing
L-upnuginud vas dncﬂ.bd by Iuda ot al (258) who entrapped the
tibrin formed from t1brfogen 1n the

that cosgulation factor XIII

4

enzymns into a matrix of
presence of throsbin, They pr

i



caused a cross~linking effect between ﬁl;ri.n molecules and between
fibrin and L-asparaginase molecules. ™ significant lulu;e of 1~
upn;agiwe from the fibrin polymer was reported, even after

vashing the bilized enzyme p:epauti;m for 2 days. The use of

such a low enic material, especially human fibrimogen in
1leu of fibrinogen, wss wggdtad for clinical spplication.
/ -
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‘ encapsulated L-asparaginase. The responss of the host to i.p. injection of

CIH/HES mice were glvm) 1.ps 1\\1\\“101\7 of one of the followingt

.L-npnuimn aolution, uicrdm«piuhtcd l-asparaginase, aalina or control

microcapaulea. After injection of ,L-n,jnnghnn solution, enzyme activity

"appeared in the blood very i*tpﬁly vith t{( hishtit concentration occurring
I .

after 4 hours, and was then Iz\.lvmn‘ogi from the circulation with a half-life of

A4 houra. In maxrked contrast, vgjp\n nicroancapaulated L-asparaginasae.vas

!.m)cctad\. no significant L-aaparaginase activity appeared in the blood for

the entire duration of th?.n study. "Body" L-asparaginase hval(‘a declined

very rapidly with a half=life of 2 houra after injection of L-asparaginase

solution, whereas it took 60-72 hours {or the "'body" !.-nipanuimu to de-

crease to SOX of the original ac(:ivi‘ty after injto.cion of microencapaulated
L-asparaginase. The nicroencapsulated lL-asparaginase atill retained adout [
20% of itse original activity up to 16 days after injection. Plaswa L-aspa=~

ragine vas maintained at Rero concantration foxr 3 days after injection of
L-aspsraginase golution, compared to 8 days after injection tir nicroencap-

sulated L~asparaginase, Liver L-asparaginase activity was tound to increase

after injoction of L-asparaginase aolution Qb\n: not after injection of micro—°

nylon microcapsules is descrided. Preliminary sxperiments indicate that the
half-life for clearance of the free enzyme from the circulation of 6C3RED

lymphosarcoma-bearing mice was 13.2 hours as compared to 4.4 hours of normal
mice, and that niCmupmhud L-asparaginase was capadle of causing re-

gression of the tumor in the advanted, well-astablished atage.
’ . el

! !
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Kidd's obaervations (1, 2) that iuhm pig sarum inhidited the growth
of certatin murine t\!;_mra "‘hnd Broome's (3—§) identification rwnlu\;\:hu: the
anti=tumor propartiss of E\hia nnmm were due ;o ite t.-npaiumu- content, ’hn\n
resulted in a great inl of intersat in this enayme. Naahdurh and Wriston (s)
discovared that L—npnrui&n“h ‘with tumor=inhibitory activity could ba obtained
fxrom n-cmmf\u coll theredy making ghi'a enRyRe more readily available -for
axtenaive invest igation. Further atudiesd showed that L-asparaginase was alao
effactive against seaveral other typea of murine laukemias and solid tumora (7, 8)
and ajainat spontansous dog lymphosarcoma (9). Ina/npo\\dmt work l?y Neuman and
McCoy (10) and Haley et al (11) ahowed that cells of the Walker Carcinqsareoma
256 and the 15138‘! nouse loukania would not grow in cuitun« ndiun‘ devoid qf
L-a‘apnrhim which ia .gamnny coz\uidcnd to ba a non esaantial amine ni}l for
nornal tissues, Although the exact mechanism of the anti-tumor action ¢f L=
npan‘inan ia not fully known, the most widely auétpnﬂ thasis is that admin-
iatration of this enzyme diplatés the extracellular source of —t.-nparu!.m-.
theraby ﬁlcct\ivcly dntroyin;o t.-u;;aruxm-dnpmdmt t\l:g!‘ cells 3,7, 12=04),
"l'hug L—iapntuimn-naoitiﬁ tunors, ‘in contraat to most normal cells and
L-asparaginase-resistant i:mnf cannot aynthesize sufficiant endogenous L~
thp;n;mh duc'co the lqek of L-amparagine ny‘nthrnn or their h\eagn&uy to
increase ﬂ-upaug\im aynthetase activity after L-npungm;n administration ’
(s-19). S

' The firat attempt to eviluate l.-:up“uimn eunicany' was carried

out by Dolowy at al (20) who used a partially purifiad preparation of guinea

'/’ plg serum on a patient with acute lymphodlastic levkenmia, -Hill at al (21) and
! 3

Oettgen at al (25) reported that B, cold l-asparaginase also had signigicant }
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N N
“therapeutic affects %\\ man,  Subsequirt and more extensive clinical trials

carried °mn: by several groupa (23-32) dnﬁom,,trntad that L-asparaginase h"

a very" promising rmlnion—i;\dueinn agant in acutae lynp!;o\rlnttn laukenia
m{\ndren, but“1s leaa auccesaful in the treatment of non-lynph;uytin

leukemia, and producas only ocol;-iom\l responses in lymphosarcoma and rat=- o,
iculum=cell sarcoma. There are a number of side effects associated with

K. coli L=asparaginase therapy., The side sffects vhich have been odserved

in ;om patients include: anorexia, nausea, vonugiu. chills, favear, diarrhea,
waight loaa, hypotension, cerebral dyafunction, hypolipidemia, hyperlipidemia,
varioua manifeatationa of hypoproteinemia, coagulopathy, abnormal liver’

function teats, fatty mctahotpho;i\aﬂot :h; liver, pm;rntic[ dyn!\met:ion? asotemia,

. granulocytopenia, lymphocytopenia, thrombooytopenia, .and hyporunut:lvn)‘v /
teactions with posaible life-threatening anaphylaxis (32-36). 'rn}- wide
apectyum of aside effecta may be attributed to at least threa factors.
u‘ntly; th-ym\'y be the direct or indirect result of the enzymatic removal of
L-~aaparagine causing, for inatance, a depression 0!} cessation of protein -
ayn:hcih. Sceoncﬁy. they may arise becauas o£ the ‘an::lghmlc nﬂnurt of the
foreign snzyme preparation, Thus with repeated 1njcctionn of amayme thare '
may be problems such as immunologital reactions, ;aptd renoval and inacti-
vation of the foreign snayme by the host, Thirdly, thay may originate }

‘ from the {:onibh contamination of the ankyne pnpnnt\ion with bacterial
m&ocoxina or other bacterial substances. The latter two possibilities
tq;nnnt problema which ”on‘c would encounter vhen using enxymes derived -
from hatexrogenscua sources.

_> Enmplpying the concept of ‘artificial cells' in the form of semi- .

permeable microcapsules (37-39), this type of enayms technology has been used

for the sxperinental suppression of the Gardner lymphosarcoma in CIH/HEJ mice

| (39-41).
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Senipermeable microcapsules (37-39) are apherical, ultr;ghln. senipsrmeadbls

'polymer mambranea of cellular dimansions, each envaloping a microdroplet of

an kqu.o'ul pro(nh: solution or suapensién. !oi:h the aquivalent pore radius.

and meoan diamater of  the microcapsules can be varied at will over a wide range.
In ’ulcm:ion to having ultrathin membranes, the small aize of the nlcrocqsl}n;n .
offers the advantage of having an extramely large "surface area/volume vatio,

not unlike their bdbiological counterparts. The encloaing menbranes of thess
nierocipnuln are auch that they are selectively ptrnnb.h to ;nall molecules
(e.g. L-asparagine, L-aspartic acid, smmonia), but are impermeadle to macro-
molecules (e.g.f enzymaa and other proteins) or nlﬁ. In this way, therafore,
L-ﬂparuh:uu and any accompanying macromolaecular oonu;nint:ta. onca loaded .
inside such nicroc:p'.uin, are praevented from mu&hmtm'du{cm with the ex-
r/,arnnl. anvironment fmd from leaking out to t!;n rise to unwanted 1munologica1/
and o:hef toxic reactions, ;.»r bo rapidly removed and {nactivated by the hoat.

At the same time, howevar, external permednt molecules can dialyse acxoss the,
imtpgmnbh menbrane to be J‘ond on by the enzyme which has ’bn’n mtrq{ptd

in thc intracellular c\n\rkommt.ef the nicroc&gmh. Thus, Gyhih still bdeing
clpnbh of aeuns efficiantly on the L~asparagine in the aurra\mding mediun,
nnobnintion of the enzyme in semipernsable pit\iMlplultt now pmﬁn it to
be ndninh/n'nd in ‘such a fora that it is both ncn-imunosmic and:non~toxic
with respect to contaminating bacterial oubtnn«: . mchci-n‘o e, nicroencap= -
sulation of Leasparaginase within an énviropaent containing a Zuh concentration
of proteins results in an incruud atabiXicy gf the enzyns (A2, 4)), and th-rct}y.
may rcdu« the nesd for frequent, npm:od hq-eﬁehm of the cmym. Another

significant advanto.g- ia that con:ln\ud L-upaugimn thtupy is now made

ponibh uaing the microencapsulated form of the amym .vm in pu:hm:u who

— )

¢
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° ' have dcv-ioptd a high muh%dy titre against Leasparaginase pnvibulily administ=
ered in eha frew !om. Thia circumvents the problems associated with rapid

vemoval nnd lnanuvnuun of the lnwm or the risk of amphyhnlu and othar
&

-‘-munulu.unl complicationa. i
This p@r analyzes in detail iome of the effecta of 1;}1‘:. injections

of L=asparaginase in free solution ‘and in the microencapsulated !on in CIH/NRS
mice, In parucuhr. we have sxanined the !m vivo anbnity of th- two forms
c;! thn ankyne in the b‘ody\. the assoaiated ﬂm\gn that take placa in relation
to blocd L-asparaginase aéuvi:y and plamma L-upnu-nm hvch' and the fate ~
;2 ths 1.p. injected microcapsules, Preliminary lindh{n on the regression’
of the SCIWED Whon:cm'm tunor=balring nice given free orﬁ nternnn?-
sulatad I.-npny{i‘inrc are lho‘uporud. 'th concomitant changes in endo=-
genous liver L-asparaginase activity will ba published in greater detall in

-~

a later paper.
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¢ Mnipaly A -t s
/ Normal .male CIH/HE) nice waighing about. 23 gUm Wate ‘uud in these . |

studies, Theas originated from Jackson Laboratorie, lmnrbor. Naine,

'r“y .were maintained on a diet consiating of Purim Nouse Chow and water ‘ld

libitm\ ) ’ |

N ) v ‘
l'!. coll L=-asparaginase (BC-2, i.-upuhx:lm amidohydrolase, BC 3.5, 1.1)
‘ Via obtained in vials of 1000 IU from Nutritional Moclwiaical Corporation,
- / Cleveland, Ohio. The apacific -cmm; ‘of tha proeparation was 312.3 IU/mg.
| One IV of L-asparaginase has bean dofined as that mount of ensyme which =~ -
will liberate 1,0 ymole of ammonia per minute at »c.
(Q
P o ~a : / )
Seaipermeadla rwl&n nﬁro«pmln havh\g/a i\;nn diameter of 06 u;i
; v&:rpnpnnd by :mtnhchi p/glynnintion using the \\pd't%od procedurs (39) .
\ Briefly, to a beaker surrounded by ice the following are! ‘nd;;cdz 0.3 ml of
| t-aaparaginase solutien (1000 TU/ml), 2.5 al of 10 guX hn\,olt/lobm iai'\mﬁn »
(huonobin'\ auburlau. Vorthington llloqhmlnl co!pouttén. nithold. New Jon\y)
and 2,2 ml of a freshly prepared ‘nlkaﬁ.m 1, 6=hexamethylenedfamin solution cons

taining 5.0 X l.s-htunthyl)m-dlanim. ;.B goX aoa/g.\m hy&roit\\ caxbonate and
7.5 geX sodiun agrbomtn.*‘ Using a "Jumbo" nagnetic stirrer (Fishexr Sclen=
tific Co., !bntrni. au\\ne) at a speed satting of §, this aqueous solutien
vas immediately asulsified for 1 minute at % with 23 al of a t"nx;ad i‘ol\nn:“
\ (chloroform=cyclohexane, 1:4, containing 1t vl_\v//“Spm " (Atﬂ'; Chenical
(. - Induatries, Brantford, Ontario) .“5 Without |to\pp!.n'a the atirrtn;, \35 .nllof L
. ' ’ \ v

“
N

» Ses Appendix 1.
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0.018 X sedacoyl ahloride solution“prepared immediately Sc!on use by ad?l-k
ing 0.1 ml of pute sedacoyl chlorvida (Bastman.Rodak c&.) :to 23 »nl of the mix-

"ed solvant « wera added and the resstioh mixturs stirred for- another 3

rinutes at the sama ‘\lbi‘id- l‘hn’ reastion \»\i t!(:m qn-ﬁehm by the addition
of 30 ml of the "mixed solvent” to the atirred wnptm\h\; which .h than
stirred for a further 15 aeconds. "n\- supirnatant vas then rm\nd by sed-
imentation and discarded. - 30 ml of a aitcrégnt. Mﬂ\ 20‘ solution (Atlaa
Ic\\ggtul' mauam.-.“sox v in wat’n)\. m'nq than added tofﬂh |ﬁcpannlon. .
a}\d the nierooip'mli‘a vere disperaed by stirring at a npu‘d setting of 8

for 1 minute, ""1‘;\- ‘spasd was then decreased to°a satting of & and 30 ml of -~
dhtilhd water were added. The suspeniaion was' stirred for 30 seconds more

and’ t'hgnr pourad into a heaker containing 200‘m1 of dh’/nlhd ter. The
micwocaiamh auabnmi«m was then washed 10 times with saline to remove any .
méu {l‘;y-nﬁ 20, The microtapasules ;rqré then resuspended in saline to pro-
duce-a 30X nigrbnpnuh suspension, 'mcrécapauha prepared in this way

have in aactivity of about 12 Iplnl of 50% microcapsule suspension. Priow '
to use, the iifn: activity of the /pnpuqtion was always é-nmm«l. The
mpﬂmtm‘t was tested for any. hmynrictwlty t-o a;\auu that tht\u ﬁp no
leakags of 'onpym from the nicrocapsule piﬁpantion. and the microcapsules’

vere 7““““ undexr tha microscope to ansure that their uembranes were well

, formed, Only ﬁropctly prmﬁfd ltktoenpaulu (Figure 1) that satisfied /

b - . .
these criteria vere used in these sxpariments. - /

! i

Expexinencal procedurs
Groups of mice receiving L-isparaginase solution or L-upnaﬁimn-

A

nicrocapsules were given 1.p. injcguo%t of 0.3 IU/ga dody wedght, |




FIGURE 1

Photograph of typical L-aoparqingu-loaded nylon microcapsules.
The microcapsulea shown here were prepared by interfacial poly-
merization, as described under Materials and Methods. The nylon

96

microcapsules formed are of 80 um mean diameter and have nepbranes

< which are 200 A thick with an equivalent pore radius of 16 A,
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‘ Control mice were given i.p. injections of 1 ml saline or’l ml 50X micro- '

capsule suspension containing no L-asparaginase. f

Preparation of tissues for l-asparaginase assay

(a) Blood. Blood was drawn into fire-polished, heparinized Pasteur pipettes
from the subclavian artery of ether-anesthetized mice. The blood was then
"  transferred into small containers which were immediately stored at -20°¢C

until ready for assay in the next few hours.

(b) l“gggl". Having exsanguinated the mice, the skins were removed and th$
livers dissected. The remaining portions of tha animals were then homo- /
genized 1/4 (w/v) in ice~cold saline using a Waring blendor. The homogenates
were filtgred through triple-layered cotton gauze and the filtrate immediately
kept at -20°C until ready for assay. Any subsequent mention of the gmount of

L-asparaginase activity remaining in the "body" after enzyme injection refers

* to the enzyme activity assayed in the homogenates prepared as described here.

L-asparaginase assay

Assays of enzyme activity were carried out using a slight modification

of the automated continuous flow method developed by Schwartz et al (44) (See
Appendix 2 for details). This method of assay is based on the Berthelot
reaction in which enzyme hydrolysis of L-asparagine resuits in the release of
anmonia which can be detected colorimetrically by its reagtion with sodium
hypochlorite and phenolhto form indophenol. The major changes in our proced-
ure were 2-fold:

0 )

0.1 M sodium borate buffer, pH = 8.5, was uséd instead of 0.1 M veronal

buffer, pR = 8.6.
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(2) The incubation coil was made longer o that the reacting time of the
‘ buffered enzyme-substrate mixture at 37°C vas increased from 5 to about
12 minutes, thereby allowing a greater amount of ammonia formation. This
permits more accurate measurements of lower concentrations 6( L-asparas-
ginase. The exact period of incubation vas determined with a stop watch

prior to each set of analyses. . ol

Preparation of plasma for L-asparagine assay

Freshly drawn blood was centrifuged at 1000 g for 10 minutes. The plasma -
wvas removed and added to a tube containing 101 TCA (2 vol plasma to 1 vol TCA).
x ,
The éontents of the tube were mixed well with a vortex mixer and then centrifuged
.at 1000 g for 20 minutes. The supernatant was extracted 5 times vitg ether.
After the final extraction and removal of ether, any residual ether in the

1

supernatant was romoved by vacuum.

L-asparagine assay

This was performed according to the fluorimetric technique of Cooney
et al (45), which is based on the enzymatically coupled oxidation of reduced .
pyridine nucleotide (See Appendix 3 for details). In our case, four solutions
were sequentially prepared as follows:
(a) 2.5 mg NADH (Calbiochem, Los Angeles, C‘Iif.) was dissolved in 100 ml
Tris buffer (0.005 M, pH B)i Y,
(b) 10 ml of the solution prepared in (a) was diluted with 290 ml of the
same Tris buffer.
. (¢) 4 mg a-ketoglutaric acid (Sigma Chemical Co., St. Louis, Mo.) was

added to 250 ml of the solution prepared in (b).

-
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(d) 52 IU GOT (glutamic oxaloacatic transaminase, porcine hearc; Sigma
/

Chemical Co,) and 126 IU MDR (malic dehydrogenase, porcine heart; Cal-

biochen) was added to thae solution prepared in (c).

4 ml\of the reaction mixture preparad in (d) were pipatted into glass fluo=
riﬁcter rubes (12 x 75 mm) (G.K. Turneér Associates, Palo Alto, Calif.).
0.05 ml of the sample was added to the reaction mixture, After incubation
at 22°C for 30 minutes, a reading was taken on the fluorimeter (Turner
Model I1I). After this, 0.1 IU L-asparaginase was added to the reaction

mixture which was then incubated at 22°C for 1 hour, and then read on the

fluorimeter.

Fate of injected microcapsules

CBg/REJ nice were injected i.p. with nylon microcapsules and sacri-
ficed at various time intervals up to 16 days. Microcapsules were recovered
from the peritoneal cavity and observed under the micrascope. Microcapsule
aggreagates were also fi;ed in 10X formalin and embedded in paraffin ;nx (See

Appendix 4 for details). 5 uym thick sections were then cut and atained with

hematoxylin-eosin.

A s
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RESULTS

gipod lL-asparaginase activity

Figure 2 shows that after i.p. injection of L-asparaginase solutign,
peak enzyme activity appeared in the dlood after 4 hours, and the enzyme was
then cleared rapidly from tha blood. The elimination of this L-asparaginase
preparation followed first-order kinetics with a half-life of 4.4 hours (Fig-
ure 3), enzyme activity being no longer detectable in the blood 48 hours -
after injection. In contrast, after i.p. injection of microencapsulated L-
asparaginase, no detectable L-asparaginase activity appe;}ed in the blood
for the entire duration of this study (16 days, Figure 2), showing that the
microencapsulated L-asparaginase did not leak out into the vascular com—
partment, Injection of saline or control microcapsules did not result in
any changes in blood L-aaparaginase levels (Figure 2).

Concomitant with the sdminiattation of L-asparaginase solution or
L—aapafaginnso microcapsules, there were associated elevated base-line blood
ammonia levels of 0.30 - 0.50 uymoles/ml as compared to control values of

0.15 - 0.20 ymoles/ml in untreated mice. This was probably due to the amidase

"“actich of the enayme resulting in an increased liberation of ammonia. This

increass in blood ammonia level was not observed when saline or control micro-

capsules were injected.

"Body" L-asparaginase activity - In vivo stability

When the mice ware given i.p. injections of enzyme in free solution,
the L-asparaginase activity remaining in the "body" (as defined in Materials
and Methods) was found to decline exponentially (Figure 4) with a half-life

‘of 2 hours (Figure 5). Enzyme activity became undetectable after 16 hours by
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FIGURE 2

Time course of L-asparaginase activity in thi hlood of normal CSKIKEJ nice after
one of the following intraperitoneal injections:

Each A = 8 mice injected with AS and sacrificed at tha indicated time interval.
Each 4 = 3«4 mice injacted with CS and sacrificed at the :I.ndicat‘d time intarval.

Each ©®

4-8 mice injected with AN and sacrificed at the indicated time interval.
Each O = 3-4 mice injected with CN and sacrificed at the indicated time interval.

All values represent means and standard deviations.
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FIGURE 3

Semilogaritimic plot of the clearance of L-asparaginase
from the blood with time after i.p. injection of
L-asparaginase solution.
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Time course of L-upattginuc activity remaining in the "body“ of normal C3H/HEJ
mice after one of the folloving intraperitoneal injections:

Each 4 = 8 mice injected with AS and sacrificed at the indicatéd time interval.

Each A = 3-4 mice injected with CS and ncufiecd at the indicated tinc interval.
Each . = 4-8 mice mjectcd with AM and ntjtiﬂcod at the indicated time interval.
Each O = 3-6 mice 1nj.ct.d with CN and sacrificed at the indicated time interval.

0 All values represent means and standard deviations.
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FIGURE 5

Semilogarithmic plot of the decrease in the "body" L-asparaginase
activity after i.p. injection of L-asparaginase asolution.
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the method of assay used (Figure 4). On the other hand, when the mice vere
given microencapsulated L-asparaginase i.p., the L-asparaginase activity
remaining in the "body" declined much more slowly (Figure 4). It took 60 -
72 hours for the L-asparaginase activity to decreasa to 50X of the initial
activity., This represents a marked incfease in the in vivo ntnbiligy of the
nicroencapaulated form of tpo ankyme compared to the enzyme in f{oc solution.,
Furthermore, microencapsulated L-asparaginase stayed in the peritoneal cavity
for the duration of the period followed. At the ;nd of 16 days, 19.9 % 3.5X
of the origimal activity was atill retained. - Injection of saline or control
microcapsﬁln in the control groups of mice did not contribute to total body

N
L-asparaginase activity (Figure 4).

Plasma L-asparagine leveéls :
JFigure 6 -shows that after the i.p. injection of L-asparaginase

solution, the plasma L-asparagine concentration fell frgn 31.6 ¢ 3.2 nmoles/ml
at zero time to 0 mmoles/ml 1 hour after injection., After this, plasms L-
asparagine remained at zero cogccntfation for 3 days, rYose to 3.6 * 2.6
nmoles/ml on day 4 and was back to normal, 35.8 t 5.1 nmoles/ml, on day 5.

It should ba noted here that llth;ugh L-asparaginase activity disappeared
completely from the blood 2 days after injection (Figure 2), plasma L-aspara-
gine did not rise until day 4. In the case when microencapsulated L-aspara-
ginaoa)uaa injected, plasma L-aaparagine dropped from 32.6 t 2.5 nmoles /ml at
zero time to 0 nmoles /ml when the first sample of éla'ln was taken 4 hours
later (Figure 6). Plasma L-asparagine remained at zero concentration for 8
days, rose to 23.5 % 3.5 nmoles/ml omn day 9, and was normal, 32.0 2.6

nmoles/ml, on day 12. Attention is drawn to the observation that although

./ -
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FIGURE 6

Time course of plasma L-aaparagine levela in normal C3H/HEJ mice aftcr one of
the following intraperitoneal injections:

>

Bach 4 = & mice injected with AS and sscrificed at the indicated time interval,

Bach & = 3-4 aice injected with CS and 'sacrificed at the indicated time interval.

Each @ = & mice' injected with AN and sacrificed at the indicated time interval.

Each Q = 3=4 mice injected with CN and sacrificed at the indicated time interval.
{

¥

All values represent means and standard deviations.

/



i

o

107
/

20% of the injected L-asp;ruinau activity still vemaindd in the "body"

after 8 daya (Figure 4), plasma L-asparagine levals ross back towards normal
on day 9 (Figure 6). Injection of saline or control microcapsules did not

cause any significant change in plum‘ L-asparagine levela (Figure 6).

Rasponse of the host to intraperitoneal injection of nylon wmicrocapsules

ingroduction of control or L-asparaginase loaded microcapmin. and the an~
imala remained active and hnltﬁhy‘without any abdominal tenderness or rigid-

ity or significant changes in weight.

by a sticky film.

There were no axtarnal signs gf toxicity associated with the i.p.

24 hours after injection, the microcapsules appeared to be covered

u

J

These nicrocapsules tended to form loose, sticky clumps

or aggregates, which were found in large numbers dispersed throughout "the

On day 2, the microcapsules tended to form small masses and locate mostly in

1

peritoneal cavity, and especially in the upper parts of the peritoneal cavity. i
i

!

]

the regions of the apleen and upper surfaces of the liver. These microcap-

sule aggregates could easily be diap)crnd at this stage. Examination of the

There is a progressive decrease with time as regard# the ease with which

microcapsules under the microacope showed that they were intact (Figure . ;
J

|

!

~-individual microcapsules c<7u1d be dispersed fro

he aggregates, so that by

day 6 the microcapsules co{xld only be separated with great diff%culcy (Fig- ;

lure 7). However, it can be sesn that the microcapsules are still intact,

Histological sections show a typical foreign body reaction with an

infiltration of neutrophils, mononuclear phagocytes and foreign body giant

cells. By day 8, there wvas an increase in the presence of mononuclear

phagocytes, a decrease in the neutrophilic infiltrate and vascular fibroblastic

!

-
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FIGURE ? -

Phoiosnph of i.p. ~injected nylon microcapsules recovered from the
peritonea) cavity after the indicated time intervals.
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proliferation baginning from the periphery of the aggregates. Increased or-

‘ganization of the periphery (as shown ih Appendix 5) occurs with time as pro-

gtesaive collagenous fibrosis advances inwards from the periphery to the center

of the nicrocapsule aggregates.

e fad

Tumor regression in mice bearing the Gardner’lymphosarcoms 6CJIHED

Prclh\im/r:y It;ldi‘! were initiated using 'm\le‘c:mmm mice implant-
od subdcutaneocusly in thcir,fhnka with thg 6C3HED lymphosarcoma. After growth of
the tumor to about 3 em in éﬁmout. the mice ware given a aingle 1i.p. 11'\1ect-
ion of L—;-p;rasimae solution or L—#gp;rasinaa- microcupauh_a (0.5 IU/gm).

The mesn body weights of th“g tumor-bearing mice prior to it\jt'ction were 38.6
$ 2.9 gn for thoae that were i;\jectad with L-asparaginase tollution and 34,8 %
3.5 gm for those in,jcct«g vith.l;\-upnqimu microcapsules. Results obtained
showed that injection of "L-npar&imn solution or microencapsulated L—up&a-
ginase both resulted in the almost complete regression of th;a large tumor mass
vit’hin 5 days. Thia decrease in tumor OilL was quite drastic, the tumor being
no longer visible to tlﬁt eye. The mean body weights at thia ﬁm were then
neasured to be 55.3 ¥2.* gn for those which received L-asparaginase solution

and 24,4 :1.7 gu for those given L-asparaginase microcapsules. Normal male

L nice of the same age weigh about 27.1 + 4.3 g2

- r
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DISCUSSION ‘ .

The results reported here show that after i.p. injection of L-
asparaginase solution, L-asparaginase activity appeared very rapidly in
the blood (Figure 2); in marked contrast, there was no significant leak-
age of L-asparaginase into the circulation from i1i.p. injected L-aspara-
81lnase microcapsules in the C3H/HEJ mice for at least 16 days after in-
Jection, the duration of the experiment (Figure 2). Whether or not there
are minute quantities o{ L-asparaginase leaking out from the microcap‘sules
in vivo but in insufficient amounts to be detected byéhe present assay
technique cannot be entirely dismissed. The" following Jobservations however,
would seem to indicate that this is not likely to be‘ important. In vitro
evidence for the absence of leakage of L-asparaginase from microcapsules
is provided by the present and earlier (40, 41) observation t/hat there
was no detectable L-asparaginase activity in the Supernatant of the micro-
capsule suspension prior to injection, and by the finding of Mori et al
&46) using the Ouchterlony technique, that there was no precipitin line
detectable between L-asparaginase-loaded microcapsules and antiserum pre-
pared against free L-asparaginase. Earlier studies here (39, 41) also
de.mons'trated that SlCr—labelLed hemoglobin in the microcapsules did n;t
leak out after i.p. injection into rats; since L-asparaginase is a larger
molecule than hemoglobin, it is 1ikely§<hat encapsulated L—asparaginase
also would not leak out from the microcapsules. Furthermore, the present
study shows that microcapsules recovered from the peritoneal cavity apppared
to be intact (Figure 7). .

It is well known that one of the féchs affecting the therapeutic
usefulness of a particular L-aspat@kginase is its\biological half-1ife in the

host's circulation, which in turn depends on the source of the preparation
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and the methods used for its isolation and purification, L-asparaginase
prepared by NBC used in the present study was cleared from the circula\s.{on
in an exponential manner with a half-life of 4.4 hours (Figure 3), and be-
came undetectable 48 hours after injection (Figure 2). On the other hand,
the action of L-asparaginase microcapsules does not depend on its half-life
in the circulation, but is based on an entirely different mechanism. As long
as L—asparagine can dialyze across the microcapsule membrane and the encap-
sulated enzyme is still catalytically active, L-asparagine will continue to
be removed from the extracellular fluid by the L-asparaginase microcapsuies
in the peritoneal cavity. The barrier to L-asparagine diffusion and the in
vivo stability of the microencapsulated enzyme are therefore important
parameters determining the effectiveness of L-asparaginase-loaded micro-
capsules instead of the half-life of the enzyme in the circulation.

After 1.p. injection of L-asparaginase solution, the decrease

<y

in "body" L-asparaginase activity occurred exponentially (Figure 4) with
a half-life of 2 hours (Figure 5); in marked contrast, in the case of the
microencapsulated L-asparaginase the fall in enzyme activity t‘o 501 occur-
red only after 60 - 72 hours (Figure 4). It is noteworthy that although
L-asparaginase activity disappeared from the blood with a half-1life of 4.4
hours after ip injection of L-asparaginase solution (Figure 2), yet plasma
L-asparagine level was kept at zero contentration for 3 days, rose to 11X

of normal on day 4, and was back to the normal pre-injection level on day 5

(Figure 6). This suggests that some mechanism exists in vivo whereby the

effect of injected L-asparaginase solution continues for some time even

after its removal from the blood. Broome (47) has suggested that i.v. =~
injected L-asparaginase may be rempved by the reticuloendothelial systenm

as evidenced by an increase in liver L-asparaginase activity. In studies
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to be published, we have also found an increase in liver
L-asparaginase activity following the i.p. injection of /L-asparaginnse sol-
ution. However, no such increase in liver L—asparagin\ase activity was found
after the i.p. 1njectio‘n of L-asparaginase microcapsules. It has been pro-
posed that sequestered enzyme in the reticuloendothelial system may still
be capable of acting on plasma L-asparagine, thereby continuing to maintain
it at zero concentration for 3 days. Injection of microencapsulated L-as-
pgraginase i.p. on the other hand, resulted in a significantly prolonged low-
ering of L-asparagine level with L-asparagine being kept at zero concentration
for 8 days, rising back to 72 of mnormal on day 9 (Figure 6). The superiorly
prolonged ability of a single injection of equivalent activity of micro-
encapsulated L-asparaginase may be due to both the increased stability of
the microencapsulated form of the enzyme and the protective function of
the microcapsule membrane in preventing the removal and inactivation of the
enzyme as a foreign protein (39, 42, 43). Although there was still 20X of
injected L-asparaginase activity remaining in the body after 8 days (Figure
4), the plasma L-asparagine rose back to 72X of the normal on day 9. Control
exper iments showed that the microencapsulated enzyme was still present in
an active form in the microcapsules in amounts which are sufficient to lower
effectively the plasma L-asparagine level from normal values. Perhaps the
rise of L-asparagine concentration may be explained by the possibilttdy that
in some manner, plasma L-asparagine was now being prevented from being
acted on by the still active enzyme within the microcapsules. This hypo-
thesis was supported by the following histological findings.

Histological studies showed that there was a progressive foreign
body reaction with time‘ beginning from the periphery of  the microcapsule

aggregate and beconiing very marked around the 8th day hafter injection. This ' )
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is likely to form an impermeable barrier around the microcapsules rendering
the catalytically active L-asparaginase in the microcapsules inaccessible to
external L-asparagine (See Appendix 5). In this way, the microcapsules, though
still containing active L-asparaginase, were no longe'r physiologically active
after the 8th day. Thus, the prolonged depression of L-asparagine levels after
microencapsulated L-asparaginase administration not only reflects the increased
stability and protection afforded the enzyme, but also the permeability of
the microcapsules to L—asparagine,* It should be pointed out that the form-—
ation of the impermeable fibrosed wall around the microcapsule aggregates
also serves as an additional reinforcement and prevents possible subsequent
release of microcapsule contents directly into the body. The type of fore-
ign body reaction described here is similar to that reported for other forms
of nylon materials like surgical suture material (48). The i.p. injection
of L-asparaginase nylon microcapsules employed in these studies is not
meant to represent the optimal route of administration nor the optimal poly-
mer membrane for ultimate clinical use. It serves only as a model system
to demonstrate some of the basic principles and the feasibility of wusing
microencapsulated L-asparaginase. Further research needs to be done with
regard to, for example, the development of a more biocom;;atible membrane

3
for clinical tnxse. Possible ways to improve the biocompatibility of a
variety of m‘icrocapsules have been discussed elsevhere (39).

Microencapsulated L-asparaginase has already been shown to be effect-
ive in inhibiting the growth of the 6C3HED lymphosarcoma when given at ‘the same\
time as t@or'implantation (39 - 41). Preliminary results in the present
paper indicate thmj. this form of the enzyme is also capable of causing re-

gression of the advanced, well—established lymphosarcoma. In these studies

& See Appendix 6 for subsequent work
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it was also shown that the half-life for the clearance of L-asparaginase
from the blood of mice bearing the Gardner lymphosarcomsa was found to be
13.2 hours as compared to 4.4 hours foq normal mice. This 3-fold increase
in the half-1life of the enzyme in the blood of I::umor‘bearing mice suypports
the idea that the presence of the LDH-elevating virus carried as a contam-
inant in the 6C3HED lymphosarcoma might in fact be a critical factor in
determining the therapeutic effectiveness of L-asparaginase solution in in-
hibiting t r growth (49). Since the effectiveness of i.p. injected micro-
encapsulat L-asparaginase into tumor-bearing mice does not depend omn L-

/
asparaginase activity in the blood, the role of the LDH virus is probably
not important in this case as an adjunct to effective'microencapsulated
L-asparaginase therapy.

By microencapsulation of the enzyme, one avoids problems associated
with immunological reactions, bacterial contaminants, especially endotoxins,
rapid in vivo removal and inactivation of the foreign enzyme by the body's
defense mechanisms (39-41). Furthermore, microencapsulation also increases
the in vitro and in vivo stability of the enzyme (42, 43). Recovery of en-
zyme activity after microencapsulation is also greater than with other methods
of immobilization (39). Since the ratio of the amount of polymer used to
imobilize the enzyme is very small compared to other immobilization methods,
there is a reduced problem of polymer material retention in the body in
cases vhere immobilized L-asparaginase is used either for injection or as
an implanted graft (39, 43). Another important factor that should be noted
ds that 27 ml of microcapsules of 80 um mean diameter would offer a surface

area 9f approximately 2 mz, which is larger than the surface area of stand-

ard hemodialyzers (39, 50). This, plus the fact that the ultrathin mem-

brane of the semipermeable microcapsules is at least 100 times thinner than




that of standard hemodialzer membranes, means that the rate of diffusion of
permeant molecules across 27 ml of microcapsules 80 ym in diameter would be

at least 100 times greater than that available in a standard hemodialyzer

(39, 51). It is apparent, therefore, that the use of L-asparaginase micro-
capsules has the features of increased stability, extfemely large surface
area:volume ratio, dialysis of substrate across a semipermeable membrane
without the risk of introducing free enzyme into the body, and non immun-
ogenicity. In patients with a high L-asparaginase antibody titer (52), there
is a further advantage since antibody is prevented from entéring the micro-
capsules to cause antigen-antibody reactions (37-41). This approach of
microencapsulation is a simpler and more effe/gtive way to circumvent or re-
duce the incidence of side effects and/or the severity of some of the pro-
blems éncountered in L-asparaginase therapy, as compared to the approaches
proposed by others. lThese alternative approaches others have proposed
include:

(a) Tt'xe administra‘tion of immunologically distinct forms of tumor-inhibic-
ory L-asparaginases derived from sources other than E. coli, e.g.
Erwinia carotovora, in patients who had previously developed anaphy-
laxis from the E. coli enxyme (53). .

(b) Modification of the entyme dialysis approach (39, 50) in extracorporeal
hemodialysis with L-asparaginase added to the dialysis bath of the
hemodialyzer (54).

(c) The use of L-asparaginase immobilized by gel entrapment (55) or cova- 4
lent linkage (56-59) either for injection, as ah internal implant, or
for use in an extracorporeal shunt.

Because of the virtually unlimited possible variations in the

membrane properties and materials that may be enclosed in microcapsules,
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microcapsules can be prepared to have a wide range of inological activities
‘ in biomedical and clinical applications (39). Detailed studies in this lab-
oratory have demonstrated the potential of the principle of "artificial cells"
in biomedical research and its actual clinical applications. These have
included their use for replacement therapy in congenital enzyme deficiency
in experimental animals (39, 60), for the suppression of the growth of the
6C3HED lymphosarcoma in mice (39-41), for the construction of a compact
artificial kidney (39, 50) presently in its third year of clinical trial for
the treatment of patients with chronic renal failure (39, 61), and more recent-
ly, for the treatment of hepatic coma (62) and drug intoxiﬂcntion in patients
»(63). These results support the feasibility of using microencapsulated
enzyme in an ;xtracorporeal shunt System to alleviate some of the problems
discussed here, while obviating the need for introduction or accumulation of
nicrocapsules in the patient. With further advances in the field of biocom
patible membranes and progress in‘ the use of microencapsulated enzyines in an
extracorporeal shunt system (39, 50), perhaps such an envisaged use of micro-
encapgsulated L-asparaginase may become a clinical reality as part of the the—
rapeutic treatment of acute lymphoblastic leukemia. With improved schedules
of intensive cytoreductive chemotherapy with microencapsulated L-asparaginase
In combination with other conventional agents, followed by immunotherapy (64,
65), the percentage of S5-year survivors and perhaps of permanent remissions
in acute leukemia may likely increase (66). L;asparagiuase has also been
found to impair a number of immune reponses in the host (67-69). The dis-
covery of.the immunosuppressive properties of L-asparaginase has opened up
an entirely new area of research with the demonstration of the use of this

enzyme as a potential immunosuppressive agent. However, its usefulness is

K@ limited again by the nature of the heterogeneously derived foreign preparation.

i
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‘ Presumably, the rationale behind the use of microencapsulated L-asparaginase,
- seemingly a more favourable immunosuppressive agent, as an alternative to L-as-

paraginase solution may also be applicable here.

G
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‘ ( APPENDIX 1

Preparation of L—asparaginase nylon microcapsules

The specific activity of the L-asparaginase preparation used in
J the present study was high and the enzyme was available commercially in
very small vials containing 1000 IU or 3.2 mg protein per vial. Because of
the difficulty of weighing out 0.96 mg protein (= 300 IU) from these vials,
it vas experimentally more convenient to dissolve the contents of the vial
in 1 ol distilled water and pipette from this solution a volume of 0.3 ml
which contained the desired quantity of L-asparaginase (300 IU). To com—
promise the dilution effect caused by the addition of 0.3 ml of L-aspara-
ginase solution -to the buffered hemoglobin hexamethylenediamine mixture at
the start of the preparative procedure, it was found necessary to adjust the
concentrations of the various components of the buffered hexamethylenediaming
solution to the’values given in Materials and Methods. The net final con—
centrations therefore of hemoglobin and hexamethylenediamine, after the add-
ition of L-asparaginase solution, were the same as that described in the
standard procedure (39). After this adjustment, microcapsules which satisfied
the criteria outlined in Materials and Methods could easily be prepared. The
necessity of this modification emphasizes the critical importance of the
comcentrations of hemoglobin and the hexamethylenediamine at the start of the
procedure, if satisfactory microcapsules are to be formed. This is especially
important in the case of hexamethylenediamine which must be present in a ratio
of 22:1 of hexamethylenediamine : sebacoyl chloride. The importance of the
choice of the optimal reactant concentrations has been discussed in Cl;aug' s

monograph (39).
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‘ APPENDIX 2
Automated assay nethod for L-agsparaginase activity
A Technicon autoanalyszer (Technicon Co., Tarrytowm, New York)

was used for the L-asparaginase assays by the continuous-flow, automated

method shown Schematically in the figure below.

Size | Rate
inches
-088 | 1:30

Tube ' Flow

|

woste ¢————i

-
—

048 |
! DIALYZER HEATING BATH ____0_{

.ox8| 023

(22°¢) L ] (37%)
o v -088 |1.40
090 | 890

F 3

088 | 1:80

(To Sampler Il | Wa3he2 131200
.081 | 8:80

s ‘ W?h waste e

4

 /

HEATING BATM COLONMETERl RECORDER
{60%°C) (550 mp)

mlimin
Air
.073 | 2.00 Butfer

80 jAsparagine or
Borate Buffer

Sample
Air

- Water
088 | 120 {

‘1XNa Hypochlorite

8N NoOH

2% Phenot
2%XNa Nitroferrcyonide

Water

Briefly, the procedure was as follows. Samples of specimens were agpirated

at a rate of 60 samples/hour, mixed with 0.1 M borate buffer,

pH 8.5, and

0.04 M L-asparagine in borate buffer (or borate buffer alone for blank

determinations). The buffered en:y-e-substtite reaction mixture was

x @ ' segmented with bubbles of air, and was passed into an incubation coil
| »
|

imsersed in a vater bath kept at 37°¢ to allow the enzyme reaction to

5
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proceed optimally. After incubation for about 12 minutes, the reaction
mixture vas passed into a dialysis module at room temperature. NHS present
in the reaction mixture was separated from the protein-containing solution
by dialysis into a recipient flowing stream of water. The ammonia-containing
solution in the recipient stream was mixed with alkaline sodium hypochlorite
and phenol containing sodium nitroferricyanide as a catalyst. The mixture
was passed into a heating dbath which was heated to 60°C to allow for the
color reaction to develop. The solution was then passed through a colori-
meter equipped with 550 mu filters, and the optical demsity of the blue

color of the solution was then recorded on a recorder.

(““4)2 SOA standards ﬁranging from 0,25 umoles of nitrogen/ml to
16 ymoles of nitrogen/ml were assayed in a similar fashion.

The specizens and standards were run tvice, first with L-asparagine
and then with buffer substituted for L-asparagine to correct for endogenous
ammonia. It was essential to assay an ndditionai set of ammonia standards
with the blank run because L-asparagine depresses the color reac’tion.

From the corresponding standard curves, the ymoles of ammonia/ml
present in the specimen wvere determined.

The L-asparaginase activity in the specimen was calculated as follows:
Let x = ywoles ammonia/ml in the specimen assayed in the presence of

L-asparagine

y = uooles ammonia/ml in the specimen assayed with buffer substit'uted
for L—-asparagine (blank)
t = time of incubation of enxyme with buffered substrate at 37°%

(minutes).

Then, L-asparaginase activity (IU'lul) = [(x - y)] ymoles/ml
t uin.
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. - APPENDIX 3
H
Fluorimetric technique for L-asparagine assay :
© H
A The fluorimetric technique for L-asparagine assay is based on the

following enzymatically coupled sequence 6f reactions that resulfks in the

oxidation of NADH. The latter reaction is manifested as a dectekne in flu-

orescent emission. ( \

L - ASPARAGINE

iizo

> (L=ASPARAGINASE]

g

81-13

v
L - ASPARTIC ACID

& «KETOGLUTARIC ACID

> GLUTAMI C-OXALOACETIC
__ TRANSAMINASE |

\

GLUTAMIC ACID

- , ' ¢ .
OXALOACETIC ACID
NADH, RH' *
MALIC DEHYDROGENASE
napt .

/ -

v
MALIC ACID

- The details for preparation of the assay tuctioh\ni.xtute are given under

o

/’ sample was calculated as follows:
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H

-

.~ Let Al = fluorescence units after 30 minutes incubation of sample vith

-

reaction mixture. .

A = fluorescence units after 1 hour incubation of reaction mixture

containing sample to which L-agparaginase has been added.

sl, S2 = corresponding readings in which’ L-asparagine standard (35 nmoles/ml)
wvas substituted for sample.
N Bl, 32 = corresponding readings in which water was substituted, as a blank,

)

for sample.

Then L-asparagine concentration (n'moleslnl) = 35 x (Al - Az) - (Bl - 32)_' .

(Sl - 825 - (Bl - 82)J
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APPENDIX &

Method of preparation of specimens for histological studies
Specinens were first fixed ﬁith sodiur phosphate buffered 10X

formalin for at least %& hours at room temperature €22°C) . The sequential
procedures of dehydration, clearing and infiltration with embedding nedium
were then performed, using an automated "Fisher Tissuematon Nodel 60"
(Fisher Scientifir Co.,Pittsburgh, Pennsylvania). The methodology used

for dehydration,clearing and infiltration was as follows:

10X buffersd Formalin 15 minutes
Distilled Water 15 minutes
70X Alcohol I ’ 1 hour
-
702 Alcohol II 1 hour
Absolute Alcohol I 1 hour
Abgsolute Alcohol II ' 1 hour
508, (v/v) Absolute Alcohol in Dioxame I 2 hours
501 (v/v) Absolute Alcobol in Dioxane II 2 hours
Dioxane I b hout\
Dioxane II . 10 hour
Paraffin (a.p. 5.5°C) I 2 hours

Paraffin II ' 6 hours

The apecllsnu vere then embedded in paraffin blocks. Sections,
5 ya in thickmess, -were iLu: using & rotary microtome, mounted on slides
and dried overnight at 37°C. These :ware deparaffinized with xylene, stained

vith Harris' hematoxylin- eosin and then coverslipped.

123 -
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APPENDIX 5
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Histological sections showing progressive tissue reaction around the
periphery of microcapsule aggregates recovered from the peritoneal
cavity on day 8 (Appendix 5A) and on day 16 (Appendix 5B) after i.p.
injection of nylon microcapsg&es. Ié should be noted that the dis-
torted appearance of the micrg;apsules (indicated by the arrows) are

a result of fixing and other various procedures employed in the pre-

paration gf the specimens for histology, as described in Appendix 4.
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APPENDIX 6

Plasma L-asparagine levels after i.p. injection of L-asparaginase micro-

capsules cross—linked with glutaraldehyde

Subsequent 4o the publication of the results described in this
chapter, the folloving\experimenc was performed tae further investigate
the problem of decreased permeability of L-asparaginase microcapsules.
The question was asked, if microcapsules do become impermeable after
day 8 post i.p. injection, then increasing the in vitro stability of
the microencapsulated L-asparaginase should have little, if any, effect
on the duration of its in vivo action, assuming that the biocompatibility
propertiessof the microcapsules themselves are not altered by the cross-

linking procedure. This hypothesis was tested, using L-asparaginase micro-
capsules that had been cross-linked with glutaraldehyde. |
The method used in the present study for cross-linking L-aspara-
ginase microcapsules was modified from the technique described by Chang
(42), as suggested to me by Dr. John Campbell in this laboratory. L-
asparaginase Aicrocapsules were first prepared as described in Materials
and Methods. Glutaraldehyde (0.1X v/v) was added to S ml L-asparaginase
microcapsules suspended in a total ‘volume of 25 ml in 0.1 M borate buffer,
pH = 8.5, at 4°C. The reaction mixture was agitated for 20 minutes at
4°C, centrifuged, and washed quickly with tris buffer, pH = 8.5, at AOC,
then with borate buffer. The suspension of L-asparaginase microcapsules,
now cross-linked with glutaraldehyde, was washed repeatedly, then assayed
for its enzyme activity. The increased stability of these glutaraldehyde

L-asparaginase microcapsules over untreated L-asparaginase microcapsules,

was confirmed by in vitro assays of the enzyme activities of both enzyme
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Plasma L-asparagine levels in normal C3H/HEJ mice after i.p. injection of
L~asparaginase microcapsules crosslinked with glutaraldehyde. )

Each @ = the mean of 2 mice sacrificed at the indicated time interval.

Values for mice injected with untreated L-asparaginase microcapsules were
taken from Figure 6.
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preparations, kept at 4°C and 37°C, over a period of 3 weeks. Normal
C3H/HEJ mice were injected i.p. with the cross-linked L-asparaginase
microcapsules at a dose of 0.5 IU/gm body weight.

Assays of the plasma L-asparagine concentrations at the time
intervals indicated in the accompanying figure show that there was no
significant difference in the plasma L-asparagine levels after i.p.
injection of untreated L-asparaginase microcapsules versus L-aspara-
ginase microcapsules that had been cross-linked with glutaraldehyde.

These preliminary results are interpreted to mean that increasing the in
vitro stability ef L-asparaginase microcapsules by cross-linking the
enzyme with glutaraldehyde after microencapsulation for example (42),

does not increase the iIn vivo ability of microencapsulated L-asparaginase
to maintain a zero concentration of plasma L-agparagine. This is in
accord with the earlier findings that i.p. injected L-asparaginase
microcapsules, although containing catalyticallz active L-asparaginase,
were no longer physiologically active in vivo after 8 days post injection.
The results described here are probably also related to a decreased per-
meability of the microcapsules consequential to the bioincanp:fible pro— )
perties of the present microcapsule membrane. If the problem of bioin-
compatibility of the microcapsule membrane could be solved, presumably,

then, increasing the in vitro stability of the-microencapsulated enzyme

might result in a prolongation of its in vivo action.
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' CHAPTER 11T

A COMPARISON OF THE TUMOR INHIBITORY EFFECTIVENESS

OF INTRAPERITONEALLY INJECTED L-ASPARAGINASE SOLUTION AND

L-ASPARAGINASE MICROCAPSULES IN NON-IMMONIZED AND

IMMUNIZED MICE BEARING THE 6C3HED LYMPHOSARCOMA

13%



Y

135

ABSTRACT

1x 106 Gardner 6C3HED lymphosarcoma cells were implanted sub-
cutaneously into the lower back of each of ninety non-immunized and sixty-
six immunized C3H/HEJ mice. Ten days after tumor implantation, the mice
were injected with one of the following: L-asparaginase solution in varying
_doses; L-asparaginase microcapsules in vat'yit'ig doses; saline, as control;
or microcapsules containing no L—asparagin;se, as control.

At a dose of 0.500 IU/gm, all non-immunized mice given either L-
asparaginase solution or L-asparaginase microcapsules were alive and tumor-
free 100 days after tumor implantation. However, at doses of 0.250 IU/gm

N .
and 0.125 IU/gm, very striking differences were observed between the groups
receiving equivalent doses of L-asparaginase solution or L-asparaginase micro-
capsules. For non-immunized mice treated with enzyme of equivalent gssayed
activity, the(microencapsulated form of the enzyme was significantly more
effective as a tumor-inhibitory agent ‘than the enzyme in solution. All non-

immunized mice injected with saline or microcapsiles containing no L-

" asparaginase died with a median survival time of about 18 days.

In mice which had previously been immunized against L-asparaginase,
the results obtained showed that both L-asparaginase solution and L-aspara-
ginase microcapsules were ineffective in inducing regression of the establi-
shed lymphosarcoma. The median survival time of immunized i;ice treated with
L-asparaginase solution or L~asparaginase microcapsules was found to be -
about 18 days, which was not significantly different from immunized mice

injected with saline or microcapsules containing no L-asparaginase, as control.
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INTRODUCTION

E. coli L-asparaginase has been-used as an anti-neoplastic agent,
both experimentally and clinically (1 - 5). Two major drawbacks have arisen
Ln

during the course of clinical trials that deter a more routine use of L-as-

éaraginase. These are:
(a) a wide spectrum of adverse side effects,/ and

r’
(b) the development of resistance to repeated L-asparaginase therapy.
These side effects may be partly attributed to the antigenic nature of the
enzyme preparation ag\t.i the presence of l?acterial contaminants, such as en-
dotoxins, in the enryme preparation (1, 2, 4, 6). The production of humoral
anti-L-asparaginase antibodies in animals (7 - 10) and in man (11, 12) when
the tumor-bearing hosts have previously been treated with L—aspatagin:se

represents one of several mechanisms deemed to be responsible for the devel-

opment of resistance to continued L-asparaginase therapy. Antibodies have
£y

been shown (7 - 12) to:

(a) inhibit the catalytic activity of the enzyme and, more importantly,

2

(b) cause a dramatically accelerated clearance of any injected l-asparaginase
/

from the host's circulation.

It has been proposed that prior immobilization of L-asparaginase
in semipermeable microcapsules may alleviate or circumvent some of the pro—
blems associated with L-asparaginase therapy, as céompared to its use in free
solution (13 - 16). Semipermeable microcapsules (13, 17, 18) are spherical
ultrathin, semipermeable polymer me;branes of cellular dimensions, each en-

oping a microdroplet of an aqueous protein Solution or suspension. The
1l size together with the ultrathin membrane of the microcapsules allow

for a very rapid diffusion of pemeantgsubstancesu Moreover, the equivalent

s
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pore radius (16 :\) of the microcapsule membrane is such that the micro-
capsule is selectively permeable to small molecules, such as L-asparagine,
L-aspartic acid, and ammonia, but is impermeable to macromolecules, such
as L-asparaginase. Thus, L-asparaginase and any accompanying macromole-
cular contaminants, once physically entrapped in the intracellular eaviron-
ment of the microcapsules,would not leak out to give rise to various toxic
manifestations and are protected from rapid removaW inactivation by
the host. L-asparaginase can, however, still actdefficiently on the exter-
nal permeant substrate diffusing Into the microcapsules. Microencapsulated
L-asparaginase has already been shown to be more effective than L-aspara-
ginase solution in suppressing the growth of the 6C3HED lymphosarcoma when
it is admit(xistered immediately after tumor implantation (13, 14), as well
as being able to induce complete regression of established lymphosarcoma
implants (16).

!

The studies presented here were done to compare and analyze.lin
more detail the tumor inhibitory effectiveness of wvarious dos;s of free
and microencapsulated forms of L-asparaginase in bringing about tumor
regression of established 6C3HED lymphosarcoma implants and to correlate
these findings with earlier knowledge of the in vivo effects of these two
enzyme preparations. It was also considered desirable to determine whether
microencapsulated L—éspataginase would be therapeutically active against the

L-asparaginase-sensitive 6C3HED lymphosarcoma borme in hosts previously

immunized to L-asparaginase.
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MATERIALS AND METHODS

Animals

Normal female C3H/HEJ mice, weighing about 25 gm, were purchased
from Jackson Laboratories, Bar Harbor, Maine. Female C3H/HEJ mice implant-
ed with the lymphosarcoma were also obtained from Jackson Laboratories and
used as donors of 6C3HED lymphosarcoma cells. All mice were maintained on

a diet consisting of Purina Mouse Chow and water ad libitum.

Enz yme

(a) E. coli lL-asparaginase (L-asparagine amidohydrolase, EC 3.5.1.1) with
a specific activity of 312.3 IU/mg (Lot No.4905) was purchased as a
lyophilized preparation in vials of 1000 IU from Nutritional Biochemical
Corporation, Cleveland, Ohio, and reconstituted in sterile saline for
injection of L-asparaginase solution into animals. One IU of L-
asparaginase has been défined as that amount of enzyme which will liberate
1.0 ymole of ammonia per minute at 37%.

(b) Microencapsulated E. coli L-asparaginase was prepared by the process of

i

interfacial polymerization, according to the procedure and criteria
described in detail elsewhere (16). .

Each enzyme preparation was always assayed for its exact activity just prior

\

to injection. .

Blood L-agparaginase

Blood from the severec} subclavian artery of ether-anesthetized mice was
-

drawn into fire-polished, heparinized Pasteur pipettes. The blood was then

stored at -20°C 1n small containers and aésayed within 2 hours.
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L-s#sparaginase assay

' L-asparaginase activity was measured using the automated continu-
ous-flow method of Schwartz et al (19), with the modifications as described

previously (16).

Immunization procedure

Mice were each given a single i.p. injection of 32 pygm (10 IU) of
L-asparaginase in sterile saline at weekly intervals for 4 weeks. The pre-
sence of L-asparaginase antibody in the serum of these animals was confirmed
by the techniques of double diffusion (Ouchterlony) on agarose slides,
passive hemagglutination, and the ability of antiserum to inhibit enzyme
activity when incubated in vitro with L-asparaginase solution. These tech-

”

niques are described in detail in Chapter IV of this thesis.

Technique of tumor implantation

The technique of tumor implantation used in this study 1is similar
to that described by Broome (20). Donor mice bearing wt:he 6CIHED lymphosar-
coma were sacrificed on the 12th day after the tumor was transplanted by
Jackson laboratories. Pieces of the solid subcutaneous tumor were removed
under sterile conditions and gently forced through a stainleéss 250 mesh steel -~ -
screen (63 um diameter) into mammalian Ringer’s solution kept at 4°c. The
tumor cell suspension was pouréd into a t.neasurind cylinder and placed in the
refrigerator at 4°c. In about 10 minutes, clumps of tissue and the larger
putic;es‘in the suspension would have settled leaving a suspension of
single cells. This cell suspension was transferred into a flask and the
concentration of viable tumor cells determined in a hemocytometer by the
method of Sch:elf (21). !’ (See ’Appaidix 1 for details). The volume of the

4

i
[




R

S T TR e T MR VWL wm v

R ' , 140

tumor cell suspension was adjusted with Ringer's solution so that it contained
2 x 106 cells/ml. 0.5 ml of cell suspension containing 1 x 106 tumor cells
was then injected subcutaneously by means of a 1 ml syringe and a 25 gauge
needle into the lower back of each animal. It should be noted that the tumor
"take" in all groups of non-immunized and immunized mice was 100% and the
average size of the tumors before treatment was about 3 cm in diameter.

4

Experimental procedure

(a) Nop—immunized mice. Prior to tumor implantation, mice were randomly

LN
divided into eight groups with 10 - 12 mice/group. The mean body

welghts of the mice in each group were determined. Each mouse was -
then implanted with 1 x 106 cells as described above (day 0). Ten

days after tumor implantation, each gro:up of mice received one of the
following i.p. injections: (1) 1 uwl saline, as control (11 mice);
(11) 0.125 IU/gm body weight of L-asparaginase solution (12 mice);
(i11) 0.250 IU/gm L-asparaginase solution (12 mice); (iv) 0.500

IU/gm L-asparaginase solution (12 mice); (v) 1 ml 50% suspension of
microcapsules containing no L-asparaginase, as control (11 mice);

(vi) 0.125 Iﬁ/gm L-asparaginase microcapsules (11 mice); (vii) 0.250
I0/gn L-asparaginase microcapsules (11 mice); or (viii) 0.500 IU/gm

L-asparaginase microcapsules (10 mice).

(b) Immunized mice. Mice which had been immunized as described above were:each
given a booster dose of 8 ugm (2.5 IU) L-asparaginase solution in 0.5 ml saline
5 days before tumor implantation. On the day of tumor" implantation (day 0),

the plasma L-asparagine level of boostered mice was assayed and found to
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. be normal. These mice were randtﬁmly divided into six groups with 11 - 12

mice/group and the mean body weights of the mice in each group were

6 6C3HED cells,

determined. Each mouse was thet# implanted with 1 x 10
using the technique described aﬁove. Ten days after tumor implantation,
each group of mice w‘is given one of the following i.p. injectioms: (i)

1 ml saline, as controI\(lZ mice); (1i) 0.250 IU/gm L-asparaginase
solution (11 mice)} (iii) 0.500 IU/gm L—~asparaginase solution (11 mice);
(iv) 1 ml of 502 suspension df microcapsules containing no L-~asparaginase,

as control (12 mice); (v) 0.250 IU/gm L-asparaginase microcapsules

(11 mice); or (vi) 0.500 IU/gm L-asparaginase microcapsules (11 mice).

The growth or disappearance of the tumors, days of death and sur-

vival time of the mice in each experimental group were followed for 100 days )

after tumor implantation.
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RESULTS

Blood L-asparaginase a¢tivity in non-immunized tumor-bearing mice after injection

of L—asparaginasé solution and L—asparaginase microcapsules

«

After i.p. injection of L-asparaginase solution, enzyme activity
appeared quickly in the blood with the highest levels occurring between 8-12
hours post injection (Figure 1). After this, the blood L-asparaginase level
fell with a half-life of 13.2 hours, as compared to 4.4 hours for normsal mice.
In contrast to the injection of L-asparaginase solution, there was no detect-
able L-asparaginase activity in the blood after i.p. injection of L-aspara-
ginase microcapsulesi There was also no detectable L-asparaginase .activity

in the blood after i.p. injection of saline or microcapsules containing no

lL—asparaginase, given as controls.

Tumor regression in non-immunized mice bearing the 6C3HED lymphosarcoma after

treatment with L-agsparaginase solution and lL-asparaginase microcapsules

After infplantation, the tumors grew progressively larger so tj';l,wt
the average size was 3 cm in diameter on day 10 after tumor implantation.
Although the init/ial rate of tumor regression was n;)re rapid in mice ngiven
L—~asparaginase sc)lution than in those given L-asparaginase microcapsules, three
days after the a#!ministration of either Irupataéingse solut.ioﬁ or L—aspara-
ginase nicrocapq‘ules, the tumors were no longex:' visible in all of these mice,
at all doges gi/iren. However, tumors reappeared more quickly in general in
animals that received 0.125 IU/gm L-asparaginase solution or L-asparaginase

iicrocapsules than in these given 0.250 IU/gm L-asparaginase solution or
asparaginase microcapsules. Tumors also reappeared wmore quickly in these

given L-asparaginase solution than in those givea the eqiivalent dose of
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FICURE 1 /
Semi—logarithmic plot of the clearance og L-asparaginase from the cir-
culation of normal and tumor-bearing non~ismunized mice after 1.p.
injection of L-asparaginase solutiomn. o > )
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_ L-asparaginase solution or L-asparaginase microcapsules, tumors completely /
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L-asparaginase microcapsules. In all the mice that were treated with 0.500 IU/gm

H

}

regressed and did not reappear up to 100 days after tumor implantation.
Figure 2 shows typically the tumor regression observed in mice before and
three days after treatment with L-agsparaginase solution or L-asparaginase
microcapsules. (See Appendix 2 for further details). Figure 3 shows that
there is no gross evidence of the presence of a tumor at the ori-

ginal site of tumor growth, six days after treatment with 0.500 IU/gnm
L-asparaginase microcapsules. Similar results were also obtained after the

administration of 0.500 IU/gm L-asparaginase solution.

Comparison of the effects of different doses of L-asparaginase solution and

L—~asparaginase microcapsules on the survival time of non-immunized 6C3HED

lymphosarcoma-bearing mice

The results obtained have been summarized in Figures 4 - 6. (A tab-
ulation of this data is given in Appendix 3).
No L-asparaginase given: It may be seen that all mice given saline or micro-
cag‘sules containing no L-asparaginase died, with a median survival tine of 18
days for those injected with saline and 19 days for those injected with tTontrol
microcapsules. (Figures 4 & 5). \f\
Dose of 0.125 IU/gm: There was a general tendency for mice treated with L-aspara-
ginase solution to die earlier than thos? treated witl:n L-asparaginase micro-
capsules, It may be noted, for 1nst;ance\, that on day 24 after tumor implantation,
50Z (6/12) of those recéiving L-asparaginase solution had already died whereas
only 9.1% (1/11) had died in the L-asparaginase microcapsules-treated group

(Figures 4 & 5). More significantly, 100 (12/12) of the animals treated with

L-asparaginase solution died by day 35 after tumor inpiantation, whereas 27.37

245,
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BEFORE

FIGURE 2 ' |

Photographs of a 6C3HED lymphosarcoma-bearing, non—immmized mouse before
treatment (day 10 after tumor implantation) and the same mouse 3 days after
treatment with an 1{.p. injection of 0.500 mlp body weight of L—aspara-
'5inase licrocapsule-. | )



FIGURE 3 o

Photographs of the gross appearance of the tumor-implanted sites be-
fore and 6 days after treatment with an i.p. injection of 0.500 IU/gm
body weight of L-asparaginase microcapsules. .

Figures 3A & 3C vere taken before treatment (on day 10 after tumor

implantation). It can be seen that there is local invasion of the

tumor into adjacent tissues from the primary site of tumor growth.
jmplanted lymphosarcoma 1s indicated in each figure by the

arrow.

Figures 3B & 3D were taken 6 days after treatment with L-aspéraginase

microcapsules. There was no evidence/of lymphosarcoma either at the

original site of tumor implantation or at otper sites in the body.

Similar results were also obtained when the tumor-bearing hosts were

treated with 0.500 IU/gm body weight of L-asparaginase solution.
i
In countrast, post mortem examinations of thogse tumor-bearing mice

given saline or control microcapsules revealed an enlarged tumor mass
and the occurrence of wvide-spread metastases. An accumulation of

v

large quantities of edema fluid was also characteristically observed

in these animals.
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FIGORE 5

Survival time curve for 90 non—immmized mice bearing the 6C3HED lymophosarcoma
and treated with saline (CS), different doses of L-asparaginase solution (AS),
control microcapgules (CM), or different doses of L-asparaginase microcapsules
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Comparison of the ounber of mice tumor—free and still alive ("cured")
100 days after tusor implantation. ‘
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(3/11) aof the mice that received L-asparaginase microcapsules were still alive
and tumor-free up to 100 days ther tumor implantation (Figure 6).

Dose of 0.250 IU/gm: As 1in the groups above, deaths among the non-survivors
occured earlier in mice treated with L-asparaginase solution rather than
L-asparaginase microcapsules (Figures 4 & 5). 757 (9/12) of the mice receiv-

ing L~asparaginase solution were tumor-free 100 days after tumor implantation,
as compared to 90.9Z (10/11) for those treated with L-asparaginase microcapsules
after the same period (Figure 6). | ¢
Dose pf 0.500 I1U/gm: There was no reoccurrence of the tumor in any of the
animals treated at this dose. There was 1007 survival rate in both groups

of animals treated, and all animals were tumor~free up to 100 days after tumor

implantation (Figures 4 - 6).

Effect of different doses of L-asparaginase solution and lL-asparaginase

microcapsules on the survival time of 6C3HED lymphosarcoma-bearing mice

'

previously immunized against L-asparaginase

In marked contrast to the results described above for non-immunized
mice, there was no aignifican; tumor regression in immunized mice tréated
with either L-asparaginase solution or L-asparaginase microcapsules at both
dosél&v&is of 0,250 IU/gm and 0.500.I0/gm. Tumors progressed'in an essentially
similar manner for those treated with L-asparaginase solfution‘ or L-aspara-
ginase microcapsules st doses of 0.250 1U/gn ';n' 0.500 IU/gh, as for tho/-e
injected with saline or conl:t"éi microcapsules. The results obtained invthia
series of experiments have been summarized in Piguret 7848, (A tabulatton
of this dats is given in Appnndix 4)., It can be uaen that all thefnicz in

the six e:pnrinantnl groups died with a audian sutvtéal time of 17.5 days

‘.
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FICURE 8

Survival time curve for 66 imminized mice bearing the 6C3HED lymphosarcomsa
and treated with saline (C8), different doses of L-asparaginase solution
(A8), control nicroupnul.u (M), or different doses of L-uparagiauc
mrougmlu ).
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‘ for those injected with saline, 18 days for the 0.250 1U/gm lL-asparaginase

solution group, 18 days for 0.500 IU/gm L-asparaginase solution group, 18
days for the group which received microcapsules containing no L-asparaginase,
- 20 days for the 0.250 IU/\gm L-asparaginase microcapsules group, and 19 days
for .the 0.500 IU/gm group (Figure 7). Thus, these results indicate that
both L-asparaginase microcapsules and L-asparaginase solutipn are ineffect-
ive in inducing regression of the 6C3HED lymphosarcoma in mice previously
immunized to L~asparaginase, even at a dose level of 0.500 IU/gm which 1s

curative in non-immunized mice bearing equivalent tumor loads.
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DISCUSSION

The results presented here (Figures 4 - 6) demonstrate that in non-
immunized mice, L-asparaginase microcapsules at the lower doses of 0.125 IU/gm
and 0.250 IU/gm are therapeutically more effective than the equivalent dose
of L-asparaginase solution against the established 6C3HED lymphosarcoma. At
a dose of 0,500 IU)gm, both L~asparaginase solution and L-asparaginase micro-
caps’ules are curative, These observations are related <§o earlier knowledge'
of) the physiological properties and in vivo effects of \the,ue two enzyme pre-
parations in non-;nmmized mice. It has been shown that a single i.p. in~
jection of L-asparaginase microcapsules lowers the plasma L-~asparagine
concentration to zero for a significantly longer period of time than a single
1.p. injection of an equivalent dose of L-asparaginase solution (15, 16).
This may be an important factor underlying the observed difference in tumor-
inhibitory effectiveness of free versus the mictoencapsulate}i form of L-
asparaginase, at subcura;ivz‘ doses of the enzyme. This enhanced efficacy 1in
the physiological action of L-asparaginase microcapaule\s/ may be explained by
the increased stability of the microencapsulated over the solution form of
the enzyme, and the protaﬁ:cive functiox; of the microca‘psule membraie in pre-.
venting the tnpi:d removal and inactivation of .the foreign enzyme by the body's
defense mechanisms (13, 15, 16, 22).

Riley has demonstrated (23) that the clearance o'lf L-asparaginase
fron/ the circulation of t:u-or-_bar&g nice is l@fimtly prolonged in
the presence of the LDH virus which is carried as s contaminant in the
6C3HED lynphoutco-a./ As a result of this finding, Rliley c'redited the pre- )
sence of this virus during L-asparsginase therapy as bemgI an important

o

contributing factor to the cures of established, L-asparaginsse-sensitive

neoplasms. Our results (Pigure 1) slso show that after {.p. injection of

{ .

.
~
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‘ L-asparaginase solution, the half-life of L-asparaginase in the blood of

; émnor—bearimg mice was 3 times longer than that in non-tumor-bearing mice.

| However, the presence of the LDH virus probably 1is not an important con-

4 sideration in the case of microencapsulated L-asparaginase tt?érapy wherein %
success depends on a different mechanism of action: as long as L-asparagine
can dialyze efficiently into the microcapsules to be acted on, L-asparagine
will continue to be removed from the extracellular fluid by the L-aspara-
ginase m:icrocapsules in the peritoneal cavity. OQur demonstration (16) that
there 1is no significant L-asparaginase g:tivity in the blood of animals
treated with L-asparaginase microcapsules i.p. suggests that the LDH virus
probably plays a small role(_i}\any, in effecv‘tive microencapsulated L-as-
paraginase therapy.

Four major mechanisms have been proposed to account for the develop-

/
ment of resistance to L-asparaginase therapy. The first three mechanisms

involvé changes in the tumor cell population as a result of L-asparagine
& / deprivation:

(a) There 1s marked increase in L-asparagine synthetase levels in the tumor
cells, _pa;obably by a mhaﬁim of derepression of L-asparagine s'ynthotuc,
"s0 that the tumor cells are no longer dependent on’ an exogenous supply
of L-asparagine (24 - 27). 1In this ;eéitd, Gallo et al (28; 29) have .
shown that 'L-asparaginase-resistant cells ‘contain reduced 'leveig of an

/]  aspsraginyl-tRNA species which they proposed normally acts as a co- /
repressor for L-asparagine biosynthesis.
. (b) The process of mutation whereby L-a‘iparagim,e—smitive ;',e'lla convert

from L-assparagine-dependence to L-asparagine-independence may Sécur.
This followed by selection 1n an L—uptrsgiae-frge medium mey ultimately
lesd to the development of b-upaugimwu;u;nt cell populations (30,31).

¥ - . /
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(c) Another mechanism of resistance might involve the development of more
efficient means by malignant cells of extracting L-asparagine from
the plasma, erythrocytes, or other mormal host cells (32, 33).
However, in the study reported here L-asparaginase-sensitive 6C3HED lym-
phosarcoma cells which have never been exposed to L-asparaginase treatment
were used for transpla)ntation to recipient animals which had already been
immunized by repeated injections of L-asparaginase solution. This experi-
mental procedure makes it very unlikely that development of resistance
to L-asparaginase therapy observed in the immunized mice could be a con~
sequence of alterations in the properties of the tumor cells themselves.
The possibility existed, however, that the repeated injections of
enzyme in the animals may have brought about increased levels of L-asparagine
synthetase activity in normal host cells, particularly those of the liver

and pancreas which have been implicated as possiblet\\regulatory sites for the

homeostasis of plasma L-asparagine levels (34, 35). ‘Thus, host cells

may respond toplasma L-asparagine depletion by increasi synthesis of
sufficient quantities of endogenous L-asparagine to effeckively counteract '
L-asparaginase therapy. Three lines of evidence seem to suggest that

this was probably not an important consideration in the present study.

(1) Ve have shown (36) that injection of an equivalent dose of Erwinia car-

otovora l~asparaginase, which 1s fmmumologically different from E. ‘coli _

L-asparaginase, was able to deplei:e plasma L-asparagine concentration
to zero level in c%/nm mice immunized to the E. c:’li enzyme,

(2) Other studies (9) have demm.mtrated that tumor-bearing mice, previously
immunized to E. cold b—upua;ime, received similar benefit from the
therapeutic act:ivitﬂy'of Erwvinia carotovora L-asparaginase as did non-' |
immunized, tmot-be;ring gice‘.

(3) TI.'here have also been several clinical reports (37 - 39) that L-aspara-

: LoD
ginase therapy canm be successfully continued with Erwinia carotovora
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L-agparaginase in patients who had developed resistance to the E.

~
coll enzyme.

(d) The fourth mechanism responsible for the loss of potency of anti-
t;nnor activity of L-asparaginase solution is the development of host
wity to the enzyme after repeated injections of the enzyme (7 - 12).
Humoral antibodies to L-asparaginase have been attributed to cause a
reducti?n in the catalytic activity of the enzyne and, more import-
antly, a drastic increase in the clearance of enzyme from the circu-
lation.
The latter mechanism would also seem to explain the loss of
therapeutic effectiveness of L-asparaginase solution in the present study.
In the case of fL—aspar,agime aicrocapsules,»hovever. results to datetin-
dicate ghat microencapsulated L-asparaginase stays wiiixin the nicrocapsulé
where it acts on L-uparagi‘,ne d1ffusing in from the extracellular medium.
L-ssparaginase does not lesk out into the circulktion where it may be
bound by circulating antibodies and removed rapidly. For L-asparaginase
microcapsules to be phy siologically effective even in tl?’e presence of cir-
culatiu; an‘ti-b-asparaginue antibodies therefore, it is fundamentally
imperative that: . '
{a) microencapsulated L-ssparaginase does not act vis a mechanism that
necessitates h&k{ge of enzyne from the microcapsules into the cir-
culation; and .

(b) the presence of himorsl anti-L-asfsraginase sntibodies does not

enzyne,
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That microcapsule contents do not:leak is sul;ported by the
following findings. Permeability studies in this laboratory (13; 40)
have demonstrated that microcapsules are not permeable to macromolecules.
Earlier observations,(13, 14, 16) indicate that there is no detectable
L-asparaginase activity in the supernatant of microcapsule suspension,

prepared as described, when the suspension i{s left to stamnd. Micro-
51

>

encapsulated ~Cr-labelled -hemoglobin (M.W. = 68,000), a much smaller
pro’tein than 1~asparaginase (M.W. = 130,000), does not leak out after 1.p.
injection into animals (13, 14). Using the Ouchterlony doubl ffusion
technique, no precipitin line is detectable between L-asparaginase micro-
capsulles and antiserum prepared against free L-asparaginase (41). In
vivo evidence for the absence of le;kage of microcapsile contents is pro-
vided by the absence of assayable lev;ls of L-;spar'ag'inase actl;vity in
the blood after 1.p. injection of L-aspariginase microcapsules (16). L~
asparaginase gictocapsules recovered from the peritoneal cavity up ;:o

6 days post injection vhen observed under the microscope have an intact
menbrane (16). It has been shown (See Appendix 6 of Chapter II) that

plasma lL-asparasgine can be maintained at zero concentration for a sig-

nificant period of time after 1i.p. :l.njecéion of L-asparaginase microcapsules -

which had been cross-linked with gi.;xtaraldehyde. s'ince glutaraldehyde
treatment insolubilizes the encapsulated enzyme by cross-linking it to
other encapsulated proteins, the possibility of my-e leskage from the

‘microcapsules is highly unlikely. All these observstion suggest that a

leskage mechanism 1s not a sine qua non to explain the in vivo action of
od mice.

J
that, 1in marked contrast to lL-as-

PN .

Q
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catalytic activity after incubation with various proteases, thus sup-
porting the idea that microcapsules are not permeable to large mole-
cules such as enzymes. In the case of microencapsulated catalase, in
vitro studies (43) using 1251-1abe11ed antibody and the technique of
complement fixation showed that antibodie's do not enter microcapsules.
Furthgrnore; more recent experiments (36) have shown that when L-aspara-
ginase microcapsules are incubated in :vicro with plasma containing anti- _
L-asparaginase antibodies for 30 minutes at 37°C,n the L-asparagine content
in the plasma was found to fall to zero. Assay of the L-asparaginase
activity of the migroem:apsulated L~asparaginase after incubation with anti-
L-aspa;aginase se;'m showed that 1it.did notwlosé any catalytic activity,
in marked contrast to s:unilarly“ treated L~asparaginase solution. These
results may be interpreted to mean that: |
(a) there 18 no leakage of L-asparaginase from the microcapsules; and
(b) the presence of humoral antibodies outside the microcapsules does not

affect the catalytic activity of L;—asparaginase inside the micro-

capsules vhich in vitro continued to act effectively on plasma L-

asparagine in the surrounding nediun/

' gn-the light of all the above data and the déénsttation that

1.p. 1nJ ected L-asparaginase microcapsules sre physiologically and thera-
peutically eéfeetive dlthough the microencapsulated enzyme stay{ confined
within the microcapsule membrane in,the ?eti,tonui,ct‘vity, it seemed reason-
sb;le to w that the use of microencapsulated L-asparaginase might
circumvent the problem posed by the presence of circulating antibodies,
Bovcvet, results obtained in the pteuat study (Figures 7 & 8) indicate

that L-upatagime treatment did not induce t:he regression of the 6C3HED

v
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‘ lymphosarcoma transplanted into hosts previously immunized to L~aspara-

ginase according to the schedule described. Both L-aspatg’ginase solution

and L-asparaginase microcapsules were found to be ineffective in causing |
tumor regression in immmized mice, even at L-asparaginase doses which

are curative in qon-immized animals. Because of the unupec'ted.nature
of these observations, a detailed investigation into the physiological
basis and possible mechanisms underlying the loa;‘ of therapeutic activity
of L-asparaginase microcapsules in 1\-uaized hosts was initiated. A report

of these studies will be presented in the following chapter.

-
-
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APPENDIX 1 ,

-

Method of counting viable cells in tumor cell suspension

£

.

) * The method of counting the concentration of viable tumor cells vfs

as follows. To 0.2 ml of cell suspension was added 4.8 ml of a 1:2000 sol-
ution of methylene blue in mammalian Ringer’s at pH = 7.6. The mixture

shaken, a drop placed 4n a hemocytometer chamber and the number of unst; ned
. i

(viable) cells counted within 2 minutes of adding the methylene blue solution.

The number of wviable cells in the tumor cell suspension was calculated afs follows:
- Y

Let n = number of viable cells counted in a volume of 0.9 cub. mm. in tfbe

hemocytomg¢ter ‘chamber. '

| 5

b
Then concentration of viable cells present in the original tumor cell
suspension = n x 25 cells/0.9 cub, mm, . \

= n x 25 x 10 cells/cub. mm. \

9 )

= 1 x25x 10 x 10° cells/al. N

i 9 . -l

(vhere 25 .= dilution factor). ‘

- ~ \
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APPENDIX 2

X
It can be seen that there was no tumor regression in non-

\—

immunized mice after injection of “saline or microcapsules contlaining

no lL-asparaginase, as control. — However, theré was complete dis-

appearance of any palpable tumor after treatment with L—asparaginase
solntion (0. 500 IUIgn body weight). Similar tumor regression was

also seen after treatment with L-asparaginase microcapsules, as

shown in Figure 2. It should be noted that for each type of treat- - '
ment, the photographs above were, taken‘of the same mice before a.?d

after treatment. 'Also, it was diffic;ﬂ.t to”have the animals "s

st111” while b@ing photographed Thus, photographs of the mice l\

cmhd pot be obtained from 1dea1 similar angles before and after' |
o |

¢

treatment to allow a fairer conpariaén of the tumor size to be
made. These photographs have been presented, nevertheless, so as \

g:l.ve some_ 1dea of tbé results ebserved after treatment with a \

\

givm experi.qm preparation. "

=

Y
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] lh.‘ Nmbers in parentheses represent oamber- of ;‘iceﬂ,igjented in that group.

: hpuil&tl\lm} \ Myl of death of non-survivors - | No. of survivors
(Moo immcnized) | (Tumor implanted on day 0) on day 100"
: ' i ("cures")
| - -
I (e) Saline y KT 17, 18, 18, 18, 19, 20, 21, 22 0
() 0,25 Tu/gn s Q) 19, 20, 22, 23, 2%, 24, 25, 26, 26, 27, 27, 35 0
(e 0.250 Tu/gn &S Q2) | 26, 3, & ‘ | o 9
(@ 0.500 .ml&g san | e _ o : 12
I (a) Control witrocspeales (1) 17, 17, 17, 18, 19, 19, 20, 20, 21, 22, 24 o
®) o.125 mld:-m ) \ 24, 25, 25, 26, 26, 29, &1 3
e (e) 0.250 ml.;:m an 56 \ : L ' 10
7 (d) 0.500 Iu/gm AN, O) - T o L . 10 .
_ — . L
) APPENDIX 3 .
_— = <l

japariscn of the. ;&twic effectiveness of L-asparaginase solution (AS) and I.-aspatisil;ase aicro-
~ upnglu (aM) againet th established 6C3HED lymphosarcoma in non-imsunized mice.

> \
4 N ‘

a. Expe 3 hti"téi'ﬁ'hité 100 days after tumor implantation, and all surviving animals were tumor-
- free at this time. ) . - — s

[
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>
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- ' Espeximental m " §.-Days of death of noy-survivors ; ) No. of survivors
L Cmeadved) . ) : (Tumor implanted on day 0) ("cures")
_ »f\} I . \
N t
o R te) Saltne: QD) 1 15, 16, 16, 16, 17, 17, 18, 18, 18, 19, 20, 20 0

T - g
.. (8) 0.250 Iu/gm AS QL) 16, 16, 17, 17, 18, 18, 18, 20, 20, 22, 23 0
: (e) 0.500-10/gm AS QU1) 17, 12, 17, 17, 17, 18, 18, 19, 20, 24, 25 0
;:.}"';nﬂ(n Coatrol microcipeules 12)| 16, 16, 17, 17, 18, 18, 18, 18, 19, 20, 20, 20 0
i () 0.250 Iu/ga A (1)) 15, 16, 17, 19, 20, 20, 21, 21, 23, 24, 27 )
707 (e) 0.500° Tu/gm A Q) | 17, 17, 19,719, 197 19, 19, 20, 20, 22, 22 0
SR SN L i - ‘ . ~ NG

- RO APPRNDIX & E
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ABSTRACT

In vitro studies showed that incubation of hyperimmune anti-
1~ ginase serum with L—upgrpginase solution inhibited the catalytic
activity of the L-asparaginase solution by 70Z, vhereas there vas no
inhibition in the catalytic activity of L-asparaginase microcspsules
after similar incubstion with hyperimmune snti-L-asparaginase serus,
C3H/HES mice, immunized to E. co}i L-upaugimn; ‘were each given sn
1.p. injection of £; coli L-asparsginase solution or E. 11 L-aspara-

e nicrocnp-t;hn, or were not 1nj¢cto¢f with sny L-asparag

prepstiations, ss concr;’l. After injection of L-asparaginase solution

in 1zed mice, very lov levels of blood L-asparaginase sctivity were \

attained,
asparsginase activity sappesred in the blood after injaction of micro-

then rapidly disappeared from the circulstion. %¥o L-

encapsulated D-u&au;ﬂuu into immunized mice. *Body” L-asparaginase
Iiyels were lover 1n Immuntsed mice than in non-iamsnized mice after

injection of L-asparsginass solution. There was no significant difference
1n the “body” L-aspsraginass levels in immunized and in non-imsunized

mice sfter injection olf L-asparaginase nicrocapsules for up to 2 days

post injection; after this period, “body” L-asparaginsse levels «c:'c5

lover in imsunized than in nop~imsunized nice. _The plasns L-ssparagine
concentration in imsunized mice could not be Mcrd/ gtpﬂWIy ‘after in-
Joction of L-asparsginsse ul#tion or L~-asparsginase m:ocm/uz,u, even

st & dosags of 5.0,10/gm body weight. Injection of collodion L-aspars-

mmwau{mmuuwthyhmw

concantration o taso 1 tumsnised mice. In mice immusized to L. colt

Lrseparaginsse; m injection of €. coli L-separsginsse ulu:i.oa or .
,z.auwmmmmmammmn- \

-
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asparagine level to 2ero, injection of equivalent doses of Er';d.nﬁ car-
otovora (abbreviated - Erwinia) L-asparaginase solution or Erwinia
b-asparaginu'e microcapsules vas cffogtivo in depleting the plasms .
L-asparagine content to zero. Reciprocal experiments in mice im-/

unized to Erwinia L-upactauginu; shoved that injection of aquivalenf:

doses of E. coli L—a-p:faginane solution or E. coli L-ssparaginase /
microcapsules could lower the pltll;ll L~asparsgine level to zero vhgteu in-
jection of Erwinia L-asparaginase solution or Erwinis L-ssparaginase
microcapsules could not., Injection of Ervinis L-asparsginsse micro-
capsules previously exposed to E. coli L-asparsginase solution dectmfd //
the plasgs L-asparagine level to zero in mice fmmunized to E. coli L-aspara- 7’
ginase, but not Ln%iu immunized to Erwinis L~asparaginsse., Injection

\/\ of microcapsules containing. both E. coli and Erwinia L-asparaginsse

\
mquiu Level to zero in mice inmmized to E. coli
L-asparaginsse and ce immunized to Ervinis L-upqragimc, The

typs of cellulsr response to injection of variously modified micro-

capsules was compared in non-immunized and imsunized mice, Possible
mechanisms thet msy esplein the insbilicy of microsncapsulated L-gs-
parsginase to lower the plasms L~ssparagine wacongration in mice /

! specifically immunized to the encspsulated enzyme asre diocuu\ad/in 1light

-

of the present data.
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INTRODUCTION

The rationale behind the suggested use of L—asparagy microcap~
sules in‘li?u of 1~asparaginase sol/htion for enzyme therapy of the L-aspara-

gine-dependent 6C3HED lymphosarcoma has been discussed in previous reports
from this laboratory (1 -~ 5). It has been shown that because of the 1:}cre-
ased in vitro and in vivo stability of the microe\incapsulated over the sol-
ution form of the enzyme, plasma L-asparagine level can be maintained st
zero concentration for a -unific;ntly longer period of time in mice inject~
ed 1.p. with L-asparaginase microcapsules f:han in those injected 1i.p. with
an equivalent dose of L-asparaginase solution (3, 4‘). Micr;enupouhted
//L-upangihué has been shown to be more effective than L-;ppungimc sol-
ution in suppressing the growth of the 6631120 lymphossrcoms when if is given
to non-immunized mice inmediately after tumor implantation (1, 2)., More -
recent expct:lfeﬂts denonstrated that sicroencapsulated L-asparaginase at -
subcurstive doses, 1s also mors effective than L~-asparaginase solution 4in
the. trestment of established 6CHED lysphosarcoms implants in non-immunized
mice (5), However, further studies indicated thst L-asparsginase micro-
capsules, like L-upau;iuu solution, were therspsutically iuthctiya
1o inducing regresaion of estsblijhed tumors borne in mice vhich had pre-
viously been immunized with repested injections of L-uparqligiu @ution (5).
As discussed 1in detail in Chapter III of this thfcu,l this loss in therspeutic
potency of L-aspsraginase di:rocipuho‘ in imsunized mice was somevhat uo-
expected snd could not be explained by the experimentsl results svailsble to
date. | '
) This chapter describes detsiled studies-that wers carried out to
deternine the mmusun basis fos the 1oss of mwu utlvicy of
Wmhwwwummﬁhm&

t

ssisms that mey explain’this. = |
PR | [
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MATERTIALS AND METHODS

-

Animals
Toml female C3H/HEJ mice, weighing about 27 gm, were purchased
from Jackson Lsboratories, Bar Harbor, Maine and maintained on a diet

consisting of Purina Mouse Chow and wster ad libitum.

fooN o

Eozyme )

(a) E. coli L-asparaginase (L—a\spsrcgiu nidohyd:oluc, £C 3.5.1.1) was
purchased 1in vials of 500 IU and 1000 IU as a lyophilized prcpaution?/
from Nutritionsl Bigchuial Corporation, cunm,‘ ©Ohio, Thc‘ specific
aciivity of this cnzyu vas 312.3 1U/mg for Lot %0,4905 and 320 IU/mg
for Lot No.7819. ) . / _

(b) Ervinis carotovors L-asparaginase uas obtained in vials of 10,000 IU
as & generous gift of Dr. C. Strauss of the listionsl Cancer Inotitdto,

;e Bethesda, Maryland. The specific zcuvﬂ:y of the lyaphiliz;d pre~
paration ’(ktcb/ lo..m 11) )wu 730 1U/mg..

The contents of these vials vere reconstituted 1in sterile saline
before injection of L~asparsginass solution into animals, Ops IU of L-as-
parsginass has been defined sas that amount of enryme vhich will 1iberste
1.0 ymols of ammonis per misute st 37°C. Unless othervise spscified, L-
asparaginase mentioned in these studies refers to L-ssparaginsse derived

from E. coli. ‘ ).

{(s) E. coli L-asparaginsse or Yewinis carotovors bamu‘uuc slcrocapsules:
| These microcapeules were prepaced by the standard method (1, 6, 7) with
mioor sodifications as described 1s detsil im Chepter 11 of this thests,

[ P - .
3 - 3
ro- 2 vl A
¥ AR LR 3

— L o, \

a3

Y



1t should be noted that unles

microcspsules mentioned in the
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/

s otherwise specified, L-asparaginase

t refer to nylon microcapsules

[containing E. col‘i L-asparaginase, prepared exacﬁly as described
- 4n Chapter 11, ' (

(b) E. coll L-s\lpa'uginue nicréé,apsulet for 1n#ection of 10 times the

usual L-asparaginase dose gt fO.S 1U/gm body weight: 1000'TU of l\yo-
philized E. coli L-a pattéinue was dissolved directly 1o ‘2.5 al
10 gnZ hemoglobin lolution to which was then added another 500 IU
E. coll L—upauginue ’olution in s volume of 0.3 al vnter. The
. ‘rest of the proccduu was carried out ucordi.ng to :hc methodology

described in Chspter II. Microcspsules pupatod in thi/- usy have

spproximately 5 times the L-isparaginase sctivity per ml than vhen = |

I

\
prepared by the standnrd procedure,

(c) Control nylon nicroupsulu cobtaiaing 0o L-aopuagiuu. Control
nylon microcapsules vere prcparad by the standard method except that
0.3 nl of water instead of 0.3 ml of enzyme solution was sdded to the

hnoslobin—huuhtbyunodmmﬁ solution before the m}nt ication step.

!
1

Preparstion of microcapsules with different our;m mc_g_tiu

(s) Collodion L-aspsraginase microcspsules: Seaipernesble col
sicrocapsules vere prepared }ny interfacial precipitation usiss

!

fon
the
tered

(See

updsted procedure (1), Only the yolumas of rmmu were

80 a8 to prepars A& larger yield of nicrouyﬁl« sach tiu.
* Appendix 1 for details).
(ﬁgt Exrwinis carotovors L-sspatsginsse microcspsules exposed to £,
b—upuqiﬂu solution: Ervinis carotovora L—u;m:m slcro~
capoules were tirst. prepared ss described u:l.ic: The volust

t
. )
) . o# W N . If
K
p .
.

eolt




| ,
. . of the 507 nicroupsule suﬂpeuton vas noted and the prmtation

was assayed for its exact L—uparaginue activity. The micro—
| capsule suspension was tentrifuged, the supcyuunt renaved,
and an equa.l volmu\of E. coli L—upanginae solution (150 IU/al)
-uas added. ) The nupenlion was 1ncubated at room temperature for
b | 30 minutes with continuous agiution to aliow E. coli L-upara- / =
ginase to adsorb onto the furfncemf the sicrocspsules. ' The ‘
suspension was cmtrifugcd and the supetnam: containing :he E.
coll enzyme retained for future use. zmm csrotovors L-as-
parsiiuu nicrocqnulu exposed to E, ‘ c‘ol.i‘ b:upanginuc solution
vcrc then w }lhed once vith saline asd resuspended to the original
volwu These nicroupsulu vere injccud st a dose mruponding o
to the orign.71 asssyed utivity of the fruhly Ptcptr‘d Ervinis
carotovora L—upn'aaginuc aicrocapsules.
r*(c) Mcroupwlc‘n conu;ning both £, coli and Erviniﬁl carotovors L-asps~—
raginase: Separste solutions of £. coli and Erwinia csrotovors
L;uparqiul;n vere p'uparad, each bsving sp L~aspsraginase activity
of 2000 10/ml. 0.15al (= 300 ID) of each encyme solution was éis- '
h solved 1n the hemoglobin solution asd the oundud sethod for pupnrin;
‘ - L—upaugi.nuc m:oupaulu vas ,tall.ov‘d/ A 502 :Lcroc/apmu sus~
*  pension so ynpqrad had spproximately 2 times the L-separsginase
activity per ul than vhen prepared by the standard procedurs.

,ﬂ' ?
N ~ v

All microcapsules used in thess studies were axamined under the

Moﬁqcumammhmumanu forned, and the super-
/ {
nstat of esch prepsration vas alvsys tested for L-ssparaginsss sctivity

o sssurs-thst m:omum‘g!&mfrb mm«.th,
e o ’ ‘ - e I 4

?
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[
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All ynp\uluom of t.-ia raginase aolfuon and L-asparaginase
microcapsules wera assayed for their exact enayma activity prior to

injection, . . 0

Bxperinencal procedure

Immunized nice mfn njected 1.p. with L-upnuinan aoluticn
or t.-upnqinm nlcronapwlu at a dose of 0.3 !Wm body weight in
thase atudias, unlass otherwise noted in the text, contro; immunized

mice ware not injected with any L-asparaginase preparations (“untreated").

JCABRAXARINASS ASRRY

_Assays of the L-asparaginase activity in the blood, "body" and
sayme praparations were detarmined according to the methods dascribded
in detail in Chapter II,
JCARRARARING A0IRY

_Assay of plasma L=asparagine was also performed accord

i

the procedure outlined in Chapter 1I.

\ {
Imunlaacion progedyrs - u 5
Nice were each .im a single 1. b. !.w]cetm\ of 1. un Qb 1)
of B, coll L-upnninnn or 13,7 ugm db(m) of mmn ‘carotovora
L—upnqimn dissolved in 0,3 ml utuh nnm. at weskly intervala
for 4 weaks. 10 dayn batore the anrt of m experimenta, they wre ~

sach booatered vith th. corrasponding ipmh!u ununn solution - 8 un

N\



/ . . 178
‘ (2.5 IV) of B. coli L-aaparaginase aolu:lon /\'3 4 ym (2.3 1IU) °! Erwinia

cno:ovon !.-npnuimu aoluuon, Nice which wers not uud for axperi-

ments atm immunization were boosteraed with 2, 3 IV of L-npuuimu .

N
-

solution avdry 3 montha.. e

s
Sollection of snti~Lr-sspaagiosse gexum |
10 days befors the collection of antiserunm,/ immutnized wice were
Jboostered with 2,3 IV ot the immunizing L-uparqimn sqlution. ‘In thess
atudies, hyparimmune antisera wera obtained from ntcn which had bsen ileem=
unized as destribed above ovaer a period of about one year. Antissra so

collacted were stored at =20°C until ready for usae.

L | , \ “
ation of =~ e &
The presencs of L-asparaginase antibody in the uwm of imhnind
mimh vn ahnyo( confirmed by ona or more of tha tonowu\; tochniq@.a. o
(a) Ouchterlony tachnique of dou}lt diffusion in two dimensions:  This
° test is based on the formation of a diatinct prouiﬁult‘ion line in
* a semi=solid gel medium when an antigen and ita hmidgoua antibody
copbinn in optimal proportions. The proetdunu used vu similar ‘to
the one described by Campbell st al (8). A 1X Seaken ;';u-ou solution
(lchun; Diunoatiua !!occ!nt Phlmccutieah, Nontreal, Quebac) was
pﬂpand in 0,01 N pho.phan-hn!hnd saline (PBS) (pll = 7.4) and
t\n solution heated in a beaker of .bonin water \mtu the agarose
wn'co-phnly dluolvﬁ. With a 10 wl sarological pipette that had
basn hnnd tn a mmnn burner m.{ Tamedia d.y \pﬂ.o: to uu. s wm’
of the hot agarose n&uttou was apread evenly on 6 precoated mton
. o . slides which wera secured 1n & LKB slectrophoresia slide holder. (Mam )

~

N , ‘ ‘ S

=Y .
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Scientific Co., Momtreal, Quabee) with vassline. The uu-o.n was
) &

allowed to gel by standing at roon temparature for )0 minutes. Wells

ware than cut in the agarose n‘diun wvith a die and the agarose from .

the walla wn removed by suction. With & sepavate «Pntn\n pi.pltn

tor nch dit!umt omh. tha centre well \m[ mm wlth undnut-d

tnd ssrum, and vuyin. concentrations of tha antigen aolu;ton (\-m;ing

from 200 ug/ml to 12,5 ug/ml) were placed in the peripheral wells,
The reactants w_&c allowed to diffuse in a LKB humidified !ch;nbn
(Fisher sum;hc Co. ) at room temperaturs !5: 24 houxa to a}lov’
for the dcwlopnnt of precipitation linea. The slides wers immersed
in P2S (pR - 1.4) to }m\\ out unbound protain from t;n anmui layer.

This washing vas carried out twice l“n day for 2 days at 4°C. The slides

ware then immersed in distilled water for 3 hours, éhmﬂm the vater
\

3 times during this period. A wet piece of tnnr paper, the sane

size as the slides, vas placed over the curhc’ of the slides and

the paper was unmvpd to dry undisturbed. 'The filter Paper vas re-
woved and the surface of the ind{q was rinsed with dhtnhd> water

. to remove_any adhering fidbera of the paper, The puclpinuoﬁ\'iiun
"were stained vith a 0.5% solution of Coomassie Blue in 16! v/v acatic

acid and A3X viv -thano). in diotnhd vater, The slides wu mh.d »
thm destained wvith the aquecus Acetic acld - c&hmol cohmt. The

andn were allowed to dry in th‘ slr at room temperaturs. A tn!.ul \\

stained slide ;ho\um the pnnvm of mu-l.-npamtm- antidody

in the test serum i shown in Appwnx t I

hnim (“m:luct“) h.unlutmuoa( !’l\h procedure is a very sen-
sitive ttchuiq“ for antidbody d.t«ti.oa and s based on the obser-
nun \tht nnmmn coatcd vm« »luu. mugcm oun be agglu-
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on thel rythrooyn surface. The following m:h\od. modified Zrom "y
% (9), vas used in these atudha !w the pnpaungn of
. ?0 wl of -a 0.5% suspension of fresh or sl,utlnldchydu = fixed shesp
red blood ccih. tanned and coated with Llnparuimu. Briefly,
’t;g_ghly drawn or fixed .hnp\nde blood cells were vashed 3 times
with PBS (pH = 7.4) and 10 ml of a IX v/v suspansion Q: the washed
cells were pr‘pnod. 10 ml of freshly puplnd tannic acid (Bri-
tish Drug NHouss, Montreal, Quebec) diluted 1:30,000 \dﬁ‘ PBS were
added to the 10 m) of 1X cell suspenaion ina epntu!un tube,
The contents of the tube were mixed and incibated at 37°C for ox=
actly 10 mi:\uc;a‘. The tanned call suspenaion ®o prmn;l was dent-
rifuged and washed 2 tinfa with P3S. The mpn‘mtmc w; ronoved
md PBS added to rnuapmd the cells to the original ebnemtnﬂon
1X (vlv). To coat the tanned red blood cells with antigen, 10 nl
of the tanned /cdlL suspension were mixed with 10 nl of L-aspara-
h gluase solution (100 ug/ml, diluted with PBS) and incubated for 20
n!.mx\tu° at room temparaturae. “!h. contents of the tubas were mized
3 times during the incubation perioed. ’.rhn\ \tmntd cells coated with /
!.-/upangimn ware centrifuged atd washed 2 times with cold 1R
normal rabbit sexum (NRS) (Grand .Illltl\d Biological Co., fru\d Island,
New York) in PBS (pH = 7.4). The cells wers resuspended in 1Y WS to
give a 0,.3X r\{lpﬂ“iﬂn of "senaitized" le;lla. 1 drop of the suspension
of Ysensitized" sheep red blood cells was mixed with 1 drop-of anti- |
L—ugnuimu antiserum on a alide to eh;ck for cell ml&timuon.
If the slide agglutination test was poaitim. then titration of tha

test sera was carried out. For eich sample of test serum, one row

4



Y . . | ' f
' T 10

L4 L]

s, . !

of 13 tubes (12 » 100 wm) \ui set up. A douionn; dilution aeries \
of the tast serum in 0.5 ml volumes of 1X NRS were preparved, atart-
ing from a 1:10 dilution in tuds 1. Tube No, 13 contained 0.5 wl

of the dilmni:, 1% NRS, instead o!‘ serum, aa control. Thus dilutions

of teat serun ranged from 1:10 to \1381‘91@. To .msg\ of the tubdes .

v then added 0.1 ml of t[n 0.5% "u.mitind“ sheaep red blood cell ,
suspension, The contentsof the tubes wera mixed thoroughly and

left undisturbed, ;t room temperature ovcnlight. The patterns of
henagglutination vere read according to the putt,rnj;f! uttm_\;‘ of the cells
in the tubes. Appendix 3 shova a typical appsarance of patterns

of henmagglutination. The endpoint chosen was the ln;. tube showing .

an sven carpet of 'cells wi;h'a' ali;ht ring at the edge. The hema-
galutination titre was expressed as thé reciprocal of the dilution

of antiserum present at th‘- and point, Freshly imsunized mice gave anti-

\body titru of about ".'0.120 to 20,680\5:1 this ‘uchniquc..'

(¢) Inhidition of L-asparaginase a&uvnye 0.1 ul of the lntinnic

solution (L-asparaginase n!.uu»‘unh activity of 2.5 = 3.0 Iu/ml) °

S 1) :Imuba"hd with 0.1 m) of test serum or 0.1 ml vormal wouse
serum at 37°Cc m\- nixtugy was u&ht«l for' 30 minutes ‘and then
nuycd diucn;& for ita L-nmutmu activicy. The pressncae of
anti-L-asparaginase antibody in the teat serum is revesled by a de- \
crease in t:hn l.-upnuimn activity of the mixture containing the
teat aerum, as co-pand :o the L-asparaginase activity of the mix-

ture containing normal wousa serum. - -

A Aliquots of 0.1[ al of t.fiimui\ucc solution with activity of

. P | ' Iy ~
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of a ut 2.3 IU/ml were incubated at 37°c !or 30 ni\\mo with duhnm:

‘volumes of ciy.hn "néck" hyponnum muutun. collacted frowm nicn x-a-

°

.

unized to I.-uplruimn ovcr a p.uq‘d of one ynt.m' noml nouu umn.

/

adout 3 0 !{J}-l or 1ox L-npannmn ncranpauh nupnmion wuh inti\m:y

%

The rneuon ni.xt\u-n ware then nuycd diractly for thair L-npuuimu ’

sctivity after the incubstion period, The volumes of sers used ;n these

studies ranged from 0.010 ml to 0.400 ml. With the smller :;roluun of .
] ' .

stock antiserum or.g\oml niug. 0+010 ml, 0&25—7-1 or 6.030 nl, siline Y

vas' added to make up a t@tal”volup of 0.100 al-in exch cas befors in-

cubation with the L—aipnnﬂimu pnpant‘ipm. This ‘v‘r dona because

it was necessary to have a toiai sanmple volume of at leaat!/ 0,200 ml for‘

the contimoua-ﬁow) assay wmethod for L-asparaginase activity, The X m—

hibition of {,—uparqimu activity by mti-l.-npatqinnc ssrum vas

. Let

then X inhibition ![Sg ~3) mo] S
n 3

_calculated as !ono\m i . -

a = L-asparaginase ;cuvuy after !ncuhuon with noml noule ux‘un.

a ® Le-asparaginase activity after incudation with antiserum,

M 3 L] .

‘Norml mlce and mice immunized against E. coli L-asparsginase

were injected i,p, with one of the following:’

@) ‘

®
)

y

E. coli L-asparaginase nylon nfhrocapouln;

Ervinia earot:vou L-asparaginase nylon microcapsules;

xrwmi; carotovora L-asparaginase nylon microcapsules ptavio\\ll‘y
exposed to a solution of E, coli L-asparaginasa; >
control nylon utemipuln containing no t.-‘np;n.‘g!.mu.

,én
.

3
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ish astizl-separaxinac secyn | {5 , j .
The results obuin&d vith L-upnurnn solution are pnnm:td

in Table 1, It cm be ssen-that the residual kl.-upnu!.mn activuy

{n the reaction pixturs at each dn\auon was n\nyt lower for L-aspara=- -
ginase solution that had bnn incubaud with lnti-!.-npu'qh’n. searunm )

than with control normal mouse ssrum. ‘rhg maximum inhibicion of lL-aspara-
ginase activit»y obtained with hyperimmune aerum was ?O! in these 'atudies,

ven in’ arfu.body* axcear (Figure 1) Inhii;:}:ion of *L-'upuulnuc\ activity .
.vanged from 41X to 70X 'ov-‘r the volunn of antissrum smployed in these
studies. It should be noted that wmaximum inhibition ¢dtained for %ﬁti-x
L-asparaginase serum collacted from nice whm\ had ncdvcd upnn\d

injections of L-asparaginase solution over a period of one wnth, instead

<

of one year, was 45X, /

The ruuln obtained with t.-upuqimu nicro‘cnpmln s sho

in Table 2, ~1In urktfl contrast td the :nulu in mx- 1. there iz no |2ig-
n!.nnant difterence in the L-upnrqinuu activity of %-upn-u:lmu niero-
cnpmhn atm mcubation with mti-t.-upnqmuc serum ork}wml WOUIS JOTUM.
fgurs ) uhéw that there was 0X inhibition in the case of !.-lipangimn

—r
\ )

ucrocapmln at all dilycioms vith antiserw, ¢ - .
, ) | o
m\m ] a/how that afcer 1 p+ injection of L-npn'qimn a0l=
ution u\to mm.nd nica, very low 1mh of !.-umqinnc activity wer
un:nd in the blocd u{: to 2 hours u!nr injection. The mi.-u\l.-uunl

| | A
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4 (AS) ASPARAGINASE SOLUTION
O (AN) ABSMARAGINASE WCROCAR

'\\ 1

|
h‘l“m—— .M:‘Q

[—— 2 Fy 2 2 2 2 nd

. 4 L} 8 0 u " -
Time am( Injection tdays) '

i 1’!‘:. courss of I.-npnutmn attivity in the blood of !.-unind mice after
of the tollom i.p. =injections:

Bach A = thc mean of 2-4 ‘immunized mice m«mﬂ with As and sacrificed at
the mtut-d tine htcwal. -

v

_ Bach . = the maan of 2-4 immunized mice injected w:lt\\ AN and ncr:lneod at

tha indicated time nann. /

Each @ = the value for l \ntmtul. imunized mouss sacrificed at the in-
. dicated time interval,

Bach & = the mean of 8 non-immmized uc- injected \m:h AS and sacrificed at \
. the indicated time intarval.

Bach O = the mean of 4-8 non-immnized nice h:lccnd \d.t:h AN and uetit:lctd
at the indicated time interval,

Values for non-immunized nice wers taken from Pigura 2 in Chapter 1I,

r



ginase nti.vi’ty :h; the blood was 0.10 YU/ml, octurring in the 2 hour - '
sample. There was no L-asparaginase ac:ivi:y dtém:abh in blood samples
taken 4, 8, 16, 24, 48 or 72 hours after injection (Figurs 2). These -
observations ire in marked contrast t6 Fesults obtained in non-imunized
nice. The nmlnui L-asparaginase activity in the dlood atter i.p. injection

ot an cqvul dou ot L—aqpnruimu solution per gm body wnght in non-

an\m&nd nics was 1,32 I0/nl, and L-aspataginase activity eonid .un be

}uccti%in the blood up to 32 houn poat mjccfm\ (Figure 2). As for
non-ionunixed uict. thare vas no dcuctahh L-npang!mn activity in

the blocd of immunized mice injc\c:od 1sp. with l.-npnuimn nicrocapsules
for the duration of 'thon\ studies (15 daya, Figure 2). Ro L-asparaginase
activttyl was found in the biobd of control immunized mice which were

not injected with ‘X.-npuuimn ("untrnuid“), during thess studies
\ -

' (".‘““ 3) - - .
"Body" L-asparagivnase activity 7

The L-asparaginase activity remaining in the "body" homogenates
(prepared as described under Natarials and Nethods in Chapter II) of:
nou-immunized mice sacrificed immediately after injection of L-aspara-

ginnu solution or L-npansinan n!crohpmln was takan as 100X in these

| atudies, Figure 3 shows that the L-asparaginase activity assaysd 1:\ the

“body! of 1lmmunized nice uetiftccd immedistaly after i.p. injectiom of

L~asparaginase solution was only £3X of the “"body" L-asparaginase act-

, ivity in non-immunized mice injected with an equivalent dose of L-aspara-

: \
ginase solution and sacrificed after a similar tiwe mtcrval\. On the \

~ \

othar hand, after i.p. injection of l.-ngmn.gimu nictocupuuln, thers

was no uguiﬂ.cmﬁ difference in the L-asparaginae ‘activity remaining in
C \ . ‘

A

{
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EIGURE 3

Time course of L-asparaginase activity remaining in the "body" of immunized
_mice aftyr one of the following i.p. -injectiona: -

Each & = the mean of 2-4 imsunized mice injected with AS and sacrificed at
t¥ indicated time intarval.

Each ® = the n/u.n of 2-4 immunized mice injected with AN and sacrificed at
the indicated time interval.

Each™®@ = the value for 1 un:tnt:od. immunized mouse sacrificed at thp ia-
dicated time interval.

Each & = the mean of § non-;-unin-d' nice injected with AS and sacrificed at
f the indicated time 1m:crvn1. '

- @ Each O = the mean of &=8 non-immunized mice injected with AN and sacrificed
at the indicated time interval. _

Values for non-immunized mice ware taken from Figure 4 in Chapter II.

»
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the "body" of 1mut;1nd nice n\conpand to non-immunized mice’ :ln.jn#nd
with an egquivalent dose of L-npnruimn heroﬁpiuhn for up to 2
dnyi post injection (Figure 3). However, in the post injection per-
iod of 4 to 8 days, L-asparaginase activity remaining in the "body"
appearaed ;o be lower in immunized mice than in non-immunized mice at
the corresponding time intervals dmr. 3). Thereaftar, the "bodyM
lL-asparaginase levels ware similar in immunized and in non-immunized
nice (Fig\;#& 3). Therawera no assayable levela of endogenous L-aspara-
ginase activity remaining in the "body" of controllimuniud wice for

é\. duration of these studies (Figure 3).

~

Plasma L-asparagine levels
Figure 4 shows that after i.p. injection of L-asparaginase

solution into immunized mice, the L-asparagine concentration in plasma
samples wvas 0 nmoles/ml after 1 and 2 hours, 13.8 nmoles/nl aftar & hours,
and 20.6 nmolss/ml after 8 hours. The plasma L-asparagine concentration

was back to normal 16 hours after injection, and remained at 'this level

for 3 days (Figure 4). It should be pointed out that the zero L-aspara-
gine content in the 1 hour and 2 hour plasma samples probably represents the
rasult c\vf Iongoing L-asparaginase activity still present in the blood at
these times (Figure 2), Irdcstion of L-asparaginase microcapsules i.p.

into immunized mice did not rasult 1n’ a lowering of the plasma L-aspara- ‘
gine concentration to zero in any of the plasma samples taken after :l.nju:l:—VM
fon (Figure 4). A transient decrease, however, to 19.0 nmoles/wl was
obaexrved in the 4 hour sample (Figure 4). Apart from this, thg plasma
L-asparagine level remained normal for the duration of thase studies .

(15 days, Figure 4). There was no significant change in the plasma

<
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Tine course of plasma L-as utm hv.h in lmsuunized mice after one of
the following 1.p. -injectl

Bach A = the mean of 2-4 immunized mice inje¢Cted with AS and nct!.nmd at

the indicated time interval. .
the mean of 2-4 immurized AAice injected with AM and unru:lecd/(t

Bach @
r the indicated time interval.

Bach W = the value for 1 untreated, wn-a wouse sacrificed at the in-
dicated time interval.
Bach & = the mean of 4 pon-immnized mice injected vith AS and sacrificed at
the indicated time interval.

Bach O = the mesn of & noun-immunized mice injected with AN and sacrificed at
the indicated time interval.
' -, * |

Values for non-imsunized mice wers taken from Figuve 6 in Chapter II.
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" L—npnuian #tv.h m untreated, immunized mice during this p.tiod also

(Figure 4). concou:mt control studies with non~immunized uieo con=
firmed that i.p. injections of these enzyme preparations depleted the
plaspa L-asparagine content to Rero. )

Preliminary studies showed that neither L-asparaginase ool-

\

ution nor microencapsulated L-npannmu nu-end i.p. at a don
of 5.0 IU/ga body weight (which is 10 times the uauul dose given) ctould (
lowar the plasma L-asparagine level to zero in ‘mind mnice (Figure 3).
; transient decrsase to 13.4 amoles/ml was observed, however, when L-
asparaginase solution was uutgtcd at this doss (Figure 3).

- Preliminary studies showed that thera was no significant
difterence in plasma L-asparagine levels in immunized u? after i,p.
injection of ,co).lodion L-asparaginase niexﬁcupmlu instead of nylon
L-asparaginase microcapsules (Figure _66). Control studies showed that
i.p. injection o§ collodion I:-nmagimn microcapsules into non- \

dmsenized nict lowered the plasma L-asparagine concentration to zexo.

N »
Studies using lL-ssparaginase derived from E. coli and Erwinia earotovot

C It v;na shown in Figure 4 that in mice immunized to E. cou
I.—np;naimc', i.p, injection of E. coli I.-upan;‘:lﬁﬂu solution or
E. 7e0n I.-upatluimu microcapsules could not- lower the plasma L-as-
paragine concentration significantly. Ho\nvq-. i.p. injection of an
cquivo,hnt. dose of Erwinia carotovora (abbreviated hereon as Erwinia)
L—upaqum'n solution vas found to be effective in dcpht\in; the
Plasma L-asparagine level to zero for 2 days in these mice immunized to K.
coll !.-‘np;ngin‘nn (Figure 7). After this, ti\e plasma L-asparagine rose
to 6.3 nmoles/nl on day 3, and was normal on day & (Figuﬁ 7). Also,

p
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of 5.0 IU/gm body weight. ' T o ,

Bach 4 or @ =the mean of 2 i-mud ucc sscrificed at the :hdiut\ time
iaterval, : \

Values for immmized mice injected with AS or AN at a don o! 0.5 ml body

weight m taken from Figure &. L N
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PIGURE 6 , \

Plasma L-asparagine lavels in immunized mice after i.p..injection of collodion
. L~asparaginase nicrocapsules (AN). | :
' Bach @ = the mean of 2 fmmunized mice sacrificed at the indicated time-

. taterval,

. Values for immmized mice injected with nylon AM wers taken from Figure4,
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FIGURE 7
—r

Plasma lL-asparagine levels in mice immunized to E. coli L-asparaginase after
one of the following i.p, imjectiocna:

Each A = the nun of 2~4 immunized mice moe'tod with Ervinia carotovora

L-asparaginase solution (AS) and sacrificed at the indicated time
interval,

Bach @ = the mean of 2 immunized mice injected with-Erwinia carotovora

L-asparaginase microcapsules (AN) and sacrificed at the mdieatul
time interval,

Values for immunized mice injected vﬂ:h E. coli AS or E. con AN were taken

 from Figure 4.

N .
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injection of an equivalent douq ‘Iof nierécucap'ulqa‘ud Ervinia L-aspara-
ginase lowered the plasma i.-'-npuqim to zero concentration for 3 days
in these mice (Figure 7). After this, the plasma anpu-uiuc“ron to Lo |
14.5 nmoles/ml on day 4, and was normal when the next plassa sanple
was taken on &ay 6 (Figure 7).

In reciprocal” experiments with mice immunized to Erwinia L-
asparaginase, preliminary studies indicated that neither i.p. hﬁ.ctlon
of Erwinia L-asparaginase oolucnion nor Erwinia L—appcruimoc micro-

capsules was able to lower the ‘plasma L-~asparagine 1!\'%1 to xero on

day 1 ;ftur injection (Figure 8). On the other hand, i.p. injection

. of an cquivahnt dose of aither E. coli L-asparaginase solution or}- B. coli

I.-npltqiunq nictoeapculn was u:fccuvn in dnplctinz the plasma
L-asparagine content to zero in this group of mice (Figure 8). -
Control experiments with non-immunized uicc.n ;:atried out
concomitantly with the above sxperimenta, showed that i.p. 1nfhct1q(n
of B, coli l.--Z asparaginase solution, K. r.;.ou L—npnr;ginau microcap~
sules, Erwinia I.-np’;;:o.'ginuc aqlut!xou,o'r Brwinia L-naparuintac aicro-
capsules, lowered 'thc plasna L-asparagine level to zero ia all cnu‘
on day 1 post injection. | \ ’ i
Ia mice which had basn imupized to E. coli L-asparaginase,
preliminary studiss showed that i.p. n\)qcuou' of Ervinia i.-ugan*
ginase microcapsules which had puviouolf been .xpo'nd to E. coli
L-asparaginase solution (according to the procadure described in
Materials and Methods) caused a de¢rease in plasma L-asparagine level
to zero on Jay 1 after .h\j.etiop (Figure 9). Oun the othbr hand, in mice
Mhtch had previcusly besn fmmunized to Ervinia L-ssparaginese, injection

\
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Plasma L-asparagine levels in mice immunized to Erwinia carotovora L-as-
paraginase after one of the following i.p. injections: .

Each A = the mean of 2 immunized nice mjcctod with Erwvinia carotovora
L-asparaginase solution (AS) nd sacrificed at the indicated time

interval.
o\

Bach @ = the mean of 2 1-:&1,:«! mice injected with Erwinia carotovora
1l~asparaginase microcapsulas (AN) and sacrificed at the indicated
time interval.

Each & = the mean.of 2 immunized mice injected with I. coli AS and ucriﬁcod
at the indicated time interval, -

uch O = the mean of 2 immunized mice mjoét-d with E. coli AN and ncriﬁcod

i

at the indicated time ! al.

~
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' Plasma L-asparagine levels in mice immunized to E. eon L-asparaginade or

Brvinia carotovare L-asparaginase after 1.p. injection of Erwinia caroto-
vora lL-asparaginase microcapsules previocusly sxposed to B, coli L-aspara-
.mn solution. .

Bach ® or O = the maan of 2 immunized ui.cc uﬁtlncd at the indicated
time interval. ‘ ,
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of Erwinla L-asparaginase microcapsules exposed to B, coli L-aspara-
'glmn solution was not able to lower the plasna L-asparagine concent-
ration to zero on day 1 ut’it.'}r injection (Figure 9). Control experi~,
ments with non-iuun:'lnd mice showed that i.p. injection of this . \
type of microcapsules reduced the plasma L-asparagine conemgution
to rero on day 1l after injection. ’

Preliminary studies with microcapsules containing both
E. coli and Erwinia L-asparaginase (pr*parcd as descrided in Naterials
and Methods) showed that i.p. injection of icn specially prepared
microcapsules was able to lower the plasma L-asparagine concentration
to zero on day 1 in mh‘:“o immunized Fo E. coli L-~asparaginase or to
Exrwinia L—nqpannimn (Figure 10). ' I.p. injection c;t this type of

nicrocapaulio into control, non-immunized mice alsc lowerad the

plasma L-asparagine level to zero on day 1 after injection.

Histolo*ical studies

Similar cellular reactions to i.p. injected microcapsules were

seen on day 1: ) |

(a) in non-immunized n:l.ca\ receiving an iujq?tion of one of the following-
control microcapaules, E. coll L-asparaginase nicrocap;uhﬁa R Ervini; L~ |
asparaginase nicrocapsules, or Erwinia L-asparaginase nicrécupmln that
had been exposed to E. coli L-asparaginase solution; and

() in (E. coli) immunized mice uc.ilving an injection of eaither control
microcapsules or Erwinia L-asparaginase microcapsules.

In all o'f‘ these F“y"‘/ éel}' infiltrate ochrved around t\Am‘ lietocapsuh;

wvas typical of a foreign-body reaction, consisting primarily of neutrophils

on day 1. This host response was probably nol'a-cptcific in nature and was mounted

4 -
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Plasma L-ssparagine levels in mice immunized to B. coli L-asparaginase or
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against the microcapsules thunnlvic. regardless of their contents.

202 -

In Lontrn_t. a differsnt cellular response was seen on day 1 ium

(B, cold) mtt\od nice injected i.p. with E. coll L—/n;‘atulmo

microcapsules or Erwinia L-asparaginase microcapsules that had been

' w»
axposed to E. coli L-asparaginase solution. There was an increase

in;density of cells around the microcapsules and in addition to

f .
neutrophils, there vas a2 large infiltration of lymphocytes in these

specinens. This infiltration of lymphocytes was specific in that

it vas only seen in animals which hai(l been’ immunized against the

)

?mnc type of entywe present vithin or on the surface of L-aspara-

gitase microcapsules.

1

"\ ’ . \
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/ .. * _DISCUSSION "y \
\ '
Results obtainod in these studies demonstrata that there

is -n:kcd inhidbition of thl catalytic activity of L-upanginau in
free solution after incubation with atti-L-adparaginase serum (‘hbh 1).
This inhibition, however, was incomplete, even \ltJh!‘ conditicns of
antibody excess. 'I‘ho inability of antiserum to completely inhibit the
catalytic activity of L—;spataginaaa is in accord with other findings
on the sffect of antibod!:eé on enxymes that\ act on low molecular weight
subdtrates (10). Reports 4y several other 1nvestig;tots 11 - 1)
also indicate that inhibitién of L-asparaginase activity by antibody
is \inéouplete, thf maximym inhibition rciaorted ranging from 45 - 53X.
According to htghe i.n;\miution schedule dem{:ribed in these stndiesf
immunization of mice over a period of one month alsc resulted in the pro-
duction of antisara which inhibited 45X. However, we .havia found that
" more pottnt ant:lseu which inhibited 70X could be obtaiued with a more
prolon{ed i-ltmiution} schedule over a period of one yoar. This
probably represents an increucd avidity of mtibody molecules
px-oducad after prolonxﬂd :l-unintion. This finding is not peculiar
to production of anti—L-;spanginue antibodies siunce others hnve ;
found that t?xe inhibiting power of antisera ptoducd against the
enzymes ribouu:lme (15) and tyt%sin’ue ‘fiG) also increase in the

course of prolonged immunization. .

In marked contrast to results obtained with L-asparaginase

solution, there was no inmhibition of the catalytic activity of L-aspara-
, o ‘

#
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ginase microcapsules incubated with anti-L-aspiraainase serum (Table 2).
This observation indicates that in vitro: ®
(a) there is no leakage of L-asparaginase from the microcapsules; and

(b) the presence of humoral antibodies in the surrounding medium does

not affect the catalytic action of L-asparaginase inside the micro-

capsules. ° ' i
These findings are related to thé protection afforded the enzyme by the
microcapsule membrane which is selectively impermeable to mc\tomolecules.
Thus, in vitro,neither is there leakage of L-~asparaginase from nor entry
of antibodiess into the microcapsule. \

) The maximum L-asparaginase activity found dn the blood of
immunized mice after i.p. injection of L-asparaginase solution was only
7.5% of the maximum blood L-asparaginase activity cbserved in similarly
treated, non-immunized mice (Figure 2). This may be attributed to
the presence of cglgflyticnlly active antigen-antibody complexes that
had not yet been eiiminated from the circulation. The zero plasma
L-asparagine conceﬂtration found in samples taken 1 and 2 hours after
injection of L-tauﬁagimse solution (Figui:e 4) is probably a result
of the continued in vitro action of these catalytically active immune
complexes in the blcod and does not reflect the actual in vivo plasma
L-asparagine concen'tut:lon at the time of bleeding.

The observation that the L-asparaginage activity remaining in
the "body'", Me/&iately after 1.p. injection of L-asparaginase solution,
was lower in immaunized than in non-immuniz ice (Figure 3) is most

likely a consequence of inhibit1om\of the native enzyme by humoral

3
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antibodies present in the "body"‘ homogenate. On the other hand, after

i.p. injection of L~asparaginase microcapsules, the L-asparaginase

activity remaining in the "body" of imuni_:ed mice was as high as

that assayed in non-immunized mice up to 2 days post injection

(Figure 3). This finding suggests that the presence of circulating

antibodies also does not inhibit the catalytic activity of L-aspara-

ginase entrapped within microcapsules in vivo, up to this time.
Measurement 9f plasma L-asparagine levels after i.p. in- .

j jection of L-asparaginase solution into immunized mice (Figure &),

show that the native enzyme was incapable of suppressing the plasma

L-asparagine to any significant extent in these mice. This finding

provides the physiclogical basis for explaining the loss of therapeutic

activity of L-asparaginase solution in 6C3HED tumor-bearing, :Lm:mized

mice, observed in earlier experiments (5). The inability of L—Jajpara*

ginase solution to suppress the plasma L~asparagine level in immunized
mice is directly related to the inhibition of catalytic activity of

the native enlyné by humoral antibodies (Table 1) and the rapid clear- ‘
ance of 1ujec;:ed enzyme from the circu]:ation\ (Figure 2). MNoreover,
since i.p. injection of 10 times the usual dose of L-asparaginase sol-
ution was unable to lower the plasma L-asparagine concentration to zero
in the present studies (Figure 5), the shortened half-life of the enzyme
in the circulagiou is probably the more important influence. Maany other

studies (11 - 14, 17 - 19) have also related the loss of antitumor activity

of L-asparaginase solution in immunized hosts to the presence of humoral

antibodies which both inhibit the catalytic activity of injected enzymwe
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and cause a dramatically accelerated removal of the enz‘yne from the
circulation.

The finding that i.p. injection of L-asparaginase micro—.
capsules into immunized mice also was unable to suppress the plaSLlﬂ
L-asparagine level significantly provides the physiological basis
to explain the loss of antitumor activity of L-asparaginase micro-
capsules in the treatment of tumor-bearing, immunized mice, observed
in experiments described earlier (5). However, since humoral anti-
bodies do not inhibit the catalytic activity of L-—-asparaginase
microcapsules in vitro (Table 2) and the activity of L-asparaginase
microcapsules remained high in vivo for up to 2 days post injection
(Figure 3), the plaswa L-asparagine results obtained with L-aspara-
ginase microcapsules were somewhat enigmatic. This is particularly so
in the light of extensive supporting data concerning the absence of any
significant leakage of microcapsule contents in vitre and in vivo inm
non-immunized animals, as reviewed in detail in Chapter III. Further
studies were therefore carried out to investigate possible mechanisms
that may explain the inability of microencapsulated L-asparaginase to
deplete the plasm L—aspai:a.gine content in mice immunized to the encap-
sulated enzyme.

There are at least & possible mechanisms that may account for
the atter finding. The 1ik;11hood of each of these as the probable
explanation will be examined in turn in the discussion following.

(a) The possibility existed that circulating anti-L-asparaginase

antibodies in immunized mice may inhibit the catalytic activity
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of L-asparaginase microcapsules. Hov;evér. the in vitro results

presented in Table 2 showing that there is no inhibition, do not

support this possbility. Furthermore, in the in.vivo situation

thete was no decrease in the L-asparaginase activity remaining

in the "body" of immunized, as compared to non-imeunized,

mice for up to 2 days after i.p. injection of microencapsulated

L-asparaginase (Figure 3).

(b) Repeated injections of L-asparaginase during the immunization

schedule may result in increased levels of L—asparagine

synthetase activity in host cells, particularly those of the

liver and pancreas which have been implicated as possible re-

gulatory sites for the homeostasis of plasma L-asparagine levels

(20, 21). It is possible that these host cells respond to

-

L-asparagine depletion by increasing production of large quantities

of endogenous L—asparagine at a rate sufficient to effectively count-

eract L-asparaginase therapy. However, the following 4 lines of

evidence seem to suggest that this was probably not a crucial

factor in the present study:

)

@)

I¢Y was not possible to lower the plasaa L-asparagine conceat—

i:atﬂion to' zero even after injection of microepcapsulated

L-asparaginase at 10 times a dose which is already in excess
of that required to effectively suppress t}:e plasma L-aspara-~
gine concentration (Figure 5).

There have b;zen several clinical reports (22 - 24) that indi-~

cate that plasma L-asparagine could successfully be depleted §

’




with Erwinia carotovora L—arparagimu, which is immunologically
distinct from E. coli L-asparaginase (25, 26), /(menic
patients impunized to the E. coli en:yuc)// g \}

(3) Studies by Goldberg et al (19) hav/e nlso dmnonsttate/dr that
tumor-bearing wmice, praviously lf-uni:ed to E, col/ L-aapau—
inase, received similar benefif fron the therapeutic activity

of Erwinia carotovora L—-asparlgid}a?e as did nop-immunized,

J

(4) 1In the present study, Erwinia L—asﬁcragug%\aﬂe solution was abdle

to maintain the piam L~asparagine at zero \\]\cuuamfm
/

(Figure 7) in mice immunized to the E. colj enzymé. That \qhese

| ]
timor—-bearing mice. - _//

~ ; \
latter results were as a comsequence of the immmologically \
‘digtinct nature of the enzyme and not a property péculiat to %t,
) J
was ruled out by the results of reciprocal experiments pre- (
AN

- AY
sented in Figure 8. In these experiments with mice immunized \

AR

~

against the Ervinia enzyme, it was found that injection of
Erwinia L-asparaginase in the golution orl nicroencapsulu‘:eil
form was unable to Iiawer the plasma ;.-upataxine tO Zero
concentration but E.\ coli L—asparagin;ue solution could (Figure 8).
Therefore, these data indicate that the :ulability to deplete the
plasma L-asparagine to zero concentration was probably not due to : .

\ T

an insurmountable produciion ofJ L-asparagine by cells in the immunized

. host.
{c) A third possibility to be considered is that\in order to effectively

deplete the plasma L-aiparagine concentration to zero in immumized
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mice, particularly under compromising conditiohs :of increased
ez;dogenous L-asparagine production, it may be essential that

i L-asparaginase exert its action intracellularly. However,
diffusional restrictions imposed upon the ensyme entrapped
within the confines of the microcapsule membrane do not
allow for such an effect. Thus, the rate of depletion of plasma
L~asparagine by microencapsulated L-asparaginase under these /
circmst;nces may not be efficient enough to overcome the host's
compensatory mechanisms for maintaining a normal plasma L-aspara-
gine level. Initially, this hypothesis appears to be in accord
with the exl:;e;ineutal results obtained in the present studies. It
adequately explains why in mice immunized to E. coli L-asparaginase,
Erwinia L-asparaginase in, solution can effectively suppress the
plasma L-asparagine conclration, while E. coli L-asparaginase
entrapped within microcapsules cannot (Figure 7). It also’
explains why in nmice immunized to Erwinia L-asparaginase, E. coli
L-asparaginase in solution is’ effectiv e, ‘;hile Erwinia L-aspara-
ginase entrapped within microcapsules is mot (Figure 8). However,
thg following 2 ‘lines of evidence do not support this hypothesis:

i {1) Erwinia L—asparagingse microcapsules - are effective in lowering
the plasma L-asparagine concentration to gero in mice immunized
to E. coli L*asparagin;se (Figure 7), and

(2) B. coli L—asp’araginase microcapsules are effective in mice
imsunized to Erwinia L-asparaginase (Figure 8).

LY .
Thus, the diffusional limitations inherent in the microencapsulated

s v
. 1. - & /V
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form of the enzyme also do not seem to Ibe a crucial factor in the
present studies, J
Finally, the fourth possibility’ that will be considered is that
L-asparaginase antigenic' determinants may be present on the surface of
L-asparaginase microcapsules, thus conferring certain surface pro-
;aetties to the }nicrocapsules. In the immunized animal, recognition
of these surface antigens as being identical to ones to which it had
been exposed, may elicit a host response that in some "uy renders the
catalytic action of L-asparaginase microcapsules ineffective in vivo.
Two ways by which this may be brought about are:
(1) A decreased permeability of the microcapsules. This may be a
significant factor in the immunized host because in additionm to
a foreign—-body reaction to the microcapsules,which results in an
infiltration of inflammatory cells and the deposition of proteins,
such as fibrin, onto the surface of the microcapsules (4), there
is also the added presence of humoral antibodies and a large
number of immunocompetent cells around the microcapsule surface.
(2) Damage to the microcapsule membrane as - result of imsmune phenomena.
This may result in entry of humoral antibodies into the micro- ’
capsules and leakage of microcapsule ‘contents into the circulation.
Either of these 2 effects would interfere with the ability of L-aspara-
ginase microcapsules to lower the plasma L-asparagine level effectively,

particularly under conditions of increased L—asparagine synthesis. .In

. the remaining discyssion, I would first like to consider the likelihood

of the presence of antigenic determinants cu/x the surface of L-asparaginase

»
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microcapsules prepared by the interfacial polymerization technique.

This will be followed by a discussion of the possible vays in which
a host response to the presence of surface antigens may explain the
t 8
loss of in vivo action of L-asparaginase microcapsules in the immunized

host.

Ptesegc; of antigenic determinants on the surface of L-asparaginase

aicrocapsules
Since L-asparaginase is chemically a polyamine containing

free amino groups, it may react chemically with sebacoyl chloride
during the process of interfacial polynerizat::'lon, forming part of the
membrane structure. In fact, Chang (1) has prepared artificial cell
menmbranes consisting entirely of cross-linked protein and sebacoyl
chloride. Also, hemoglobin has been showm (1, 27) to be‘inct:tporated
in the structure of nylon microcapsules prepared by the standard method.
It is thus possible that L-asparaginase may be cross—linked, together =~
with hemoglobin, to fém a structural component of the membrane.
Another possibility is thats L-asparaginase molecules may be physically
adsorbed onto the surface of L-asparaginase microcapsules during their
preparation and washing. In effect, therefore, lL-asparaginase molecules
on the surface of the microcapsules may present th‘enselves to the host's
immune systea as "intrinsic" antigens (component of the membrane struct-
ure) and as "extrinsic™ antigens (adsorbed to the membrane surface).
The proposal here is somevhat analogous to‘ 'tihe presence of surface
antigens on target cells involved in ;larious cell—-\ediated immune

1

responses.
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That the impunized host recognites and responds to-the

presence of homologous antigens associated with the microcapsules is
sup'por.ted indirectly by 'tixe following histological observations. As
described in the pfesent study, the cellular infiltrate seen in immmun-
ized mice injected with microcapsules bearing howologous antigens is
distinctly different to that seen in non-immunized mice or mice immun-
ized to antigens which do not ftoss-react with those present on the
nicrocapb;xle surface. 'I‘hé cellular infiltrate in the former case
consisted of neutrophils, lymphocytes and other lymphoid cells, a
his:ologig picture not unlike th;t seen at sites of cell-mediated
immune reactions. The presence of a large number of circulating
"sensitized"lymphocytes in immunized mice as early as one diy' after
,injection of L-asparaginase microcapsulesis preaunai)ly attributable
to the booster dose of the immunizing antigen thﬂat was given 10 days
prior to the‘it;jection of L-asparaginase microcapsules in these studies.

More direct evidw immunoclogical recognition by
the host of the presence of immunizing antigens on the surface of
L~asparaginase microcapsules stems from the following demonstration.
IZ.p injection of E. coli L‘aspa;'aginase microcapsules into mice
i.-;mized against E. coli L-asparaginase ‘elgic:lted an intense, acceler-
ated production of humoral anti-l-asparaginase antibodies, similar to
the secondary antibody respjmse obaerved after injection of a boostetl
dose of L-asparaginase solution ("memory phenomenon").

It was only because of a l.acl; of time that other immunologic
studies, for example using the technique of immunoflucrescence, were

not performad to confirm the presence of lL-asparaginase \antigenic

3
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determinants on .he surface of L-asparaginase microcapsules. However, from
the foregoing, it may be surmised that the presence of antigenic deter-
ninants is a distinct possibility. Recognition of these surface antigenic
determinants may result in immunological events which together with
inflammatory reactions to the microcapsules themselves, may affect

the in vivo action of L-asparaginase microcapsules in at least two

vays, as will be discussed in more detail below.

Decreased permeability of L-asparaginase microcapsules

According to this hypothesis, there is a decrease in the
permeability of injected microcapsules as a result of immunoclogical
and inflammatory cellular infiltrate, protein deposition, etc, around
the surface of injected microcapsules. This decreased permeability
may be sufficient to reduce the catalytic efficiency of the n‘icroen-
capsulated enzyme. Thus, particularly under cogdit(a[.ons of increased
L-asparagine production, the rate of removal of,»!ég/é\)gara-
gine from the peritoneal fluid may not be rapi\d:eﬁ;:ugh to overcome
the compromising effect of an increased synthesis of L—asparagine into
the host's systemic circulation.

The il;cteased cellular density observed histologically
around microcapsules recovered from mice immunized to the specific
antigens presen‘t within or on the surface of L-asparaginase micro-
capsules lends support to this theory. Amother line of evidence which
adds strong support to this hypothesis, instead of a damage-leakage
hypothesis, is that lL-asparaginase levels r?lamm in the "body"

of immunized mice are as high as the levels assayed 1nl non-immunized

ui¢ce for up to 2 days post injection (Figure 3). Perhaps it should
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be mentioned here that the ability to \nssay the L-asparaginase
activity remaining in the "body" of immunized mice injected with
L-asparaginase microcapsules does not conflict with the idea of
a decreased microcapsule permeability since homogenizing of the
" tissues prior to assay would disperse any cells and protein film
surrounding the sicrocapsule. .
Three major attempts vere made to alter the surface bto-
perties of L;-asparaginase microcapsules to test the likelihood of
the decreased permeability hypothesis. Firstly, it was reasoned
that perhaps aicroencapsulation of E. cc;li L-asparaginase by the
alternate technique of interfacial coacervation might decrease the
probability of L-asparaginase being ptgsent on the surface of the
microcapsule meabrane. Collodion microcapsules containing BE. coli
L—uparaéinase might not, therefo;.'e, elic:;t ja immunologic response
in hosts immunized to E. ‘coli L-asparaginase and, as a result, might
be expected to function ;fficiencly in vivo. In this regard, Poznansky
and Chang (28) had already shown that catalase microencapsulated
within coliodion microcapsules was effective i!.n reducing injected |
perborate levels in dce"i.-tmized\to catalase. However, the results
presented in /Figute 6 indicate that 1.pl injection of collodion L-aspara-
ain:se dcroc\:aps/ulu did not suppress the plasma L-asparagine t;ou-
centration significantly. This finding does not necessarily comflict
with a decreased permeability theory, however. Ome pons:lble explanation
is that the astigenic determinant sites of the L-asparaginase mole-
.cule, unlike the catalase -;locule, may be ;xposed externally on the
“ \ . ) |
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gsurface of collodion i.—asparagimse nitfrocapsules so that the

\

host can react to their presenc/e.
Secondly, th; finding that Erwinia l-asparaginase ficro-
capsules could effectively lower the plasma L-asparagine level to |
zero in mice immunized to E. coli L—aspat:a'giuase {Figure 7) led to
the idea that, if one were to adsorb E. coli l-asparaginase onto
the surface of Ervinia L-asparaginase microcapsules, perhaps the
Erwinta L—asparaginase microcapsules with these particular surface
properties would no longer be effective in lowering the plasma
L-asparagine to zero in these uif:e. Although histological studies
showed that mice immunized to E. coli L-asparaginase did react to
these microcapsules in a manner qualitatively similar to E. coli
L~asparaginase microcapsules, Erwinia L-asparaginase ﬁicrocapsules
exposed to E. coli L-asparaginase solution were ;till found to be ;
capable of lowering the plasma L-asparagine concentration to zero in

mice L-lunizedigto E. coli'L—aspangihasa (Figure 9). On the other

band, injection of these microcapsules into mice imsunized to Erwinia

‘ L-asparaginase, did not lower the plasma L-asparagine concentration

to zero (Figure 9). Agaiu. these preliminary data do not necessarily
rule/ out a decreased permeability comcept. Onhe possible explmtioq
for the results obtained in f:hese experiments is that exposure of
Erwinia microcapsules to L-aspinragime solution may; not result in
adequate masking of the surface antigenic properties of Erwinia
L~agsparaginase microcapsules. ' - | \ “ .

/ Another kind of experiment was carried out in uhirh both
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E. coli and Erwinia L—aspkginase were microencapsulated at the
same time and in concentrations equivalent to tht;se used in the
separate microencapsulation of each enzyme. In this way, both

E. coli gnd. Erwinia L-asparaginase auﬁigenic detemin'ants would

presumably be present on the surface of this type of microcapsules.

. It was reasoned that injection of this type of microcapsules into .

animals immunized to E. coli-or Ervinia L-asparaginase should elicit
an immnological response to them similar to that noun"ted to micro-
capsules containing the corresponding type (of‘\enzyne a[ntigen. If

the permeability of these microcapsules was to decrease as a result, .
then plasma L-asparagine levels should not be lowered to zero in
either group of immunized animals. However, plasma L-asparagine
levels decreased to rero after i.p. injection of these microcapsuf'es
into both groups of imsumized micé (Figure 10). These results cannot
be explained by a decreased permeability hypothesis.

_Ipmolggicﬂlriﬁuced danage to L-asparaginase microcapsules

Another mechanism that attempts to explai:n the loss of
in vivo activity of L—asparaginas; nicto\capsnlea in mice immmunized to the
microencapsulated enzyme is that of "immunologically-induced damage"
to the microcapsules. It is pr«\:posed here that specifically
sensitized lymphocytes recognizc; the presence of homologous (intrimsic
and/or .extringsic) antigens on the surface of the microcapsules and

thus cause activation of L series of immmological events. These eveats

in' turn can caude Me to the microcapsule membrane, Wticﬂarly

at points vhere cross-linked protein molecules form part of the structure.

|
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The result 1s that certain areas of the ne;nbtane become porous,
allowing the entry of humoral antibodies into the microcapsules
and release of enzyme intc the surrounding medium wvhere it may
be bound to circulating humoral antibodies and removed as immune
complexes. It should be pointed out here that this hypothesis h
of possible leakage of L—asparagimse microcapsules after i.p.
injection into immunized hosts does not apply to non-immunized hosts.
As discussed in Chapter I1I, microcapsules do not leak significantly
in vitro or in vivo in non-immunized mice.

The immune mechanisms that may be involved in causing
damage to the microcapsule membrane are not known, but _~
perhap‘s one can speculate that they are similar to thosg that
have been‘ implicated in causing immunologic injury to tissues
carrying membraue—associated'ancigens (29 - 32). The latter
phenonepén i?'volves complex interactions of various cell types,
such as neutrophils, lymphocytes, and macrophages, and soluble
factors, such as lymphocytic factors, complement and humoral anti-
bodies. Such immuné phenomena are very complex in nature and their
imsmunopathologic mechanisms of action are still not yet precisely
defined even for biological cells. However, the histologic picture

observed around microcapsules recovered from mice immunized to the

surface antigens of these microcapsules is similar to that seen

in cell-mediated imgune reactions involved in tissue injury. The

added presence of a high anti-L—asparagix&ase antibody titre may also

be an important factoi. Amother factor that may be involved is the

. . /
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release of potent hydrolytic enzymes, such as cathepsins and okther
lysoson':al enzymes, as a result of neutrophilic degranulation at

sites of antigen-antibody interaction. It is pos;ulated that the
‘proteinaceous areas of the microcapsule sv:rface mgy be par.tiCularly
susceptible to attack by these potent 'proteolytic enzymes causing leakage.

According to this damage-leakage hypothesis, the results.
obtained using microcapsules with different surface properties may
be interpreted as followst

Antigenic determinants may be present on the surface of
collodion L-asparaginase microcapsules. Host recognition of these
immunizing antigens led to immunologic damage of the microcapsule
membrane, with subsequent inactivation and removal of enzyme leaking
out from the microcapsyles. As a result, collodion L-asparaginase
microcapsules were not effective \i\n suppressing the plasma L-asparagine
level (Figure 6).

In experiments with Erwinia L-asparaginase microcapsules
which had been exposed to E. colil L-asparaginase solution, the host
immunized to E. coli L-asparaginase recognizes the presence of
(extrinsic) E. coli antigens o;x the microcapsule surface. Subsequent
acti:/ation of immune events in the host led to immunologic damage
of the microcapsule membrane. This caused release of an immunologically
different (Erwinia) L-asparaginase into the circulation. As a
result, this type of microcapsules effectively lowered the plasma
L-asparagine level in mice immunized to E. coli L—asp:ataginase

(Figure 9). On the other hand, inje?t}bn of ;this type of micrpcapsules
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into mice immunized to Erwinia L-asparaginase evoked immune mech-

isms but, this time, because of host recognition of (extrinsic
and intrinsic) Erwinia antigens on the microcapsule surface. How-
ever, dama‘ge to the microcapsule membrane with subsequent release of
Erwinia L-asparaginase cannot lower plasma L-asparagine because of
the presence of circulating anti~Erwinia L-asparaginase antibodies
in these mice (Figure 9,. .

The results obtained with microcapsules containing both,

E. coli and Erwinia enzymes can easily be recox;ciled acco:ldiug to
a damage-leakage hypo{thesis. \Imunologic recognition of the presence
of (extrinisic and intrinsic) surface ant/igens by hosts previously
immunized against either one of the entrapped enzymes would result
in ig;munologic damage to the microcapsule membrane. Subsequent leak-
age of physiologically active Erwinia L-asparaginase into the cir-"
culation of mice immunized to E. coli L—asparaginase would lower the
plasma L-asparagine in these mice (Figure 10). Similarly, legka‘ge of
physiologically active E. coli L-asparaginase into the circulation
of mice immunized to Erwinia L-asparaginase would also lower ;:he
piasma L-asparagine in these mice (Figure 10).

It is important to note that a dama'glé—leakage mechanism,
though attractive, cannot explain the findings that "body" L-aspara-
ginase levels were just as high in immunired as in non-immnirzed mice
for up to 2 days post inection (Figure 3). If there was significant /

leakage of microcapsule contents during the first 2 days post imjection,

one would expect the "body" L-asparaginase levels to be lower in

) f
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immunized than in non-immunized mice. |

In short, either a "decreased permeability" or a "damage-
leakage" hypothesis can explain the plasma L—asparagine f;sults obtained
in mice immunized to E. coli L-asparaginase after i.p. injection of
E. coli L-asparaginase microcapsules (Figures 4 & 5), and in mice
immunized to Erwinia L-asparaginase after i.p. injection of Erwinia
L~asparaginase microcapsuies (Figure 8). Unfortunately, thé results
of sussequent studies using collodion L-asparaginase microcapsules (figure 6)
ané Erwinia L-asparaginase microcapsules that had been exposed to E. coli
L-asparaginase solution (Figure 9), were not definitive enough
to exclude the.likelihood of either of the 2 proposed mechanisms.
Alihough the results obtained with microcapsules containing both
E. coli and Erwin#a L-asparaginase (Figure 10) can best be explaiuned
by a damage-leakage mechanism, nevertheless, one cannot overloock data

showing that gbody" L—asbaraginase levels remained as high in {mmunized

<"!i

as in non-immunized mice, at least up to 2 days post injection {Figu;e 3).
The latter findingA can only be interpreted according to a decreased
permeability mechanism. Thus, from the data presently available, one
cannot as yet define the exact detailed mechanism(s) whereby L-aspara-
ginase microcapsules are rendered physiologically ineffective in mice
inmunized to the -icroenca;sulated enxyme., However, thege studies do
suggest that antigenic properties associated with the surface of the micro-
capsules and the host's ability to recognize and respond to their

r

" presence, play a prominent role in any such mechanisa.
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APPENDIX 1

Preparation of collodion L-asparaginase microcapsules

10 gmI hemoglobin solution (hemoglobin substrate, Worthington
Biochemical Corporation, Freehold, New Jersey) was buffered by the additiom
of tris (hydroxymethyl) aminomethane base (final concentration 0.08 M), :
then filtered through Whatman No.42 filter paper. Collodion (cellulose
nitrate) solution was prepared by evaporating collodion U.S.P. (E.R.
Squibb & Sons, New York, New York) to 20X of its originai weight and made
up to its orig;.nal volume with ether. To a 150 ml glass beaker surrounded
by ice the following were added: 4.2 ml tris-buffered hemoglobin solution
containing 500 IU L-asparaginase and 42 ml of water-saturated ether con-—
taining 1X (v/v) Span 85 (Atlas Chelfical Industries, Brantford, Ontario).
The mixture was immediately emulsified for 5 seconds, using a "Jumbo"
magnetic stirrer (Fisher Scientific Co., Montreal, Quebec) with ispeed
setting of 7. Without stopping the stitringi 42 ml of collodion solution
were added and the reaction mixture stirred for one minute more at the
same speed. The beaker was then covered and allowed to stand unstirred at
4°C for 45 minutes to allow the cel‘lulose ester to gradually precipitate
at the interface of each microdropief. The supegnatant was removed at:d
50-ml of n-butyl benzoate (Eastman Kodak Co., Rocheéster, New York) con-
taining 1% (v/v) Span 85 were added and the mixture stirred for 30 seconds
at speed 5. The suspension was then left to stand uncovered and unstirred
at 4°C for 30 minutes to allow the ether to evaporate and the outer sur-
face of the microcapsules to set. The supernatant was removed and 42 ml
of 507 Tween 20 solution (Atlas Chemical ILdustries) added. The microcap-
sules were dispersed in the aqueous medium by stirring the suspension with

the Jumbo stirrer at speed 10 for 30 seconds. The speed was decreased to

-
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‘ 5, 50 ml of water added and stirring continued for another 30 seconds.

R T T-y

The suspension was then further diluted with 200 ml water an:; allowé\’
to sediment. The supernatant was removed and the microcapsules washed
repeatedly with 1Y Tween 20 to get rid of fragile microcapsules and

any residual n-butyl benzoate. The microcapsules were then washed with
saline to remove the Tween 20 and resuspended in saline to produce a

501 microcapsule suspension.
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APPENDIX 2

Demonstration of the presence of anti-l-asparaginase antibodies by the’

Ouchterlony technique

In the present study, the Ouchterlony double djffusion technique
in two dimensions was carried out on slides coated with agarose. The eentre
well of each slide; vag filled with the test serum and the peripheral wells
were filled with different concentrations of L-asparaginase solution (AS).
The reactants in the separate wells move toward each other and a immuno-
specific, precipitin line forms in the agarose medium when antigen and its
homologous antibody combine in »optinal concentrations. The figure below shows
typically the precipitin lines that develop when anti-L-asparaginase serum,
collectéd from animals that had been immunired as described, was placed in

the centre well.

S= tes.t serum

1 =12.5 pg/ml AS
2 = 25 pg/ml AS

f 3 = 50 pg/ml AS
4 = 100 pg/ml AS
5 = 150 }lslﬂ]: AS
6 = 200 pg/ml AS




APPENDIX 3

Appearance t;f typical patterns of hemagglutigation

The appearance of typical patterns of hemagglutination is shown
in the figure below. o

© ©

Figure 1. Appearance of patterns of hemagglutination. Top row—left to right +++F, +++, ++,
4, +, reactions. Bottom row—left to right +, —, —.

{

(taken from Stavitsky, A.B., (9) ).
In a strong react:lop, the cells form a compact gran\xlar agglutinate or a
diffuse "carpet"” of agglutinated cells covering the bottom of the tube.
Weaker positive reactions are characterized by a mat of cellg with folded
or ragged edges. A negative reaction consisgts of a discrete button or
s!all ring of cells in the centre of the bottom of the tube. In a doubling
dilution geries, a gradation between the appearances of positive and negative
reactions usually occur jovEné -3 t;be.s. The endpoint chosen in these

studies was the last. tube showing an even carpet of cells with a slight ring

at the edge.
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‘ GENERAL SUMMARY

*  indicates claims "to original work with L-asparaginase micro- )
capsules in particular.
*1. There was no dete;ctable L-asparaginase activity in the blood of
mice injec;ed i.p. with L-asparaginase microcapsules (AM) for up
to 16 days post injection. In marked contrast, after i.p. inject-
ion of L-asparaginase solution (AS), L-asparaginase actlvity

quickly appeared in the blood with the highest concentration /

-

occurring after 4 hours, and was cleared from the circulation

with a half-life of 4.4 hours.

x2. It took 2.5 to 3 days for "body" L-asparaginase levels to decline

to 50X of its original act:ivity after i.p. injection of AM, whereas

"body" L-asparaginase levels fell with a half-life of 2 hours

after 1.p. injection of AS. Thus, t;'nese results showed that AM
retained catalytic activity for a s}gnificantly longer period of
time than AS in vivo.
-
*3, Plasma L-asparagine was maintained at zero concentration for 8
days after i.p. injection of (nylon) AM as compared to only 3 days

I after 1i.p. Injection of AS.

' N Y
1
!

4. It is concluded from (1) and (3) that AM can effectively suppress
the plasmi L-asparagine level without enzyme leaking out from

. the microcapsules into the blood. ™
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The greater ability of AM to maintain plasma L-aspatagine at
zero concentration na# be explained by the increased stability
of microencapsulated over the solution form of the enzyme, and
the protective function of the mi\crocapsule membrane in pre-
venting the rapid removal and inactivation of the foreign enzyme

by the body's defense mechanisms.

Although 20Z of the catalytic activity of injected AM was still
retained after day 8 post injection, plasma L-asparagine levels

rose back towards normal on day 9.

Histological studies of microcapsules recoyered at various times
from the peritoneal cavity showed that a foreign-body reaction\

was Smounted by the host to the i.p. injected AM. It is proposed
that the progressive fibrosis observed around the microcapsules

results in a decreased permeability of the microcapsules .to sub-

strate and provides a morphological basis to account for the

findings in (6).

Subsequent experimental data show that increasing the in vi*ttq
stability of AM, by cross-linking the enzyme with glutanl&ehyde
after microencaps:;lation, did not further increase the ability
of i.p. injected AM to maintain a zero plasnma L—aspartine co;x-
centration. 'This finding is consistent with the hypothesis of

. §
decreased permeability of the microcapsules in vivo, as proposed



*9.

*10.

11.

*12.

s

in (7). This result is also théffirst in vivo dnustration of
the physiological action of cross—linked AM and provides further
support that a leakage mechanism is not a sine qua non to explain

’

the mode of action of i.p. injected microencapsulated enzymes.

There was no increagse in liver L-asparaginase activity after

injection of AM, in'contrast to injection of AS. Preliminary
data suggest rather that a prolonged depletion of L-asparagine
and/or prologged increase in L-aspartate and ammonia levels in
the plasma, Brought about by the sustained action of AM, cause

a decrease in (endogenous) liver L-asparaginase activity.

Al

It was demonstrated that i.p. injection of AM, like AS, was capable of in-

ducing complete regression of established 6C3HED lymphosarcoma
b

s

borne in non-immunized, syngengic hosts.

Subsequent, more detailed studies were performed to compare and ,
analyze the tumor inhibitory effectivene\és of various doses of

free and micrdencapsulated forms of L-asparaginase in causing

the regression of established 6C3HED 1ymphosarconﬁ/’ , implants in
non-immunized mice.

Although the initfal rate of tumor regression was more rapid in mice
treated with AS than in those treated with AM, 3 days after either
type of .treatment, tumors were no longer visible in all mice

treated with AS or AM at all doses given.

.

a
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A dose of 0.500 IU/gm body weight of either AS or AM was found

to be curative. Six days after treatment with AS or AM at this
dosage, mice were sacrificed and post-mortem examination revealed
no evidence of' lymphosarcoma at the site of tumor implantation

or at other sites in the body. There was no reappearance of

the tumor after treatment for up to 100 days after tumor i.mpl'ant—

ation and all animals were tumor-free at this time.

»

However, some tumors reappeftjed after treatment with doses of 0.125
1U/gm or 0.250 1U/gm body w;ight of e1£her AS or AM. Tumors re-
ap;)eared mor% quickly in animals that received the lower dose of
0.125 IU/gm of AS or AM than in those given the.higher dose of
0.250 IU/gm of AS or AM.

For a givén subcurative dose, tumors reappeared more quickly ’
in those mice treated with AS than in those treated with AM.

All animals treated with 0.125 IU/gm AS were dead by day 35 after
tumor implantation, whereas 27.37 of those treated with the
equivalent dose of AM vere alive and tumor-free up to 100 days

f
after tumor implantation. :

75% of mice treated with 0.250 IU/gm AS were alive and tumor-free

-

100 days after tumor h]ilantation, as compared to 917 for those

treated with AM after the same period.

-
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18. It is concluded from these results (15 - 17) that microencapsulated
L-asparaginase at subcurative doses is more effective than the
equivalent dose of AS in the treatment of established 6C3HED lym—
phosarcoma implants in non-immunized mice. These differences in
therapeutic \potency correlate well with the physiological pro-
perties and in vivo effects (2, 3, 5) of these two enzyme prepara—

a

tions in non-immunized mice.

19. Experiments were performed that confirmed the proposal that the
LDH virus decreasés the clearance rate of enzyme from the circulation
! of infected hosts, and thus 18 an important contributing factor to
the therapeutic activity of L-asparaginase. In our case, a 3-fold
increase in the half-life of L—asparaginase in the blood of tlnno1"—

bearing mice injected with AS was_ observed.

*20. No L-asparaginase activity was detected inrthe blood of tumor-
bearing mice after i.p. injection of AM. It is noted that since
the mode of at.;tion of 1.p. injected AM does not depend on L—aspara-
gﬁase activity in the blood, the LDH virus probably does not play

an Important role in the case of microencapsulated L-asparaginase

therapy.

%x21. E'urther studies in mice which had previously been immunized to
L-asparaginase indicated tbLt both AM and AS wére incapable of
inducing regression of the 6C3HED lymphosarcoma ‘borne in these hosts.

The median survival times\for tumor-bearing, immunized mice treated
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with 0.250 IU/gm or 0.500 IU/gm AS or AM were similar to those mice
%
given saline or microcapsules containing no L-asparaginase, as

controls.

ft is concluded from these results that both AM and AS, even at
a dose level which is curative in non-immunized mice bearing equi-
valent tumor loads, are therapeutically ineffective when adminis-

tered to hosts previously immmized to L-asparaginase.

Studies were then carried out with immunized mice in an attempt to
explain the physiqlogical basis undeérlying the loss of therapeutic

potency of the enzyme preparatafons in these mice.

It was found that more potent antiset/*.ag could be obtained by prolonged

immunization over a period of 1 year i;lstead of 1 month. This pro—

_bably represents an increased avidity of antibody molecules produced

v

after prolonged immunization.

Incubation of hyperimmune anti-L-asparaginase serym wi,fh AM did
not inhibit the catalytic activity of AM, in marked contrast to

similarly treated AS which was inhibited 70Z.

In vitro, the L-asparagine content of plasma was effectively depleted
to zero by AM in spite of the presence of anti-L-asparaginase

antibodies in the surrounding medium.

{
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.
. 27. The above results vi:h AM (25, 26) suggest that in vitro there
is no leakage of L—aaparagh;ase from the microcapsules and the
presence of specific humoral antibodies in the surrounding medium
does not affect the catalytic activity of L-asparaginase inside
the microcapsules which continue to act on plasma L-asparagine

diffusing in.

28, After 1i.p. injection of AS into immunized mice, very low L-aspara-
glnase activity appeared in the blood, which was wvery rapidly
removed from the circulation.

)

%29, No ix-asparaginase activity appeared in the blood after i.p. inject-

ion of AM into immunized mice.

*30. Whereas "body" L-asparaginase levels vere lower in fmmunized than
in non-immunized mice after injection of AS, there was no signi-

| ficant difference in the "body" L-asparaginase levels in immunized

and in non—fmmunized mice after injection of L-asparaginase micro-

capsules for up to 2 days post injection.

31. The plasma L-asparagine concentration in immunized mice could not

be lowered significantly after injection of AS. This is related

/

%32, Despite the findings in (30) that "bo?y" L~asparaginase levels

to the results obtaiﬁed in (28).

0 remained high for up tl:o 2 days after i.p. injection of AM, into

A

!

}
l
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35.
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immunized mice, the plasma L-asparagine could not be lowered

significantly after injection of AM.

The results in (31) and (32) provide the physiological basis
to explain the loss of therapeutic activity of AS and AM respect-

ively in tumor-bearing, immunized mice.

The plasma L-asparagine Kexel could not be suppressed significantly
even after i.p. injection of AS or AM at 10 times the usual dose
of 0.5 IU/gm body weight. .

With the aid of Erwinia carotovora L-asparaginase, further studies
were carried out to investigate possible mechanisms that may explain
the inability of AM to deplete the plasma L-asparagine {gontent in
mice immunized to the microencapsulated enzyme,

Whereas in mice immunized to E. coll L-asparaginase, injection of

E. coli AS or AM could not suppress the plasma L-asp\aragine sign-
ificantly, the injection of equivalent doses of Erwinia AS or AM
was effective. . 1

Reciprocal experiments in mice immumized to Ervinia L-asparaginase
showed that infjection of equivalent doses of E. coli AS or E. cdli

AM could lower the plasma L—asparagine to zero.

/.< \
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However, injection of Erwinia AS or AM could not lower the plasma

L-asparagine to zero in mice immmized to Erwinia L-asparaginase.

Other studies were also carried out using L-asparaginase micro-

capsules with different surface properties.

‘Injection of collodion E. coli AM also was unable to lower the
plasma L-asparagine concentration to zero in immunized to E. coli

L—asparaginase.

Injection of Erwinia AM previcusly exposed to E. coli AS decreas-
ed the plasma L—asparagine to zero in mice fmmunized to E. coli

L~asparaginase.

However, injection of Erwinia AM prewviously exposed to E. colil AS
did not lower the plasma L-asparagine to zero in mice immunized to
Ervinia L-asparaginase.

Injection of microcapsules containing both E. coll/ and Erwinia
L~asparaginase lowered the plasma L-asparagine to zero in mice
immuized to E. coli L—asparaginase.

Inject it of microcapsules containing both E. cold and Erwinia
L-gsparnginase also lowered the plasma L-asparagine to Zero

in mice immunized to Erwinia L~asparaginase.

|
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Histological studies showed that similar cellular reactions occurred

in response to 2.p. injected microcapsules on day 1:

(a) in nou—-imunized mice receivin.g an injection of one of the following-

control nicrocapaules, E. coli AM, Erwinia AM, or Erwinia AM
exposed to E. coli L-asparagimse solution; and
(b) in (E. coli) 1immunized mice receiving an injection of either
control/ microcapsules or Erwinia AM.
fn all of these cases, the cell infiltrate observed around the
microcapsules was typical of a foreign-body reaction, consisting
primarily o\f neutrophilg on day 1. /
In contrast, a different cellular response wag seen on day 1 in
(E. coli) immumnized mice injected 1.p. with either E. coli AH
or Ervinia AM exposed to E. coli AS. There was an increase in
density of cells around the microcapsules and in addition to =
neutrophils, there was a'large infiltration of lymphocytes in these
specimens. This lymphocytic mfi#,tra?e is suggestive of a host

immune response to these microcapsules.

The results above (45, 46) indicate that the predominantly lym- _
phocytic inﬂltlute observed in (46) was specific in that it was
only seen i.n animals vhich hsd been immunized against the specific
type of enzyme present within or o:J the surface of AM,

5 —

1.p. mjaLtm of E, coli AN into uice}-unizfd against E. colil

_ L~ssparaginase elicited an intense, acc;lnntqd production of )
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humoral anti-L-asparaginase antib;i\is similar to the secondary
antibody response observed after injection of a ’booster dose of

AS ("memory phenomenon"), This immune response suggests thit

the host recognized the presence of immuniz/ igenic determinants

associated with the surface of the microcapsules.

Various possible mechanisms that may explain the inability of AM

to lower the plasma L—asparagine concentration in mice specifically

" immunized to the microencapsulated enzyme are discussed 1rn the light

of the present data.



