~ . . 9
‘h ' . - v
. - « 2 N - L 4 - ”»
\ 7/ ‘r L .o k ’ .+
L CANADIAN THESES ON MICROFICHE . *
) ' ISBN .
THESES CANADIEQNES SUR MICROFICHE .
\ T » t
- " . ) ’ N - - .
l * National Library of Canada Il «'Bibliotheque nationale du Canada ' . ‘
Collections Development Branch Direction du developpement des collections - : - »
L4 f 4
« Canadian Theses on Service des théses canadiennes -
- Wicrofiche Service sur microfiche ! .
~ Ottawa, Canada ! Y ‘ -
K1A ON4 . :
Al 4 . - - bu
PO ) .
& 1 N
. v .
NOTICE ' AVIS . <

-

b

The quality of this microfiche 1s Jheavily dependent
upon the quaiity of the oniginal thesis submitted for
microfilmmg Every effort has been made to ensurd*
the highest quahty of feproduchiormpossible !

If pages are missing, contact the umversnty whtch '
granted the degree )

[l 1

Some pages may have indistinct print especially
if the original pages were typed with a poor typewsiter
ribbon or If the university sent us’a poor photocopy

~

Previously copyrighted mz;t\nals (journal articles,
published tests, etc ) are not filmed -

d *

Reproductlonlm full or in part of this film s gov-
erned by the Canadian Copyright Act, RSC 1970,
¢ C-30 Please read the authorization forms whcch :

accqmpany this thesis - ' —

&

4 .

THIS DISSERTATION '
. HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

*
NL-330 (r. 82]08) ,

La qualité de cette, microfiche dépend grandement de
la qualité de la thése soumise au microfilmage Nous
avons tout fait pour assurer une quahité supérieure
de reproduction,, . )

- .

Sl manque des pages, veulllez communiquer
avec |'université qui a conféré le grade

. )

La quahté d'impression de certaines pages peut
laisser § désirer, surtout si les pages originales ont égpe
dactylographiées a l'aide d'un ruban usé ou si I‘'univer-
sité nous a fait parvenir une photocopie de mauvaise
qualité, .

H

Les documents qui font déja l'objet d'un droit
d’auteur (articles de revue, examens publiés, etc) ne
sont pas microfilmeés

~La ré\groduchon g‘xeme partielle, de ce mlcrofllm
est soumise a la Lot canadienne sur le droit d‘auteyr,
SRC 197Q, c. C-30 Veulllez;prendre connaissance des
formules d’autorisation qui adtompagnent cette thésé

*

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

LS

Canadia



’
» - .
. . . /
. » N -
. -~ ¢ 5 -

* g ' . T 0-BITE\RIN-D
‘ @ ) ‘ ’ ) .
T * s” e .
l National Library  Bibliothéque nationale CANADIAN THESES THESES CANADIENNES .
of Canada du Canada ON MICROFICHE SUR MICROFICHE
. ’ ' /
A . ¥ ' .
‘ . ’
" - 5 ¢
N a . A . v . - \ Y \ A4 . ’ 3 $k “
: - b 6 1 3 O »
: N- . A -
‘ a ! » ; ¢ A
‘ L} » i o v
NARE OF AuTHOR/NOM, D LauTsur —_Patrick Ojeifo Uadia | N . . ;
v v = ¥ - . »
TITLE OF THESIS/TITRE DE LA THESE-~ The Uptake and Mode of Cytotoxic Action of Methotrexate - :
4 s
‘ Immunogiobulin Conjugates ) & . . :
™ - , .2 ’ -
o LIS ' ¥ ¢
universiTY/unsversiré__Dalhousie -
DEGREE FOR WHICH THESIS WAS,PRESENTED/ ;. DPh.ly " '
GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE. -4 : S
YEAR THIS DEGREE CONFERRED/ANNEE D*OBTENTION DE.CE pEGRE 1 934 . _
v N - .t . » .
4 NAME OF SUPERVISOR/NOM DU DIRECTEUR DE ThEse_ V- A.H. Blair/Dr. T. Ghose i

- -
- oty

. < ~
N »

k) ? Pl
Permission 18 hereby grimted to the NATIONAL LIBRARY OF L’autorisation est, par Ja présente, accordée 3 /a BIBLIOTHE-
* Al

CANADA to microfilm this thesis and to lend or s#il copies QUE NATIONALE DU CANADA de microfiimer cette thése et

+

- of the film. ) N . de préter ou de vendrs des examp/aires du film,

»
N . N

- 4 l
' -~ The author reserves other publication rights, and nelther the L'autsur se rédserva \as autres droits de publication; ni la

o

thes)s nor, extensive extracts from 1t may be printed or other- * thdsens de Jongs axtraits de cslle-ci ne doivent dtre imprimds

Wise reproduced without the author’s written permission, ou autrement reproduits|sans I'sutprisation dcrite de I'suteur,

13 v r # -
{
1

M {

Y

I'd Y. '
oatep/paré September 11, 1984 SIGNED/SIGNE

N L3
[

"“PERMANENT ADDRESSINEsIDENCE Fixé_ Dept, ‘of Biochemistry, University of Part Harcourt, .
, Port, Harcourt, Rivers State, Nigeria’ ‘
» - hl A
“, ' L ' i -
“ A a ' .
® . ¥ . . ! - . "
v ¢ » ‘ " !
] 2 .
L * L] . “ ] *
Nt (11s73) .

-



~
(/

. : 5 .
., 0 \ ° ' / ~ , .
. Vo ) .
H ! " v ) ﬁ
, . . ~ Y
THE UPTAKE AND_MODE OF CYTOTOXIC ACTION OF METHOTREXATE- .
. IMMUNOGLOBULIN CONJUGATES .~ \; N

! a » ' . ' -« hr,
(:) Patrick 0jeifo Uadia

°

,\~
L
]

i

- Submitted 1n partial fulfillment of the requirements for the'degree of

Boctor of Philosophy at Dalhousie'University

. I .
. e v T w b ¢
< - *
&
L

» . - .

.. )/( 1 ~ )
Department of Biochémistry. ’ - . "
Dalhousie University . . : .

Halifax, Nova Scotia

!
t , -

A
»
—



g

IU‘” ’ “f,AbbY'EV'ig}j?nS -oa’-,g’o-tcooon...u\.no‘...uooooulc

' { N 7 .
) . . A ., T
/ | ‘ l | | ) | .' '.'
L P - .

. : . ,

o L TABLE OF CONTENTS .
: : T ) : M .
. . e ” ’

- ) Page

A ] ®
/ 2 L. ‘
= i
DR Y - " ° 4 .

e LSt Of FigUres vuvveerveveneenersnneneneorosnassnsenraas Xi
; N .
* ’ L]St Of Tab]es I“ -"l‘.l.’-'..h‘...II".‘.IQ.'.."“......"' X’ii‘
1 - 5 v “ .
N ’ AbStraCt II‘t'..ll'.ﬁﬂ.ll'.l'tl.‘.s.l'lIlQl.Iﬁl‘...“'.l..l Xiv
- -~ ’ 1

s ssaeew XVi

) - ’ ' - . > a

ACKNOWI EdGemENtS «.vueremeenesenenensaroenaeioasses Ngooo XViti
) N I o K N .y
: . Introduction ...............ﬂ.,;...:..1......ﬁ...........

'\n o « 0 .

A

L w4 : ” .
! o A Genenggl........,..:....;.w.................::...........
‘ o 4 Q' - w
. ) .
- ' 2 B._ Methotrexate: Structure ........ € . .eeveiiileneniiniene. 4
. ue v

»
C. * Mechamism of aCt1on .....cveiiiniiiaiiiiiinnienienenna
- , -

S (1) The imhibition 0F DHFR &eyureeeernnerononerensnasnsarns

.
. '

[00] ~ &~ -] [ -t

s (i) , Structure of DHER L e et iseeeeeeeineeeesrennnranaest

: Y -y v . - .
. (i*;) The mode of 1n§Fraction of MTX wifﬁ”i /’ -
i 4 4 t& ' + » /
‘ b DHFR and NADPH «oovernneeeinnnnenrannreeeninsremmnnn... 11
U AN netids of ‘DHFR inhibition by MTX ......cooenvnnn.. 15

®

¥
I3
. (v){ The relationship between intracellular N

Tevel of MTX and DHFR inhibition 1n Tiving cells...... 17

-

0
. 3

c (v1) Imp11cat1bns of polyglutdmate formation
~3

. - « . ofor MTX cytotoxicity .eveveveiuinsdveinenrnineaeennnas 17
D. Pharmacology of -Methotrexate .....:.:TSu................. 19

N [ *

i t

L . (1) Membrane trapsport ...........c.oiiiiiiiiiinal. 19

" l
* -
s
o

“



A -

" ) En

#
2
F.

-

t G.
" /
/
¥
/
[

H.

« ",Q ¢ »
1 [} * e -
‘ +
.. T PR ' ¢
(11)  Administration ....o.oiiieiiiiiieiiiniereanseeiaciannns
(117)  ADSOrPLION vuh deeseesrreereenncenroacnossocassannnssne

.

(Iv) T DISErIbULTION Lttt a it n e e e et
) ] ﬁ ¥
(v} Metabolism ... iuiuieiipareiieiiniiiriiiiiiniiniiiin,

(V1) EXCretion cuuveeieiiiiieireineiresnennnsesenonmenstons

(v1g) Resistance "Hﬁi°"""""°'“'"""""""'"""°'
(91113 Toxicity ::.... .:..,.......f.........,.....,....2...,

. Immuhog%obul%n’G ""‘""'"""""‘:'")"""I'ﬁf""
(i) SETUCEURE & e fnneseesenssossensnneseneenesenseennennnen

. Y !
(i1)  Thé use of antabody in immunotherapy .....cvceeeeveenns

.

{111) Artibodies as carriers of cytotoxic agents
»

.

\ n the treatment ©f CaANCEr ..iu.vvreerrencanesnerangas

Methods of éoup11ng MiX to antibodies ...................

_$1) Drazotization ......f{..................:.............

' .

1

i1)  Mixed anhydride fOrmation ....c..c.vevunerineninennnn.

L
(111) Carbod1imides ...ovveuereneerrnomessonesonsencosassanns
¢

(1v) The active ester method R T

~

9
Membrane transport of proteins and antibodies ...........

.

L2

*

(1), EndocytosTs cuvvivuiiiereeinnneeeotonarossncnasnssanens

’ . .
] h

(i) Recycling of. plasma mepbrane dur?ﬁg(endocytds1s reene

Mechanisms of protein degradation 1n cuTtured

Ce]1s ‘llhl.l'Ql.l.."l":l.’.....l'l:l,'.!.l' Ih'..'.l..’..

4 ¢ . * - ¢ 4

AR

~

2 - ) ‘
2? .

22 -

24

25 N ‘

26

27 0 el
R (N
28 '» o )
32

35 : .
38 '

: )
39 - A

42
42



) . - 7 . ' - . '9 1Y . . .
. » i v . * * .
A - )
¢ + - -~ . ' “n
. "N . s\ . .
a . :.‘ . N ), .
- N , N b by i .
‘e . PR . he M R *
N ‘.l‘ ?‘ S s /s
- - . .= e 3 .
o T \/. ¢ ° ' i’ ", . F , \ }
SO coL 'u . . . " Page ¢ o
sy - v + . L
2 e Iy + L4
' . ' ‘ N~
. R . . e , S
. . I. . Degradation of IgG by cells and cell extracts ........... 52 .
3 ) . . . - e - .
Wt Jc ObjECtTVES ao--n.--.-nncQo.un:--¢r-:--dt‘:Juﬁa-.a'-u¢.-¢n--.55 N \( ta
R ~ g “ » s ] Dy
o 13 7 3
Mater‘]a]s aT!d NethOdS,....-u-.-.......—:...«/----..n..a..,......... 57‘ © N “
. . . w - . 5
) A. Mat'er1a1§ LR R PR ERERER TP EPERY 57 RS

'B. - Mice, tumors and methods’ of transplamtation ............. 58" ' L«
v ® - ' . ~ N

. @) EL4 Tymphoma ......oouveueeneoperemzeresasenarasenzen 56, ’
f (1‘1‘) Human me 1 anoma M21,ce1] 11.ne ’_ 58, .. ‘ -

. C Harvesting o;’Ttunors A 1) . -
(i)» EL4 1rnphoma59 % .

- (11)  "Human melanoma M2L cell 11N ..u.vveenenaionrnnnnnnnn. 59 .

',, . D. Cell-counts and viability tests 60 . -
e E. Produc¢tion of raf),bit ant1 EL4 1'ymthoma’ . o ,'n T ‘ o )
ST ant1h0dy (AELG) w.-vvevneernnnnennnrnnrnnneenneienennns 60
F.  Produttion of rabbit antimelanoma M2l R - o
} ., antibodied (AHMG")T)/....:...Z..'....._..;...:.'...;..;........_,‘61 R
G.  Monoclional antibody 225.285 to a high’ 7~ } . . - ' "
. molecular weight me1an6ma~assoc1at:ed DT ) . ,
. ~ antigen (MAB) , 62"
T Ho * Fractionation of SErad .......eieevevuianesenencnsncnensss 63 | .

’ ¥ O
*

I. Membrane iImMuUNOTTUOrESCENCE BSSAY ,vevevsvsasncnoseanesse 63

e . | . A
- . Jd. Preparation_of Mp(-mnumoglobu],m conjugates ............ 63
. &
§ . ] N ! 5 ' ) v ’ B
~ NN ' ‘ - :
[ ’ ’ v ! e » v a
. ' v Y " v



Py ]

=4

LY -
.
13 ‘ .
.
]
»
-
M
LN
~
p
K‘
-
Al
.
L‘
v
o,
L ]
’
.
.
‘
-
'
*
H
.
[
%
‘
.
M.
o
- ©
-
v
s
"
.
L
°
¥
.
*
d W

~ » ] . l v - . . "ﬂ
% ” 5
° w f s : ' v Y
¢ .‘ ] L o . . )i
- . . ’
. . . ! .
b . , ;
‘ 4 - * - 4
L - it 3\; . .
[, ! 4 ' . . x i “II' ? -
9 E .
+ ' . .
H N s ' N -
- - ® . ) - o . v
. . ! Pade
v rd .
P .
. @
3 . . * e - -
Scj:;m dodesylsulfate polyactry)amide gel .o
Py d . » < e
e} tPDphbTES1S :-0-«.:...:ot---.-:ognuo.f-o-o;-cu---'03. 64
. M « [

In vitro uptake studies ....a................v........... 64

i3

(1)
(1)
(i11)
-(1v)

(v)
(va),
RUGDE
€v111)
{ax)
(x)

In

(i1)

Uptake df MTX and Tt conjugaggs by EL4 cells ........ 64
Efflux-of free MTX from EL4 cells e eeeeiiieeeiiiee 65
Upt;ke of Mﬁx;and 1ts conjugatés by M21 cells «........ 66
E§Flux of MTX and catabo]1tes of er\AHMGR T

»
13

conjugate from M21 ce]ls ...“.."................;..... 66

'

Determinatign of ce11 asscc1ated radidactivity cqeeens 67

Prote1ﬂ determ1nat1on ..,a............Zf......T..."... 67

a

Calcu]at10Q}of endocytosis of conJugates Cereeerasuns 68

Catabolism of conjugates by M21 cells .......:T....... 68
D1hydrofolate‘reductase (DHFR) assay ...i.‘........... 69

13

In vitro 1nh1b1t1on of growth of EL4 and M2l
" ~

Ce]]s'nt-Oo'..lo.n.c--.-t.tl'oc%o.n.ol-ccb.-.n.n.--a-- 69

vivo uptake studies ........ﬁﬁﬁ:....nf............a.. 70
- Yy

A3
’

Uptake of,ﬂiégf?d 1tsﬂconjugates by—tumo} and .-
normal tissues 1n EL4 Tymphoma-bearing mice veereanee. 70
Uptake of MTX and its conjugates by tumor and -

normal tissues 1n hunan melanoma M21-bearing

N ) .



. g

-

/ . .
Wy

\nmemm@.n.”“.@“‘““.“”.“”.“”.w“.“”.71

0. . Preparat1on of homogenates of liver and EL# /'

i

-

. /
: cells; .............................3,...........&5. 71

"
5

> - R

P. Determ1nat1pn and .characterization of hydro]yt1c

activity of liver homogenates on* the MTX-NRG

conjugate c€...etureranncenancnsns Y 2

- - ¥
[}

Q. HydroTys1s of the MTX-NRG congugate by EL4 .

Ce1T hOMOGENALES vuuvrererrnerenenesonsusnsansonncanearns 72

a
“ ~

R. [ DEAE-cellulose chramatography .........coevievvnnnenenien 72

¢

S. "Thin layer chromatography ..,...c...ceeteeecs.. P &

-

Results ..7/....... pesseens Y £

4

A. Properties of the MTX-antibody conjugates ..i..i.....e.. 74

(1) Molar incorporation and retention of drug

ACEIVIEY vreverennereennsrenneonacnesnsessonannnneneas 74

N

fe§(TiQ Retention of antibody activity .ll............:....... 74

®

\ - N .
B. . In vitro uptake studies with EL4 cells veviiiveensannnnns 77

(1) . Ufkéke of free ﬂﬁ‘ DR &

e 3

-~ (11) Uptake of MTX-NRG .

Y )

(111) Uptake of MTX-AELG .....0ccoiiiieirneenconcnranoaessas 77
(1v)  Efflux of MTX from EL4 cells preloaded

- e . W

P With MTX ..CI{’II."ll.Qi.l.ll.l.l."!l..ilul!o...l..u. 78

#t M

% . . -4 g N Page

L4 -
-
L]
0
-
£
v
-



C. in vivo uptake studies in ELA 1ympﬁoma- .

K . bedring mice .. ........ ....1....:.. ..... :....3... ..... ve.. 78
(i) | Tissue distribution of free.MTX .......,.f......,..... 85 . ’
o GUi) Tissue distribution of MTX-AELS s JTX-1RG )
conjugates .......... {.: ...... ...;3:..:...: ........... 85 .
'D.« Catabolism of MTX-NRG conjugate by EL4 cell , v -
homogenate ........".................:...: ...... . .. 87
4 1 N v
) E.- / Ir vitro® uptake studies w%;h human melanoma . .
. MEL CBTTS ovveeeeoeeees e eivenen.. 87
. (1) Uptake of free MTX ........ e BT )
(1) “Uptake oF MTX-NRE ..vtutvreeesferessesenssreesaiees 94 '
(111) Uptake of MTX-AHMGR, MTX-AHMGR+T and ‘ ’ : s
¢ . MTX-MAB ............ e 94 |
(iv)  Efflux 6f MTX from M21 cells preloaded S
WIth MTX Loiiiiiiiniiiinnenn s, teaeeren ) i 96
(v) Efflux of MTX-containing fractions from: : oL
K M1 cells preloaded with MTX-AHMGR R R
F. “In v1v: uptake studies ih human melanoma v
M21-DEArTNG NUAE MICE + o vemunaeeseneannsnmseseioeennnns 96
T () Tissue distribution of free MIX ....... e 96
(113' Tissue d;str1but1o& of MTX-AHMGR.1 and o ': )
. . : o
"
. , . * ~
. . .




»

homogenates on the MTX-RRG conjugate .......cevveevvase.. 120 e
1. In vitro inhibition of grawth of EL4 ~ -
" and M‘zl C-e-] ]S LR B B S I A ] :. & P & 0003 0F eA e ". L A AR B IR AN BN I I R N ‘M' . " ey 1’21 -
- » ' ' ) *
DISCUSSTON tuyirruveneorsansranssosnrsnnsessasanssnsaseossassaosp 136 i
- 4 L
CONCTUSTON tivieiennvesencensusassosonsocssansosnnsensaanassasas 163
REfBreNCeS . ovreinurerenvsnesnssssssssncntnensnnaiasaancsnanennss 166
. Q :
) , ’ .
7 ' N ! ™
- .I N 2 .
b ’, » " T Y
e Y '
' ) . .
, ) . , ’ -
. .
L4 - ’ > i >
- ]' . u'
? \ . ! . "
i » , N ¢
[

. N . . i' A‘ AR
. S . - . . ),
. - , . "y
) n * * - 2
T X ) . ,or A
L . * - ty L] . * .
. ’ % v s
. » Y -
‘ . : - Page: - 3
T L4 M » ¥ N £y
2 . -
UOMIXSNRG Lt e 107 )
Catgpolism of MTX-AHMER by M21 cells ..........si.eeeen. 109 o)
Determination and characterization of T A
. A -

the hydrolytic activity of liver . . . - 5
» . Lég % *




] e
! ; - ‘. ] '
d ‘. ‘:’ i “ N~ ’ *‘
> » ‘: X1 R “ .,, .ﬂ - ¢ ) -
) L A . \ s c. e ! )
S : . o " 4 - . ' A ¢ '&;;;‘h '
r - Y h " ’ . e v( . * / L} ’ ,~
, . LIST OF FIGURES ' ) . A
- r ) N » 4 ] ) EY < ' ) D *
¥ . Cr A » * .
] o y | ¥ i T R
F.i gUT‘e @ P Fd . & ‘#Pageé 4 “l
. ¥ 3—‘“ - ',‘ " F] ’ " "
w . . Wi e " ‘?
K 1. Structural formulas of folic acid, gmnoptemn and ~."% e L . ‘
e - methotrexate !'cl..'!:-?CQO'C.‘O.'..0!‘."";‘Ilt"!:.l.'..'."'l \6‘ : . ” ;:’
Ky .‘. - < Hy ' N
. ' 2. Irrt-erconyerswn of *THF derivatives 1n relatmn to the . &
generatmn a.nd ut111za=tmn of one-carbon units and the . N ”
) regeneratwn of '[HF from DHF ‘ 15‘~*< .
: s 0 RN
. \ 3. The domain s&ructure of human IgGl (3 I “‘::'ﬂ_f.... 3 : Dt
g o4 Pumt_y of IgG as determmed by agar gel " \ ‘ { ) | '
. 1mnunoe1ectrophores1s e e, BT ' S - .
. : . A ~ - .
: 5. Uptake of free [3HIMTX by EL® 1ymphoma cells ......ovvvnu.... 80
. 6. Uptake of MTX at various concentrations by EL4 . ° T S,
) .‘mphoma CE]]S .l.i.‘to-.‘n..lc , ----.:-n---to-vo-i- 8%‘ - .' ,“V'”
- 7. Uptake of [3H]MIX -AELG 'and [3H]MTX t(ﬁ by EL4 1ymphoma L ‘ .
. or-3 I S e ceeeen cevernw 88 * ’
Tfptake and clearance of free MTX MTX-AELG and MTX—NRG bl
1Y v " .
n asc1tes fluid, serum and t1ssues .of EL4- . - e
& oo .
& \, ‘mphma"bear‘ng m-‘Ce srsstesrsersne li".ll'!.'l.i..'.l'l'..t ‘89‘! N .
- > » é
- 9. Uptake of free MTX, MTX-AELG and MTX-NRG by tumor
» - * [
cells in EL4-1)mphema—bear1'ng mice w.ouennn. Ceearaees ol 91 -
. ) M
N 10. Bio-gel P100'elution profile of [3HIMTX-NRG before . )
® ) .
and after incubation with EL4 13mphoma homogenate ..... eaeass 93
\ v s <




- L »
<, : xi1
A
* " :
Figure 'r" . ' . Page
T ) ~ ' . ’ ' M
* &1, Uptake of free MTX by M21 cells ..... ereraeennan ereraaan 98
_ 12. - Uptake of conjugated MTX by M2l cells .:......... e 100
’ v /‘\
13. Net uptake of .MTX-MAB,. MTX-AHMGR and MTX-AHMGR+T ....... 102
, 3 ‘ .
‘14, Inhibition of the-uptake of MTX-AHMGR by AHMGR or’
MTX .'ll.a‘.l'.l0"":.'.D.t'D.OI""'O"..l‘.‘...\n.......‘l.'l 104
ra £ . ;e N
© 15, Efflux from M21 cells preloaded with MTX-AMMGR .......... 106
) 15. Uptake and clearance of free MTX, MTX-AHMGg,7 and
]
MTX-NRG 1n serun and tissues of M21 melanoma-bearing
© rrpd‘em"c‘e :'%.0.0.:0"..!‘..".l‘lll.f.l.t‘...‘!l..i'.-’. 111
g . * 177 Uptake of free MTX, MTX-AHMG4T and MTX-NRG by M2l
\ . * N .
-” . ‘melanoma~hearing nNUdE MICE tiveiiiiieniernsnorencansnnn oo 113
| " . « 18. Gel chromatography of* the efflux medium and cell
v
v homogenate after loading M21 cells with [3H]MTX—AHMGR ... 115
: :. ‘ '19, DEAE-cellulose éhromatography of Tow-molecular weight \
) ‘ fraction f:r‘ efflux medium ..... cereeeas e erereeiereaes 117
i “;“ v 2Q. Breakdown of MTX-NRG conjugate after incubation with liver
‘. - - homogenates ........cccvun. R Cecesaaaaaas ceeee... 125
- - 21. Effects of antipain and N-a-p-tosyl-L-lysine chloromethyl
by “ N
- - ketone on hydrolysis of conj t‘xgate by mouse Tiver
s ) * homogenates .....veeeeerenes Cevrreeas Cerrrerieuanaes ceenl 127
' of - 22, DEAE-cellulose chromatography of low molecular weight
, . friaction from MTX-NRG incubated with 1iver homogenates .. 133
‘ *
EY
v e
. L o P
’ 2
» 3 . L] )
- ¥ ¢
\




xi1
LIST OF TABLES
Table Page

1 Interactions between DHFR and MTX for the E. col

binary and L. casel &fernary complexes .....cevvvseeceeeeass 14

2. DHFR 1nhibition by low molecular weight fragments
in cell extract and efflux medium ....coovievvinnnnnnensss 119
3. Residual radioactiv1t¥ associated with M21 cells
incubated with MTX-AHMGR in the presence of

- ch]oroqh1ne or leupeptin .., vevniiiiieinans P 123

L4

4. Ef fect of several inhibitors and an activator of
lysosomal enzymes on the breakdown of MTX-NRG

conjugate by Tiver homogenate ......ivovivvennvnninneee.ss 129

5. Influence of pH on the breakdéwn of MTX-NRG
conjugate by 1liver homogenate ...... Chereues veerssssaraes. 131

-
“

6. In vitro inhibition of growth of EL4 and M2l cells
by MTX, MTX-AELG, MTX-AHMGR, MTX-NRG ...veeevevnennennen. . 135

-



X1 - Rt

- ‘ ABSTRACT ,

The mode of the supgrior antitumor effectiveness of MTX-antitunor
1gG conjugates has beefi 1nvestigated 1n murine EL4 1ymphoha and human
melanoma M21 cells. by comparing the in vitro and 1n vivo uptake and

Jevel of accumulation of (a) f#ee MTX (b) MTX Tinked to nonspecific

Igé (NRG) and (c) MTX Tlinked fo IgG antibodies directed against

antigens on the surface of cells. The,rate of efflux of free o?A -

conjugated MTX from M21 cells in an.environment depleted of drug as

well as the abi1lgg_of the ce]is to release free MTX or active "

v

MTX-conta1n1n9 fragments that can inhibit DHFR were also examined-.

In the mouse EL4 model, more MTX was thken up by EL4 cells both
in vitro and in vivo as the ant1tumor»IgG conjugate than as thé free
drug)or drgg linked to NRG. The clearance from serun and tissues of
MTX-1gG conjhgates Qas slower than that of the free drug 18 "
EL4-bea}1ng mices In thé hunan melanoma model in vitro, mocg MEX was
taken up by the M21 cells as the antitumor IgG conjugate than .as the‘
free drug or grug Tinked to NRG, but 1in vivo, MTX-antiM21l IgG and
MTX-NRG ;onéugates were taken up to the same extept. In vivo and n
vitro, efflux from tunor‘ce11s of IgG-linked MTX was much sldwer than
that gf free MTX. Drug~containing. fragments could be depgctedy
intracellularly and 1n tﬁe efflux mediunﬁwhen M21 cells Qere preloaded

with MTX-antiM21 IgG and reincubated 1n Conjugate free medium. These

drug-containing fragments could inhibit DHFR. Therefore, reasons for

£

-
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the increase_in cytotoxic potential of MIX-IgG conjugates in vivo
WOqu include higher uptaké of the IgG—]1nked MTX followed by slow
sustained catabolism so that .there 1s prolonged ma1ntenance of

intracellular act1ve derivatives at a 1eve1 higher than that of DHFR*

A

*Resu]ts of my studies on the uptake of the MTX-AELG conaug%te by EL4

cells have been 5LH11shed in Cancer_Jmmunol. Immunother., 1983, 16,

127. One paper on the tumor ané/;:;ife distribution of MTX-AELG n

EL4 1ynphoma-bear?ng mice has been accepted qu pubTication 1n Cancer
Research and anot@er on: uptake of MTX linked to poly and monoclonal d

antimelanoma antibodies by human melanoma M21 cell 1ine has been

accepted by JNCI. In adait1 , parts of\this work have been ﬁresented \

a8
at the New York Académy of Sciences conference on macromolecules ‘as \

» §
drugs and as carriers for biologically active materials, (March, ‘

1984), the 75th annual meeting of the American Association for Cancer  °

N
1
Research 1n Toronto (May, 1984) and the Canadian congress of !

¥ [N

1aboratory medicine in Halifax (June, 19@4).

¢
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/ ABBREVIATIONS ™
¥

AELG - Rabbit antiEL4 IgG

- /
AHMG - Rabbit antihumanymelanoma IgG \ {

~ N A

© AWMGp - Rabbit antihupan melanoma IgG absorbed with human red blood
cells * ’

s )

‘APMGR::’T' - Rabbit antihuman mélanoma IgG absoTbed with human red
N ¥y .

3

blood cells and tissues 4 T
BSA - Bovine serum albumin
Con A - Concanavalin A \ ‘ o 4
bcC - ‘Q1cyc10hexy1 carb'pdﬂn‘ﬁde ‘ ,

DEAE-cellulose - D1ethylan1noéghy1 cellulose . ' ’ .

"DHF - Dihydrofolic acid» ’

DHFR - Dihydrofolate reductase; 5,6,7,8 - tetrah&drofolat'e‘: NADP
/* ox1idoreductase EC.1.5.1.3

el

“& .
DTT “ 'Dithidtreirtol

p‘ % .

EDTA ?‘fsz’c hylenediaminetetraacetic acid

DMF - Dimethyl formamide /

EGTA - Ethyleneglycol-bis-(B-ami ﬁoethﬁether) -N,N,N} ,Nl-tetraacetic

acid . o
W - Tritium; radioisotope hydrogen 3
1‘251 - ‘Radmisotope iodine 125
131y Radio1sotope iodine 131 ¢
IgG - Immunoglobulin G ' o . /

-



* Km =~ Michaelis-Menten constant

MAA - Melanoma-Associated pntigen ] oo

MAB - Monoclonal antibody éé5.2é§ v

MTX - méthotrexat ) ~

MTX-AELG - Methotrexate-antiElgq Ig6 conjugate ‘ -
MTX-MAB - Methotrexate-monoclonal antibody' conjugate /
MW - Molecu1%r Weight . t

NADP -‘ Nicotinamide adenine dinucleotide-phosphate ‘ |
NHS&# -  N-hydroxy<succinimide ‘

NMG - Normal Mouse globulin

4

# NRG - Normal Rabbit globulin

PBS_ - Phosphate buffered saline pH 7.4 (0.01 M sodium phosphate
. containing 0.145 M sod1um chioride) )
R¢g - Retardation factor :

SDS-PAGE - Sodium dodecylsulfate polyacrylamide gel electrophoresis
TAA - Tumor-associated antgen |

TCA - Trichloroacetic acid

THF - Tetrahydrofolic aciiu’

TLC - Thin layer chromatography ,

Vmax - Maximum velocity

/
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7 INTRODUCTION N
A. GENERAL - ) ‘} , , .

Among the gurrent]y available methods for the treatment of
cancer, chiemotherapy constitutes a majoﬁ therapeutic approach, a]opg
or 16 combination with surgery, radiotherapy and, to a lesser extent,

immunotherapy. Most cancer therapeutic agents now in use are not

truly tumor sbec1f1c, ghey have equal detrimental effects on normal

* /

kéé]ls, papticu]artf the rapidly ﬁro]1ferat1ng ones in the

gastrointestinal fract, bone marrow etc. This nondiscriminating mode
of act1oﬁ severe]y Timits the dose that can be given, in most cases to
a level that will not k111 all tumor ce11§.‘ The effectiveness of

. . v
cancer therapeutic agents 1s evaluated in terms of the therapeutic

index thch ;s‘%he’rat1o between the median tox1c dose and the median
tumoricidal dose. Increase in tumoricwda].effect compared to systemic
Ctoxicity will therefore 1ncrease the therapeutic effectiveness of a
given anticancer drug.

{ . One poss1b]; approach for 1ncreasih§ the effectiveness of

» antitumor drugs would be to find methods of altering their

distribution in the body so as to increase their local concentration
at the tumor sites, while a lower systemic concentration 1s
maintained. In this way, the selectivity of their toxicity for the
tumor cells might be enhanced, +o achieve this, specific
macromolecules, such, as, receptor specific glycoproteins, polypeptide

Py

“hormones and antibodies have been used as carriers for various

.«

‘cytotox1c drugi. *Nonspfc1f1c carriers,‘such as, DNA, 11po§oﬁes, red

¢

“

e



Antibodies, by virtue of their unique specificity and high affinity

Fd 3 - > N [}

Y]

blood cell gﬁosts, Tgct1ns, syn%hetib po]jhers have also beeﬂ used - N
(Ghose ‘and Blair, 1978).  Although this 1atter group lack tumor- N
spec1f1c1ty, anticancer drugs bpund to most of them have been reported a '
to have 1ncreased therapeut1c efficacy uh1ch can be attr]buted to -

. o7 o

iphibition of drug catabolism, slow release of drug from the comp]ex

(;.e. a depot effect or 1ncreased endocytosis~of,Tacromo1ecu1e-bound o
drﬁgs by tumor cells. 0 o p l
- Targeting through the use bf spe€1f1c carriers is based on the . .
assunpt1oh that the carrier will recognize and bind se]ectjve]y to a
recepforgaccess1b1e to the circulating dﬁug-carr1ér,comp1e;. k - '

o

for the antigen, are partieularly attractive as selective carriers of

. toxi¢ agénts. A cytotoxic agent-antibody conjugate once transported

"carrier-linked drug to be effective, either the cell surface bound

to the .cell surface or its vicinity may éxert 1ts cytotoxic effect in |
several ways. If the target site of the drug 1s on the cell surface
then the increased concentfation of  the Tinked dfug at the cell

surface will result 1n high concentration of the active agent and

v

produce cell kill. If the site of action 1s Intracellular, for the

>

conjugate has to be internalized via the-reteptor for the carrier or

"

the drug has to be dissocrated and internalized by the receptor for
the dfug. Fbr»1nstance, a number of toxic proteins owe their extreme'
potenqy’to the fact th;t they possess an énzynat1ca11; active A-dha1n
which exerts the toxic ef ect by inhibiting protein synthes1s and~a

B-chain wh1ch mediates the entry of the tox1ns into ce11s by binding

*
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to «cell=syrface receptors _Sinee receptors for the B-cha1n of these
tox1ns are, present on the surface of most’ cql]s of sens1t1ve an1mals
the unmodified tox1ns show 11ttle selective toxicity. ThTS problem *
has been c1rcumvented by conjugating @nt1bod1es to the enzymat1ca11y
active A-chain m01ety G111}Jandaand Collier (1980) cova]ent]y.

attached the A—cha1n of ®1phther1a tox1n to ant1body aga1nst Con A by G
means of a disulfide conta1p1ng cross-bridge. This conJugate was ’

toxic for 373 ¢ells containing Con A'on their surface but was not

‘toxtc in the saﬁg‘concentrat1on range for cells lacking Con A on their

. .
‘surface.. Also, conjugates of A-chain of Diphtheria toxin and NRG were

not toxic for cells coated with Con A, thus indicating that the .
A-chain antibody conjugate manifests its toxic activity towards its
target cell through binding of the antibody moiety to its cell-surface
antigen. It 1s assumed that after 1internalization, the A-chain Q;
clgaved from the conjugate by intracellular proteolytic ?nzynesdfor 1t
to exert 1its tox1£ effect (Edwards, 1983; Olsnes and P1h1, 1982).

Th1s has not been proved. |
‘ Chlorambucil, which exerts 1ts c;totox1c effect by alkylating
nuclear DNA, has been cova1ent1y coupled to antitumor antibodies.
Ch)orambuci1- ant1tumor—ant1body conJugates are much more effective
tumor inhibitors (both in vivo and n v1tro) than chlorambucil,
antibodies alone or comparable amounts of chlorambuci1 bound to
"normal" g1obu11ﬂs (Ghose and Nigam, 1972, Ghose et al., 19725. The~
increased tumor inhibition by chlorambucil-bound antitumor antibody

v

compared to that of equivalent-amount of chlorambucil has been #



#

egpﬂa1ned, at least in part, by facilitation by the antitumor antibody
moiety of the transport of chlorambucil across the cell membrane

by endocytosis following capping (Guclu et al., 1975). It has not
Beenodeterm1ned 1f it is the 1ntact conjugate ovr chlorambuci1l released
from it by intracellular proteolytic enéynes that a;kylates nuc1ear

DNA. ; -

o

*

In this thesis, I have investigated the basis:of the observed
superior tumor 1nhibitory effect of the antimetabolite, MTX linked to
a carrier antibody.

B. METHOTREXATE: STRUCTURE

Since their clinical 1ntr6duct1on in 1948, ant1fo1ates have

become ;1de{}'used as chemotherapeutic agents (Farber et ai., 1948).

Methotrexate, the most widely used antifolate in cancer chemotherapy,

has an extensive role in the treatment of such diverse diseases as
-

acute lymphocytic Teukemia, non-Hodgkins lymphoma, osteosarcoma,

choriocarcinoma, head and neck cancer, and breast cancer (Chabner,

1982). It has also become an important therapeutic alternative in the

#

treatment of severe psoriasis (Weinstein, 1977) and in the suppression
[

of graft-versus-host disease after bone-marrow transplantation (Blume,

-

et a1., 1980), as well as 1n the exper1ﬁenta1 treatment of various
rheunatic d1;eases aftér primary therapy has failed (Willkens and
Watson, 1982). .

Methotrexate (amethopterin, 4-amino-4-deoxy-N!-methyl-
pteroylglutamic acid) differs in molecular structure from f011g acid

in that folic acid has a hydroxyl group in place of the 4-amino group
5

on the pteridine r}ng and there is no methyl group at
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Figure 1: STRUCTURAL FORMULAS OF‘FOLiC ACID, AMINOPTERIN AND
METHOTRE XATE

ip
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the N'O position; 1t also differs from aminopterin 1n that the latter

is not methylated at the N' position (Figure 1). It is'a L Lo
d1carboxy1qc weak acid with pk,; values in the range of 4.8 t0 5.5 iy
(Lregler et al., 1969); hgnce, 1t 1s essentially 1onized and 11pid
insoluble at physiological pH. .

- C. MECHANISM OF ACTION N\ ‘ .

(1) THE INHIBITION OF DHFR
MTX, binds tightly to and inh1bi£s dihydrofolate reductase
. 05

# ,
tetrahydrofolate:NADPY oxidoreductase, EC 1.5.1.3, DHFR), the enzyme
. *
respons1gle for the conversion of folic acid to reduced folate .

Ed

L4

cofactors (Bertino, 1975; Schornagel and McVie, 1983; Jolivet et al.,

A

' §383). DHFR catalyzes the NADPH-dependent reduction of ) X
. . <Y ) .
7,8-d1hydrofolate (DHF) to’5,6,7,8-tetzzhydrof01ate (THF) (Figure 2).

THF 1s a coenzyme in a nsmjer, of one- n transfer reactagns such as

in the biosynthesis of serine, methionine, histidine, purines and '
-

4

thynidyl ate (Huennekens, 1968; B]ak%ly, 1969; Radar and HuenneEens,

1973). Since these mgtabotites in turg‘serve as precursors of -
prote1n§’and nucieic acids, it'1s‘evident that their synthesis 1s
.obllgatory for cell rep11cqtion. :~ P

From the pharmacological viero1nt the most” important function of
THF 15 in the reaction whereby deoxyuridylate (dUMb) 15 converted to
thymidylate (dTMPj b} thymidylate synthetase (EC 2.1.1.45). The
reactionh producing thymidylate is unique among those involving the THF

£ ’ . .
coenzymes because THF is used not only as a source of a one-can?on

fragment but also as a reductant and hence is used 1n‘substrateJrather
) . o
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than coenzyme amounts with the formation of DHF. THF must be .
regenerated via the DHFR-catalyzed reaction in order to~paintain the

- J/ V\
cellular pool of THF derivatives. Inhibitaon, then, of DHFR by MTX

T
Teads to a deficiency of thymidylate and thus to disruption of nucteic

ac1d synthes1§. Th1s mechanism fgg interfering with DNA synthesis s
thought to Brov1de the b1ochemica1(§;;1s for the cytotoxic action of
MTX (Blakely, 1969). .
(i1} STRUCTURE OF DHFR _

The-~amino acid sequence of DHFR has been determined after \;>‘
purification of the enzyme from the following sources: &n
MTX-resistanF strain of Escherichia coli, MB1428, [15§ restdues, MW
17,958 daltons (Bennett, et al., 1978)], an MTX-resistant strai; of
Lactobacillus casei [162 residues, MW 18,322 daltons (Bitar, et al.,
1977)]; an MTX‘res1st:ht strain of,Strepto;occus faecium, [167
residues, MW 20,800 da]ton; (Gleisner et al.¥ 1974; Pgterson, et al.,
1975a)] and MTX-resistant line of mouse 1ymphama L1210 cells [186 |
residues, MW 21,458 daitohs (Stone et al., 1979)]. In addition, the ¢
structure has been determined by X-ray crysta1lo§&aphy at 2.5 A
resolution for the b1naryg;6mp1ex of MTX and DHFR from MTX-resistant .
E. colr (Matthews et -al., 1977{ and for the ternary complex of MTX,

NADPH and DHFR frpm MTX-resistant L. cases (Matthews et al., 1978).

These studies have defined the overall shape of the enzyme
mo]eéﬁ]e, 1dent1fied regions of secondary structure and binding areas ,
for inhibitor and cofactor. The po]yﬁept1de backbone is folded into
dn ;1ght~straﬁded B-sheet with seven parallel strands and one

antipar strand. The sheet bebins.at the NHp~terminus and ends

-
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" Tower part

)

Pigure 2: Intgrconyersion of THF derivatives in relation to the
generation and utilization of one-carbon units and the regeneration of

THF from DHF. Reactions leading to provision.of 'active' one-carbon

«

fragments are depicted in the top part and utilization of these

‘activated| fragments in bilosynthetic reactions is depicted 1n the
: ,
. Interconversion of THF and its various derivativeslss

represented along the centre line. :

¥
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with a single antiparallel strand at the COOH-end. About 30% of the

backbone 1s 1nvolved in the B-sheet structure, the remaining secondary

structure consisting of several helices and 1nterconnect1ng loops.

(111) THE MODE OF INTERACTION OF MTX WITH DHFR AND NADPH . -
It was observed that MTX binds to DHFR 10,000 to 50,000 times

(6-8 kca]?mo]e) more tightly than does DHF (Blakely, 1969): The

earliest attempts todgxp1a1n his difference in binding between DHF

and MTX note& the marked increase %n basicity which accompanies the

rep]acenentﬂof the 4-keto group of DHF by the 4-amano group of MTX and

proposed that a higher degree of protonation of MTX (when bound) might

Tead to a tighter binding as the result of an‘extra iomic interaction ///

(Bake}, 1959). This proposalﬂpromp;éd‘mbst of the act1¥1ty‘aimed at

discovering preferred protonat1on sites and led to the determ1nat1on

of the ternary complex of MTX NADPH-DHFR by X-ray crysta]]ography

:; The X- ray/brysta11ography experiments of Matthews et al., (1978)

revealed that MTX 1S bound in a cavity wh1cH>1s 15A deep and cuts

across one whole face of Ehe enzyme. It 1s bound in an open .

conformation' with 1ts pteridine ring near]& perpend1cu1a; to the

aromatic ring of‘the p-am1n6benzoy1 group: the overall conformation 1%

stmlar in both the binary and tern%ry comp1ex§s. The- pyrimidine end

of the pteridine ang is buried 1n ; primarily hydrophobic pocket.

Most of the face of the pyraziﬁe r%ng 1s completely exposed to ‘solvent

in the binary complex buE covered by NADPH in the ternary complex 1n 4

. manner that would allow reduction of DHF at N{5)-C(6) as required 1n

an act1ve-enzyne-§ubstrate complex (Huennekens and Scrimgeour, 1964). !



n

One side of the iﬁw1ty provides a binding sité foxﬁthe nicottnamide
ring of NADPH while thé remainder of the coenzyme molecule fits 1n a
shallow groove. More than half the MTX and coenzyme 1nteract1ons\3re.
with the first 50 res?ﬂues of the enzyme, many of which are strong]}

' y

conserved in the various species that have been examined. " Table 1

summarizés some information about interactions betwéen spec1fic enzyme

&

1

residues and MTX in both the binary and tqrnar& complexes.

+ So far, there has not been unanimous agreement on a preferred

protonation site, to account for the tighter binding of MTX to DHFR.

The N; of the pteridine ring of the bound‘MTX has been proposed as a
site that would be more easily protonated whereas it 1s not so 1n
bound DHF. Baker and Ho ({964) suggested that the proton was donated
by an enzyme histidine residue;\however, the recent amino acid -
sequéﬁce studies have not reJealed a tptal]& conserved histidine and
the X-ray sfud1es failed to show a h\st1dine residue anywhere near the
pteridine hinding pocket 1n either L. caseil o; E. coli DHFR (Matthews
et al., 1978). Matthews et al., (1978) note that the only potential
proton donors in the ne1ghbourhood‘of the pteridine ring (in the
enzyme-inhibitor complexes) aré Asp-29 and Fhr-136; although the
current sequence results s€i11 indicate Thr-136 as’tutally conserved,
Asp-29 1s known to be Asn-29 in L1210 and some other mammé1ﬁan DHFR.
However, Hood and Roberts (1978) have shown that only about one-third
of-the difference in binding energy between DHF and MTX could be

attributed to protonation, which accords with several spectréscopic

studies indicating that as well as the protonation difference, the two

'

e

-

£
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Table 1: INTERACTIONS BETWEEN DHFR AND MTX FOR THE E. COLI BINARY AND
L. CASEI TERNARY COMPLEXES. ’



_.bl_

Tablg 1 -
INTERACTIONS BETWEEN DHFR AND MTX FOR THE E. COLI BINARY AND L. CASEI
. TERNARY COMPLEXES -
MTX E. COLI -L. CASEI TYPE OF INTERACTION
CONSTITUENT , COMMENTS
Pteridine Ie-4- . Leu~4 Hydrophob1c |,
- ring carbonyl of ITe-4 Garbonyl of Leud H-bond to 4-NH2
Peptide 5-6 Peptide 5-6 Hydrophobic or pi-pi, approaches Ni,
Ca, 2-NHp and N3
; .. - Ala-6 . Ala-6 Hydrophobic
. . Leu-19 Hydrdphobic, pyrazine ring ~,
Asp-26 Asp-26 Charge 1nteraction .and H-bornds;
approaches Ny,2-NHz and Ng
Leu-27 Leu-27 Hydrophobic
Phe-30 - Phe-30 Hydrophobic .
11e-96 Carbonyl of Ala-97 van der Waals/hydrophobic
i > 1. Thr-116 Thr-116 H-bond to 2-NHz
Nicotinamide-ring hydrophob1ic
5o of NADPH :
Nio Methyl Ser-48 Ser-48 Hydrophobic
ptanipo Leu-28 leu-28 Hydrophobic
benzoyl I1e-49 Phe-49 Hydrophobic
Leu-54 _Leu-54 . Hydraphobic
Glutamate Lys-31 or H20 H1s-28 Hydrophobic »
Arg-57 Arg-57 Charge interaction and a-carboxyl
H-bond
v °ﬁ;1 .
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molecules are bound somewhat differently. This has been confirmed by‘
Charlton and Young (197§) who showed that the pteridine riing of pHE 1
bound upside down compared to MFX. !
(1v) KINETICS OF DHFR INHIBITION BY MTX

The inhibitory effect of MTX on the chicken liver DHFR was
discovered 1ndependently by Futterman‘(1957), by Osborn et al.,

(1958), and by Zakrzewski and Nichol (1958). These studies

established that very low concentrations of MTX (10-%M to IO’QM)‘
produce markedu1nh1bit1oﬁ of @he chicken Tliver DHFR and when the data
were treated according to the method of Lineweaver and Burk (1534) the
resu%ts apparently indicated that the 1inhibition was non-competitive
with respect to DHF (Osborn et al., 1958). These assays were

’

performed at pH 7.%,

R In contrast, Werkheiser (1961) reported that, 1n the combination
of MTX with rat 1iver DHFR at pH 6.1, equilibrium 1s so far 1n favour
of the complex that when the enzyme -activity 1s titrated by MTX there
1s almost a straight line relationship between residual enéyne
activity and the amount of inhibitor added. Conversely, when activity

was studied as a function of amount of enzyme added to a constant

amount of MTX, a 1ine parailel to the control and intercepting the

x-ax1s was obtained. Behaviour of this type is characteristi¢ of
enzyme-inhibitor complexes with apparent dissociation constants so low
that they are small even compared with the enzyme concentration and

ha been;tgrmed 'stoichiometric inhibitian' (Werkheiser, 1961). At

L3
of a stoichiometric i1nhibitor 1nadequate to cause
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‘comp1ete inhibition of enzyme, practically all the inhibitor 1s
enzyme-bound. Since the classical kinetic treatment assumes that all
inhibitor is free, the equat1bns used by Lineweaver and «Burk 1n the
graphical treatment of kinetic data are not appropriate. The presence
of such a stoichiometric 1nhib1?or increases both s]oée and 1ntercept
of §'doub1e reciprocal p]ot}(l/v v;rsus 1/[s]) 1n the same manner as a
classical non-competitive inhibitor. A double reciprocal plot
therefore cannbt d1st1ngﬁish between c]ass1éa3 non-competitive
inhibition and stoichiometric inhibition. .

At pH 7.5,,High1y purified chicken 11verYDHFR gave kinetic data
that were inconsistent with gtoichiometric inhibition (Matthews and

Huennekens, 1963). The®complex formed by this preparation of DHFR

P
+

with MTX was demonstrated to be rgggl1y dissociated during
F

chromatography on hydroxylapatite at pH 6.5 enabling elution of the

enzyne and inhibitor in separate fractions. A similar separation of
the components of the complex wds obtained by chromatography on
DEAE-cellulose. These studies demonstrate that, at lower pH, MTX acts
as a "pseudoirreversible" inhibitor of DHFR wher;as at higher pH 1t
behaves as a reversible inhibitor; indeed, with purified DHFR obtained
from Ehrlich ascites cells, Bertino’ et al., (1964) showed that it
exh1b1ted two pH optima with DHF as substrate pH 5 9 and pH 7.5.
Tlghter binding and greater inhibition were produced by MTX at pH 5.9
than at pH 7.6 and at the latter pH, the inhibition was shown to be
competitive. This pattern of MTX inhibition of DHFR has tremendous

o+

mmplications for 1ts role as a cytotoxic agent in vivo as shown below.

.
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(v) THE RELATIONSHIP BETWEEN INTRACELLULAR LEVEL OF MTX AND DHFR
INHIBITION IN LIVING CELLS a
» Jackson and Harrap (19732 found that 95% of DHFR activity could )
be 1nhibited before the cellular growth rate was apprec%ab]y reduced.
" Only small amounts of DHFR appeared to be sufficient to maintain THF
poo1s.0 Goldman (1974) showed that the presence of free (unbound)
intracellular MTX was critical for the inhibition of DNA synthesis.
When the free drug was removed, DNA synthesis was rapidly resumed. .
-The explanation for this phenomenon 1s that only a small fraction‘of
DHFR activity is required to sustain THF synthesis and that the
;ntracg11u1ar DHF level can rise over several orders of magnitude when
DHFR 1s inhibited by MTX. DHF, when present in the cell at low
levels, cannot compete with MTX for its.target enzyme DHFR, however,
functionally 1mportan; competition does occur when the DHF Tevel 1s
high, thereby diminishing the drug's effectiveness (Goldman, 1975;
Goldman, 1977). Thus, for optimal cytotoxicity the intracellular
concentration of MTX has to gfceed the binding capac1£y of DHFR. *
(vi) IMPLICATIONS OE POLYGLUTAMATE FORMATION FOR MTX CYTOTOXICITY
Like folates, MTX 1s ex}ensively met®bolized 1ntracellularly to
polyglutamate derivatives. Baugh et al., (1973) first observed these
derivatives in red cells and other investigators subsequently found
them in the livers of patients who had‘rece1ved MT§ (Jacobs et al.,
1977a). Such compounds have now beenyidentified n various murine anci
human tissues. (Whitehead et al., 1975; Whitehead 1977; Rosenblatt et
al., 1978a, Poser et al., 1980; Poser et al., 1981;-Wifte et al.,
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1980; Gewirtz et al., 1980; Galivan 1980; Fry et al., 1982; Krakdwer
et al., 1982; Schilsky et al., 1980; Jolivet et al., 1982a; Jolivet et
al., 1982b). The formation of MTX polyglutamates allows the
accumulation of intracellular drug far above the levels of the parent
compound that would otherwise exist in'équilibr1un with extracellular
drug. These‘compounds?have at lTeast gquai affinity for DHFR (Jadgg;
et al., 1975; Clendeninn et al., 1983) but, in intact cells, the
methotrexate polyglutamates appeaf.to dii§ociate from dihydrofolate
reductase at a slower rate than methotrexate,)1nd1cating that they are
poten?ialTy less reversible inhibitors than the parent drug.

The most striking property of the polyglutamates is their ability
* to remain within the cell in"the absence of extracellular drug (Fry et
al., 1982; Jolivet et al., 1982b; Jolivet and Chabner 1983; Rosenblatt
et al., 1978b; Balinska et al., 1981), 1n contrast to the parent
compound, which rapidly leaves the cells after extracellular, drug
disappéars. Retention 1s clearly influenced by chain Tength;
derivatives that contain 3 or 4 addit;onal glutamates are retained for
up to 24 hr in the absence of external drug (Jolivet and Chabner,
1983) whereascompounds with a shorter chain length have
proportionately shorter retention times. Longer retention 1s
assoctiated with prolonged inhibition of DHFR and extended cytotoxicity
(Jdolivet et al., 1982b).

In addition to inhibiting DHFR, methotrexate polyglutamates
inhibit other folate requiring enzymes not affected directly by
methotrexate 1tself. It 1s well established that folate

polyglutamates have a much.greater affinity for folate-requiring

i
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enzynes than do the correspons1ng monoglutamate derivatives (McGuireet
al., 1980). Preliminary experiments have shown that the addition of
one glutamyl residue to methotrexate transforms the drug into a potent
a1rect inhibitor of both }hymidylate synthetase (Szetb et al., 1979)

and aminoimidazolecarboxahide ribonucleotide transformylase (Baggott,

"1983); the latter is one of the enzymes 1involved in de novo purine

synthesis. S
D. PHARMACOLOGY OF METHOTREXATE
(1) MEMBRANE TRANSPORT

Studies of MTX transport~in vitro in mammalian cells date from
1962 when Fischer suggested that uptake of MTX in the L5178Y mouse ’
leukemia cell represented a mediated process rather than simple
diffusion (Fischer, 1962). Kessel et al., (1965) demonstrated a
correlation between the membrane transport of MTX and cytotoxicity
toward tumor cells when they showed that the percent increase 1n
survival of mice bearing a variety of murine leukemias 1n the ascitic
cgvpartment was directly proportional to the uptake of MTX into the
tumor cell 1n vitro. It has now beert established that MTX transport
in ssyera1 mammalian cells 1s mediated by a high-affinity carrier
(Goldman, 1971). MTX shareg this carrier transport system with .
5-methyl tetrahydrofolate and 5-forymitetrahydrofolate (citrovorum
factor, leucovorin, folinic ac1d). Influx of MTX is saturable with a ..
Km (MTX concentration at which the rate of influx is 50% of maximal)

Of about 5 pM and it 1s pH and temperature sensitive. Folic acid,

vy
when present in high concentrations (10 pM) can utilize this same

k.

7
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route to a small extent, but generally elkerg the cell by another
process, as suggested by the observation that sulfhydryl inhibitors
abolish MTX 1nflux but have 1ittle effect on folic acid uptake
(Goldman, 1971; Radar-et al., 1974). At high extracellular MTX <x
concentrations (1n excess of 20 uMk a second drug entry mechanism
comes 1nto play in ied1t1on to the h{gh—aff1nity carrier (Warren et
al., 1978; H11 et af., 1979). This poorly characterized process
wh1eh probably i1nvolves diffusion is 1ess efficient than the high
a¥f1nﬁty carrier bdt it accounfs for the major fraction of dreg that
enters cells at high concentrations and explains the ability of
"transport-resistant” cells to ‘take up MTX at high-extracellular
concentrations. .

MTX is transported into the ceﬂ by an&ve process,
accumulating within the ce]] to levels of exchangeable 1intracellular
'MTX (the free drug in excess of the tightly bound fraction) exceeding
the extracellular MTX concentration (Bender 1979; Goldman et al.,
1968). Based on the observation that vincr1st3ne éﬁa some metabolick
inhibitors such as azide, 2,4-dinitrophenol and dicoumarol can augment
net 1nflux of MTX (Benﬁer, 1979; Fry et al., 1980; Fyfe and Goldman,
1973; Goldman, 1971; Hil1 et~a1., 1979; Henderson and Zevely 1980;
Goldman, 1969; Radar, et al., 1974) whereas glucose and pyrbvateh
decrease net influx (Henderson end Zevely, 1980; Go1dman;'1969),
Goldman has suggested an ATP-dependent system for pumping MTX out of
efflux are mediated by the same

1 )
carrier (Goldman, 1971). Th1s model proposes that the driving force

.the cell implying that influx and

-
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for MTX 1nflux 1; due to a gradient of organophosphates between the

intracellular and.extracellular compartﬁents. H&wever, fe11ow1ng the

demonstration that various 1ons also decrease inf]ux of‘;¥x, Henderson

and Zevely have proposed that the actual driving force for MTX 1nflux .

1S dde to a gradient, of i1norganic phosphate between the intracellular

and extracellular comparéhents (Hendgrson ;nd Zevely, 1980; Henderson

and_zZevely, 1982). x o ,
Based’on a mathematical evaluation of influx and efflux kinetics

of MTX in isolated LlZldﬁcells, Dembo hnd Sirotnak (1976) Proposed

that there are two d§2t1nct carrier systems involved in the mediation

of MTX 1nflux and efflux. This two carrier model has been supported

\ & Y » o~
by the observations that: . N
i. - It 1s possible to se]gct for MTX-resistant L1210 cells that R

demonstrate a sevenfold reduction in Vg, for influx of

MTX without any detectable change 1n the rate constant for d

i

efflux (Sirotnak et al., 1982; Sirotnak et al., 198la).

ii. If 1s possible to 1nhibit irreversibly and %omp]élely block
;nf1ux of MTX by me;ns g% carbodiimide-activated Substrates
without producing similar b]ockaée of efflyx (Henderson et ) .
al., 1350). The opposite kind.of gffect% in which efflux of
MTX is greatly inhibited buf Influx 1;V6n1y slightly

‘ﬁnhibiteq, has been obtained by treatind cells with Tow
boﬁ;entrat1uns of probenecid (S1rotnak:et al., 1981).
~  While Dembo et‘a1:, (1984) have proposed essentially a 51ng1é

ATP-dependent efflux carrier, Henderson and Zevely (1984) have >
+ + ‘ ? .
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proposed at least 3 components in MTX efflux. These eff]u&/routes )
include the MTX influx .carrier and“two‘add1tion91rcomponents which can
P be distinguished Qy their differential sensftivitﬂe; to inhibition by
tbhnmosulfophtha1e1n. These latter two components are induced by
' glucose and 1nhibited by azide and thus appear {o be the same
ATP-dependent efflux pump for MTX that has been proposed by Dembo et
. . . al., (1984) and which,was originally described by Goldman (1971,
»1969).
(1i) ADMINISTRATION
fo can be gdmfn1stered ora]Jy, intramuscularly, intravenously,
;y-f" intra-arterially, intra—ért1cu1ar1y, or 1ntratheca11& in a wide
g i ‘-variety of dose levels ahd dosage regimens. '
(19i) ABSORPTION ) -
MTX is well absorbed from the gastrointestinal tract by active
tEansport (Chung}, et .al., 1978) .at -doses. At higher doses,
) absorpt1 n is incomplete; in th\s case, bioavailability ma; be
enhanced by subdivision of the dose as opposed to a single large dose

Stuart; et al., 1979).

' “ //in their study of [3HIMTX in mice. The primary elements of their

.

-

Elmination of MTX by renal excretion, -
/ .
17.  An active enterohepatic circulation.

1.

i1i.  Metabolism of at least a small fraction of drug within the

o

&y
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gastrointestinal tract by intestinal flora and
iv. Multiple dnﬁg half-1ives 1n plasma, the longest of which was
found to be approximately three hours.

Each of these elements has been observed tn man. The volume
of distribution of MTX 1s épprox1mate1y that of total bod§ water; The
drug 1s loosely bound to serum albumin with approximately 60% binding
at or above 1 pM concentrat1ops in plasma (Sfee1e et al., 1979a). It
can be displaced from this bi#d1ng by weék organic acids such as
aspirin (Leigler et al., 1969).

grgan distribution of MT& 1s d1réct]y correlated with the
presence or absence of spgc1f¥c transport systems (Zaharko and
Dedrick, 1977). MTX {& rapidly transported 1nto liver, kidney, skin
and intestinal muéosaa where;s penetration into brain, fat and
skeletal muscie appears to be poor (Anderson et al., 1970; Comaish and
Juhlin, 1969). Extremely high MTX levels have been found in gall
bladder bile, suggesting that biliary rec1rcu1;tion of the drug is
quantitatively impartant. Bile may contain up to 20% of the
administered dose (Calvert et al,, 1977). Distribution of MTX into’
interstitial fluid spaces such as the cerebro-spinaf fluid (CSF),
pleural and peritoneal cavities occurs slowly by pass1§e transport
(Dedrick et al., 1975). These "third spac;s", especially when'
pathologically increased as in ascites or plzural effusion may act as
reservoirs from wﬁ1ch MTX 1s slowly released back to the plasma, thus
prolonging the time of exposure to toxic levels and reshlt1ng in

increased toxicity (Evans and Pratt, 1978; Wann et al., 1974).

4
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_‘4& shown to decrease the améunt of exch eab]e 1ntrace1]u1ar MTX
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(V) METABOLISM B , .
Although there is evidence that MTX is metabolized by
microorganisms in the 1arge 1ntest1ne (valerino et al.. 1972),
significant metabolism oﬁ MTX was on]y repo;ted in 1976 by Jacobs et
1., (1976),‘who 1dent1fTed 7-hydroxymethqtrexate (7-0H-MTX) 1n the
urine of patients receiving high-dose MTX. Lankelma et al., (1980;
1978) and Jacobs et al., (1977b) have demonstrated that conversion of
MTX to‘7-0H-MTX 1ncreqsed with sub§engnt infusipns which suggests
1nduction of a converting enzyme, pﬁpﬁably aldehyde oxidase yhfch‘ls
detectab]e.;n human 1iver tissue. 7;dh-MTX is an ineffgqctive
inhibitor of bﬂFR, but as-1t,is fourftjmég/;;;s soluble than MTX 1t

4 ‘
may contribute to the renal failure associdted with high dose MTX,

treatment (Jacobs, et a1.f 1977b),. 1In thro,& 7-0H-MTX has also been

e

™
’

(LankeTma et al., 1980; Gaukroger et a] 1983‘ Fabre ef al., 1984)

suggest1ng that 1t interferes with rather than adds to MTX v

1

cylotoxicity.

A second metabotite is 2,4-d1amimo-N!C-methylpteroic acid

H

(DAMPA), which has been shown to interfere with MTX radioimmunoassay

(Donehower, et afé, 1979). DAMPA 1s believed Fﬁ be formed duf1ng
;nFerohepat1c circulation of MTX, in which glutamate is cleaved from
the MTX molecule by intestinal bacterial carboxypeptidase. Like
7-0H-MTX, DAMPA has Twmited solubility in water and 1t 1s a weak
rinhibitor of DHFR.

4

Much more important metabolites of MTX are the poly-y-glutamyl-
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derivatives Jéscribed above which have now been found jn a variety of
normal and neop]ast;c human and anamal tissues (Galivan, 1980; Gewirtz
et al., 1979; Jacobs, et al., 1977§% Rosenblatt et al., 1978b;
Schilsky, et al., 1980; Whitehead, 1877). This third type of
metabolite which 1s formed bhy.the addition of one or more glutamyl
residues at thg y-position of MTX, may persist in human liver for
months after drug administration (J;::bs et al.,, 1977a). Unlike
7;bH—MTX and DAMPA, the polyglutamates of MTX are potent inhibitors of
DHFR and cell replication (Gaiivan, 1980; Rosenblatt et al., 1978b;
Shilsky et al., 1980). The format1on‘of po1ygfutgmates has been

associated with prolonged inhibition of DNA synthesis 1in cultured

b -

human fibroblasts, even after removal of exchangeab]e‘MTX (Gewirtz et

al., 1979; Rosenblatt et al., 1978b) suggesting either tight

intracellular binding to DHFR or decreased efflux. Polyglutamate

synthesis 1ncreé§es as the dose of-MTX 15 1anéased (Rosenblatt et
al., 1978b). . In the presence of folinic acid, a marked reduction 1in
MTX po]yg1utanation in vitro was found (Rosenblatt et al., 1981). It
has not been determined whether this resulted from inhibition of MTX
uptake by the cell or from competitive inhibition of polygiutamate

.

formation. Poser et al., (1981) have investigated polygiutamate
. ‘.

formation in mouse small @ntest1ne as well as in a variety*of murine
. ' ~ «

tumors in vivo and found that polyglutamate synthesis was greater in
all of the tumors studied than in the small intestine. i

(vf) EXCRETION

.

MTX 1s predominantly eliminated via renal excretion of unchanged ’

[

<
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drug. At very low plasma concentrations, MTX appears to be reabsorbed
by the kidney (Huffman et al., 1973). At higher concentrations, the
renal clearance of MTX 1s relatively constant (Huffman, et al., 1973)

¢

and exceeds that.of inulin clearance (Leigler et al., 1%69),
‘ N v
‘1ndicat1ng that the antifolate 1s not only filtered but is also

- -

I

ac%ive]y secreted by renal tujular cells. Fecal excretion of* i.v.
‘ L3

“administered MTX does not generally exceed 1 to 2% of the administered

dose, however, fecal excretion after oral administration is

v

proporttonal to-dosage due to Timitations 1n intestinal absorption .

(Bleyer, 1978). ) .
(vi1) RESISTANCE ’

Resistance to MTX can be a natural charact§r1stic of somestumor‘
ce]ls or 1t can be acquimed by sensitive cells. Impaired membrane
%ransport,of MTX has been recognized since 1962 as a meﬁpanlsm of
natural resistance to MTX 1n vitro 1n a strain of L5178Y leukemia
cells (Fischer, 1962). This has n;w been demonstrated in tumor cells
exposed to MTX 1n vitro (Hi11 et al., 1979; Sirotnak et al., 1981b).
Tumor cells af various mouse and hunipxcel1 1ines containing DHFR with +
»decreased binding affinity for MTX have been shown to be resistant to
the drug (Hanggr and Littlefield,1974; Flintoff and Eséan1 1980; Haber
et al., 1981; Melera &t al., 1980; Goldie et al., 1980). In a g}oup
of five mouse leukemias not previously exposed to M%X, Jackson and
Niethammer (1977) found a correlation bet;een cytotoxicity and
DHFRaffinity for MTX, that Jg, the lower the affinity for MTX, the
less the cytotoxicity. As MTX can only lead to-THF depletion when

dUMP is converted to dTMP, a reduced activity or absence of
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thyn1dy1ate‘synthegase would lead to drug resistance. Th{g Was »
suggested by Moran et a].z (1979) and has recentTy‘been deﬁonstrated
%n cultured mouse maﬁmagy tumor ce1ls'by Ayusawa et al., (1981).
Natural Fe§1stanc? te MTX has been demonstrated 1n ce1{s with
elevated }ntrace11u1ar ievels of DHFB, such as hqun melanoma cells ¢
(Kufe et*al., 1980) or in cells tha£ have the capacity of accelerated
synthesi; oi'DHFR, 1ike human acute mye]oiqileukem1a cells (Bé}tlnq et
al., 1§77). Acquired resistance with elevated DHFR levels has now
been shown to be the result of gene anp41f1catldn (H;rd1qg et al.,
1970; Schimke, 1980). This occurs when cells are exposed.at first to'.b
Tow drug levels and surviving cells are then treated with gradually
increasing concentra;ions«of MTX. In this stepwise selection process,
initially small extrachromoéoma] DNA elements are formed, called
double minute chromosomesaégihese doubTe'm1nutes contain the amplified
genes for DHFR, but they are assoc;ated with unstable drug resistance:
these cells revert to normal QHFR levels in the absence of MTX. In
cells with stable resistance the qpp]ifiea genes have been
demonstrated on the long arﬁ of the number 2 chromosome (Schimke, °*

E 4

1980) .

(vi11) TOXICITY “
Wox1t1tyaﬁvdﬁ/MTX has been shown- to be a function of both drug

~concentratipn and time of exposure (Chabner and‘Young, 1973; Pinedo

-

aﬁd Chabner, 1977; Pinedo et al., 1977).. The dbse required to produce
toxicity varies from organ to organ. There appears to be a'§r1t1ca1

concentration threshold that must be exceeded béfore organ toxicity

s

.

N
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w111 occur (Chabner and Young, 19%3). &1kewise a critical time of

-

exposure toZSuprathresho1d Tevels.must be ma1nEf1ned béfore }ox1c1ty
occurs. For béne marrow and gastro1ntestiné1 epithelium tﬁg plasma
=concentrat1ég and time, thresholds appear to be 2 x'lo'SM‘add about 42
hf.}égpect1ve1y»(LQV1tfuet al., 1973; Young and Chabner,~r973). The
most common side effects of MTk are ﬁye]oéuppres;ioh, muc6§3iis of the
gastrgintestiha] tract and a tran§1eﬁ§ Hépat1ti§-11kg condition.
Nausea,lanorexiaqand vomiting alse are reported side effects.
- At high MTX plasma levels or 1n fhe presencé of renal
insufficiency, severe impairment of the renal function may develop.
This has been assectated ”ith‘prébiplfaiion of the drug‘1n‘rena1 J
tubules on account of 1n§uff1é1eﬁi hydration and acid urine (Pitman et
. "

al.,.1975; Stoller et al., 1975). In urine MTX was found to be 10
times less soluble at pH 5.5 than ét pH 7 (Pitman et al., 1975;

Stoller et al., 1975). Renal d@mﬁge may occur éépecia}]y {; the
ﬁre;ence of high concentrations o; 7-OH-MTX, which is less-soluble o
‘ﬁhan fo and can compete with MTX for tubular cell transport.

E.  IMMUNOGLOBULIN G '
(1) STRUCTIRE ’ )

The IgG molecule (MW 150,000 daltons) ha; a symmetric structure
cbns1st1ng two heavy (H) chains (MW 53,000 daltons each) which are
attached'to one anotg;r by means of two or more disulfide bpnds near
the middle. Above the middlie of each H chain (toward tpe

3

aminoterminal ends) a light (L) chain is attached at a point close to

jts carboxyterminal end, .by means of a disulfide bond (Figure 3). The

C A
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L chains have a MW of about 23,000 daltons (Edelman and Poulik, 1961)

and are made up of two antigenically distinct types x (kappa) and A

. (lambda) (Deutsch et al., 1955; Burtin et al., 1956; Korngold and

Lipar1, 1956). Each IgG molecule consists of two rather well defined

B

amino acid sequences designated the variable "W" region and thé

1
constant. "C" region. The C region 1s that carboxyl terminal portion

a

of the chain which has the same primary structure as id‘g11 other

chains of the same class, subclass, and type; the V region is the

&

anino terminal portion of the chain which can be made up of a great

many different primary structures even within one subclass and type

(Fleischman et al., 1962). Amino acid seqhenc1ng of 1mmunoglobulins

have shown that the po1yﬁept1de chains consist of a number of globular
1 i

*domains" or "homology units", comprising 110 to 120 amino acids

(Edelman, 1970). The domains are closed 1n a loop by a single

disulfide bond. When detached from the intact immunoglobulin

~ molecule, different domains,do not tend to bind to each other except

for pairs of homo}ogous domains (eig. Ck and CHJ), which 1nteract
strong]x wiéh one anq}her.» The complement-binding site is associated
with CH, (Kehoe and Fougereau, 196§), as 1s the carbohydrate fraction
of the IgG molecule (H111 et al., 1966): The gtes that specifically
bind to antigens are solély found in the V doﬁains (Edelnfan 1973). u
The part of the IgG molecule that attaches to bﬁégdcy£1c cells 15
situated n theVCHg domain (Yasmeen et‘a}.,°192§).' Normally IgG is
present in a closed conformation but electron mTcroscdpe obse}vatio?s

have shown that upon reaéting with its an£1gen, both antibody-specific

7

-
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Figure 3. Tﬂe domain structure of human IgGl (k). The loops formed
by the interchain disulfide bonds are globular units designated as
domains. These are called V domains in the variable and C domains 1n
the constant regions. IgG H chains have three C domains (CHi, CH2

and Cys). The L chains have one V and one C domain (Vk and Ck

or VA and CA). The hinge regions in the H chains are indicated by
aster1s;s. [From van Oss, C.J. Diagrammatic representation of the
“tetrapolypeptide IgGI molecule with Tight chains of the k-type. 1In
Greenwalt, T.J., and Steane, E.A.‘(eds): Blood Banking, vol II (CRC
Handbook Series in Clinical Laboratory Science). (c) CRC Press,

Inc., Cleveland, 1977.]

‘\
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halves can fold out at the hinges as far as 180° (Valentine ;nd Green,
1967).

Digestion of IgG with papain 1n the presence of cysteine sp11t§
the molecule into three fragments of about equal size with a MW of
about 50,000 daltons. These consist of two Fab' fragments and one Fc
fragment (Porter 1959). Digestion with pepsin yields E{ab'), fragment
with a MW of about %OQJOOO d;ltons along with dialyzable polypeptides
(Nisonoff et al., 1960). ¥ The F(ab'), fragment is composed of two
1dentical moieties;neach containing an antibody combining site and
linked together by a disulfide bond.

(11) THE USE OF ANTIBODY IN IMMUNOTHERAPY - ) :

The suggestion by Ehrlich (1909) that there might Pe differences
between normal and neoplastic cells thatncgu1q ecolve into vaccination
programs against.cancer, was subsequggtly supported by the finding
that the rejection of tumor grafts in inbred strains of mice was based
on 1mmune reactions against tumor—§pec1f1c antigens, (Gyoss, 1943;
Foley, 1953). This led to an active interest in the use of antibodies
for immunotherapy. The scientific rationale for immunotherapy is
based on the assumption that most afiimal and human tumors express
specific cell surface antigens (K1§1n:,1975). They are often, )
recognized as foreign or "non-self" by the tumor-bearing host, and
thus an immune response is mounted against these antigens. Despite
the presence of 'foreign' antigens on the surface of tumor cells as
targets 3n many types of human cancers, 1mmunodeficiency is a common

phenomenon that becomes mgre severe as the cancer progresses. In

addggion, the cenventional therapeutic approaches to cancer, 1ncluding

o4
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surgery, radiotherapy and chemotherapy have mmmunosuppressive effects

that can persist YA]exander et al., 1967).

”
¢

Based on the apparent failure of the host defence system and the:

correlation between prognosis and a good 1mmune response,

immunotherapy would have the following objectives.

1.

11.

jii.

Restoration of the patient's full immunologic capacity.
Some of the methods include 1mmungst1mu1ation with microbial
or synthetic immunostimulants, for example, Tiving Bacillus
Calmette-Guerin (BCG) and BCG extracts, Corynebacterium
parvum\and C. granulosum, 1ipopolysaccharides or
gram-negative bacteria, pertussis vaccine, vaccinia virus,
polysaccharide extracts of fungi. Another approach is
removal from the plasma of circulating soluble tumor
antigens or antigen-antibody complexes.

Protection against or reversal of the immunosuppressive
effects of radiat1og, chemotherapy, surgery, age and other
factors. . .
Induction, restoration or increase in specific tumor
immunity. Active specific . -immunization can be carried out
with unmodified tumor cells, modified tumor cells or tumor
antigens. Passive transfer of immune serum and adoptive
transfer of immunologically active cells e.g., lymphocytes
can also be done. These immunopotentiators may also enable

the recipient to respond to otherwise poorly immunogenic

antigens,
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1v. In addition to production of antibodies, immunotherapy *
hyperactivates the various components of geﬁéral host ;
- defence which include the reticuloendothelial and
macrophage actiwity.
A]though~these objectives have been met with various degrees of v
success 1n some clinical trials that have béen carried out, they are

not consistent (Gutterman and Herscﬁ,‘1982).

(111) ANTIBODIES AS CARRIERS OF CYTOTOXIC AGENTS IN THE TREATMENT OF

+

CANCER
It is a well known fact that chemotherapeutic agents are not
selective in their action against cancer cells as they damage all
proliferating cells including those of bone marrow, 1ymphoid tissue
and gastrointestinal and genitourinary epitheliun. Since the need to
preserve vital tissues reduces the maximum po;ential dose of cytotoxic
drugs, the Boss1b111ty of developing methods to transport
nondiscriminating toxic molecules selective]} to target sites has
attracted considerable attention (Rubeps, 1974; Gregoriadis, 1977;
’ Ghose and Blair, 1978). o=
To be therapeutically effective, a carrier must meet the
following basic requirements: '
i. It must not only show specificity for the target site but it
must also reach that site in vivo.
11. It should possess appropriate biochemical properties so that

- . cytotoxic agents can be bound to it without detrimentally

affecting either its specificity or the reactivity of the

.

-
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agent. -

L]

i11.  The carrier should be nontgxic, although selective .

preferential toxicity for the target site might be

v beneficial. ” . «

&

)

iv. Carrier-cytotoxic agent complexes should not hqﬁé in
appreciable amounts to nontarget areas, and the carrier must
o L4

not be 1nactivated during transit from the point of

n

administration to the target site.

@

v. The transported éoxic agents should reach the target aea in
active fonmj' \ .
By virtue of their unique specificity and high affimty for
antigen, antibodies are part1cu1ar]yﬂattract1ve as ‘selective carr1er§‘
of toxic agents. Indeed, Ehrlich in the ‘early 1900's, was fa§cinated
by the po;sib11jty of using diphpheria toxin bound to anti r
antibodies as a "magic bullet" against ma]ignént diseases. The
classic investigation by Landsteiner (1946) on methods of linking

N . N
haptens to macromolecules led to the binding of various cytotoxic

v

" agents to antibodies. Agents that have been bound covalently to

antibodies with some success in 1nhibiting tumor gro&th include MTX
.(Kulkarni, et al., 1981; Mathe et al., 1958), diphtheria toxin
(Moolten et al., 1975), chlorambucil (Tai et al., 1976), trenimon
(Froese et al., 1976), daunoﬁyéin and adriamycin (Hurwitz et al.,
1575), ricin (Moolten et al., 1976).

F. ﬂETHODS OF COUPLING MTX fO ANTIBODIES
(1) DIAZOTIZATION

'y

The coupling of MTX to antibody molecules wag usually achieved

»
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! H2N4</:_\>-é ,\ Hp + 2NaNO, 4 4HcCI
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through the f0116w1ng three steps (DeCarvalho et al., 1964):
i. diazotization of benzidine “
1i.  coupling of methotrexate to diazotized benzidine
i1i.  coupling of the tetrazobenzidine - MTX complex formed 1n
step (11) to the IgG molecule.

The 1nherent advantages of using diazonium salts for linkage of
agents to'1mmunoglobulins include the ability to carry out the
reaction 1n an aqueous medihm at pH values between 5 and 8, the fact
that no additional charge is introduced in the product, and the
rapidity and completeness of the reaction at low temperature.
Furthermore, the bonds formed by diazoniunasalts are easily cleaved
(Avrameas et al., 1978; Cohen, 1974). Thus, the diazo linkage might 9
be preferred if dissociation of the drug at target sites is desired.
However, 1t has been found that it 1s difficult to control the side
reactions associated with the use of diazonium compounds teading to
extensive precipitation 1n the reaction mixture (DeCarvalho et al.,
1964; Robinson et al., 1973). Also, diazonium salts react
preferentially with aﬁino acids like tyrosine or histidine, that is,
residues that may be present in substantial numbers at or near the
antigen binding site (Avrameas et al., 1978). This could lead to
considerable loss of antibody activity. Furthermore, since the 2,4
d1aninoabyr1mid1ne configuration of MTX is required for maximum

cytotoxic effect, a d1azo coupling reaction involving one or both of

these amino groups would be expected to negate the cytotoxic

~
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properties of MTX. ~ )

These d{sadvantages notwithstanding, using t&e diazo geaction,
Mathe et al., {1958) bound’MTX to a hamster anti-mouse L1210 globulin
and reported prolonged survival ofqtumor-inocu1at§d‘mjce given ¢\
injections of the conjugate. Injections of comparable amounts of ,
antitumor globulin, MTX, or MTX bound to normal hamster globulin all
failed to inhibit %gnor growth. ’ .
(11) MIXED ANHYDRIDE FORMATION ° )

A anide bond between MTX and ng should also be achievable by a
mixed anhydride method. Burstein and Knapp (1977) heated MTX with
acetic anhydride to form an 1ntermediate which was then reacted with

IgG.at pH 8.5 and at room temperature.
-~

RCOOH + (cuaco) o .
MTX 2

RCOOCOCH; o
< Hypothetical Mixed Anhydride
NHy-iga K
PH 85

RCONH-1g@ + CHyc00H

*
,W e
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They reported production of active gonjugates of MTX and an

- anti-mouse ovarian carcinoma antibody with a molar incorporation of 15

to 120 mole of MTX per mole of IgG depending on the reaction
conditions, and also with retention of antibody activity. This
conjugate was reported to prolong survival 1n tumor-bearing mice
compared to those treated with free drug, antibody alone, a ﬁixture of
both or MTX coupled to nonspecific IgG. However, thegﬁ results have
not been reproduced in other laboratories. Latif et al., (1980)
reported loss of antibody activity when IgG was reacted with the
product obtained by treating MTX'w1th acetic anhydride. :Kulkarni et
al., (1981) retained antibody activity but obtained Oﬁly a smaj]
anount of MTX bound to IgG (2-3 mole of MTX per mole of IgG).
Moreover, neither the MTX-IgG conjuggte nor 'the product resulting from
tha reaction of MTX with acetic anhydride inhibited DHFR 1n vitro even
incubation of the product at pH 8 for up to 48 hr to allow
hygrolysis, ‘ n
(v1i) CARBODIIMIDES

Carbod1imides first introduced for peptide synthesis by Sheehan
and Hess (1955) and for oligonucleotide synthesis by Khorana (1953)
have now been used to Tink MTX to antibodiés, the most widely used
being dicyclohexyl carbodiimide and tﬁe water soluble .
1-ethyl1-3(3-dimethyl aminopropyl) ;atﬁod1im1de‘(§CDI). The conditions
of ghe reaction are very simple. IgG, MTX in excess and the reagent
are simply stirred together in an aqueous solution at room temperature

or 4°C. The carbodiimide activates the carboxylic acid group of MTX
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by formation of an O-acy]iséurea which then reacts w{%h the amino
group of the antibody mojecu]e by nucleophilic acyl substitution. .
Alternatively, the O-acyl isourea could react with a second carboxylic

acid group of MTX to form a symmetrical anhydride which in turn could

react yith an amino group in the antibody molecule to form a stable

peptide bond.

’
\ " IlgG -y ‘o
- \ \ 2 \ . .
b NR’ IN'H, H|~RI 1{ .
' . . 8 RCOO - .
RCOOH +C —— RCOOC RCO)20+ o=C , RCONH-1gG
. MTX, NR' HNR' HNR Ly
. Carbodiimide O=-acyliso - }nhydride Dicyclo- .
. KA

o j \

. 4 . -
. - 'gG — NH2 i ) \

Using the carbod11midevmeth6d, Robinson et al.,‘(1§73) 11nked, MTX
‘to dnti L1210 cell antibodies and then freaéed mice 1ﬁécﬁ1ated y
intrap§r1tonea11y with L1210 cells with the conjugates; they survived
for more than 75‘d5ys,‘whereas mice ingbuiated with MTX and antibody
unlinked survived only about 27 days. _This method has certain
disadvantages. A major disadvantage of this method 1s the presence of

both carboxyl and amino groqﬁs in the antibody molecule as well as in

N
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the MTX molecule which can result i1n extensive polymerization. The
readijve 0O-acylisourea can undergd extensive rearrangement to form the .
nonreactive and sparingly sdluble N-acy]1sourea‘wh1cn resu1ts in the
reduction of the yield. $ ™~ o
(1v) THE ACTIVE ESTER METHOD 1
A major disadvantage of the carbodiimide method is ithe ’

rearrangement of the 0-acy11sourea to form the non-reactive

N- acy]1sourea This can be reduced dramat1ca11y by performing the

¢coupling 1n—the presence of a nucleophile wh1ch will react very °

rap1d]y with the O-acy]1sourea td give an acy]at1ng agent which is

st111 react1ve enough fon an1noTys1s but wh1ch 1s more discriminating A
and does not "lead to rearrangement or other side reactions. The flrst

-reagent to be ‘used in th1s way and introduced for pept1de/§29thes1s in

1966 was N-hxﬂroxysucgﬁn1mide (Wunsch and'Drees, 1966; Weygand et

- , § 2

al., . -

) . ’ 1] g v
MTX 3
. N-hydroxysuccinimide Active ester

NHZ -ilgG

]
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»



42

- €

1966). The active ester of MTX is normally prepared using equimolar
amounts oﬁ‘MTX, N-hydroxysuccinimide and dicyclohexyl carbodiimide in
dimethyl formamide. The active ester formed :s stable at 4°C for ‘
several weeks under nitrogen. Kulkarni e?'aT:, (1981) have
demonstrated that this active intermediate method ﬁé more efficient in
coupling MTX to antibodies than other methogs that are cufren?]y being
used. They showed that conJugateéﬁp;epared by this method r@taﬁned up .
to!70% antigody activity at drug incorporation levels of 12 @91e of
drug per mole of IgG. Conjugates of MTX-anti EL4 IgG inhibited DHFR
and tumor cells in vitro as well as prolonged survival of FL4 1 ymphoma 1
be§r1ng mice compared to drug alone, drug plus antjbody dn]inkeé and -
drug coupled to normal Ig& (Kulkarni et al., 1981).,
G. MEMBRANE TRA&SPORT OF PROTEINS AND ANTIBODIES ) .
(1) ENDOCYTOSIS |

Endocytosis 1S a widespread cellular function that regu]atgs the
uptake of exogenous molecules from the cell's environment v1a
plasma-membrane-derived vesicles and vacuoles. Endocytic activity has
always been divided into two categories-phagocytosis, or "eating", and
pinocytosis, or "drinking". Most investigators use the term .
phagocytosis to describe thg uptake of large particu]at%s, 1.e. those
visible by light microscopy and possibly some Q1ruses. Upfake occurs
by close apposition of a segment 9f plasma membraﬁe.l; the particle's
surface, excluding most, if not all, of the su}round;nggf1u1d. The

term pinocytosis is used to describe the vesicular ubtake of>

everything else, ranging from small particles (1ipoproteins, ferritin,

"
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6611o1ds, immune complexes) to solubTe macropo]ecu}es (enzymes,
hormones, antibodiesy yolk proteins, toxJns){»to fluid and Tow
mo]eculqr‘wé1§ht ;olute;. The terms fluid and édsorpt1§e endocytosis
(or pinoc\ytosis)z %nit1a]1y used by several workers are'uséfu1 m
describiné and analyzing the uptake of mahy9b1ologwca11y jmpBrtants
materials, such 3s those cited above. These terms point to the fact

that substances can enter the cell 1n the fluid content of an

."endocytic vesicle (fluid-phase pinocytosis) and/or be bound to the .

inner aspect of the vesicle membrane (adsorptive pinocytosis). In

S . *
. "both types, the rate of uptake is determined by the size of the

“

]

w

X
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vesicle and the rate of 1ts formation. In fluid-phase endocytosis,
uptake 1s directly related éo the concentration of solute in the
extracellular fluid whereas in adsorptive endo;;ytosm3 uptake in
add1t1oh depends on the number, affinity and function of the cell
surface binding sites. Adso}pt1ve uptake is both a selective and
concentrating device whéreby cells can interiorize large amounts of a
specific solute without 1ngesting a correspondingly large valume of
solution.
The cytoplasmic surface of many endocytic vacuoles is smooth, but

electron micrographs show that most cell types contain an additional

’ population of vesicles in which regularly spaced, short bristles

'

protrude inta the cytoplasm. Coated vesicles were first noted by Roth

SN and Porter (1964) and by Droller and Roth (1966) in oocytes, and by

~
Fawcett (1964) in reticulocytes. Biochemically, the coat consists

primarily of c]athrin’(Pearse, 1976), a 180-K dalton protein which has

ys‘:
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been extensively purified and reassembled into cages 1n vitro (Keen et
al., 1979; Woodward and Roth, 1979; Ungewickell and Branton, 1981;
Crowther, and Pearse, 1981; Kirschhangen and Harrison, 1981; Merisko
‘et al., 1982). Other coat-associated proteins have been 1identi1fied,
the "T1ght chains" (with molecular weights of 30,000 and 32,000
daftons) as wé&1 as an additional polypeptide of 100,000 daltons
(Ungew1cké11'and Branton, 1981). The light cﬁains are be11ev;d to
attach in yitro to the arms of clathrin trame?s,(kﬁown as triskelions)
(Ungew1cke11 and Branton, 1981; Crowther and Pearse 1981;
Kirschhansen and Harrison, 1981), while the 100-K dalton protein may
' be 1mp6ftant 1n mediating g&gthr1n attachment to membranes (Unanue et
ai., 198L):‘ Because clathrin can form spherical or hemispherical
cages in vitro, its function may be to drive the endocytosis or
pudding of the "segment of p{;sma membrane on which clathrin assembles
(S11vers§e1n et al., 1977; Pearse, 1983; Steinman et al., 1983y Pastarr"a
‘and#Willingham, 1981; Brown et al., 1983; ge Duve, 1983). 'Pearse and
Bretscher (1981) have postu]ateq that clathrin acts as a mo]gcu]ar
* sieve that se]ec?s specific proteins tq be 1nteriorized. '
Steinman et al., (1974) have shown that the rate of solute uptake
by pinocytosis in mouse fibroblasts has a Q;q of 2.7, an activation
energy of 17.6 kcal per mole, and 1s directly proportional to the
Incubation temperature from 2° to 38°C whereas particles bind to the
surfaces of phagocytic cells at 4°C but are not ingested unless the
temperature of the‘1ncubat10n meh1un exceeds some critical threshold .

L

(18-21°C). Thus, there appears to be a critical thermal transition

-
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fon\cel]s below which phagocytosis of large.particies cannot occur.

Binding of ligands to cells can stimulate pinocytic activity. Edelson

and Cohn (1974) found that Con A increased the uptake of fluid-phase

markers threefold 1n mouse macrophages and that mannose and glucose
blocked the lectin's effect. They 1dentified the Con A on the cell's
surface and on the inner a;pect of the endocytic vacuole membrane.
The fact the Con A is bivalent or possibly mu]ti;a1ent in its
interaction with cell-surface saccharides seems to be

significant because succinylated Con A which behaves as a univalent
T1gand inhseveral mouse cells, does not stimulate pinocytosis even
though it is interiorized in a® adsorptive fashion.

B lymphocytes rapidly pinocytose antilgG mo1ecu1es:xnmd‘to their
cell-surface immunoglobulins (Taylor et al.,‘1971; Unanue ef al.,
1972; Gonatas et al., 1976); again, thglibivalent nature of the anti .
mmmunoglobulin 1s mportant since uniant anti immunoglobulin ~
fragments are not rapidly i1nteriorized (Taylor et al., 1971; Unanue et
al., 1972). In contrast to the effetts jf the endocytosis of”

1ndigestible materials on enzyme secretipn, the endocytosis of

digestible materials appears to regulate the levels of intracellular

'‘lysosomal enzymes. Phagocytosis of red blood cells or pinocyto$is of

serun proteins induces the synthesis of lysosomal enzymes 1n mouse

macrophages and leads to a tenfold increase in their intracellular

‘content (Ax1ine and Cohn, 1970). The uptake of latex or sucrose has

no corresponding stimulating effect, which suggests that the products

of intracellular digestion are responsible for this increase-in enzyme
+



synthesis (Ax1line and Cohn, 1979).
(11) RECYCLING OF PLASMA MEMBRANE DURING ENDOCYTOSIS

The 1dea of recycf:ng of plasma membrane was initially proposed
by ﬁg1ade (1956) following his initiai electron microscopic
observations of endoplasmic reticulum. Until ﬁécegtly, it has been
difficult Fo obtain evidence subborting this concept. The findings of
Steimman et al., (1972) provide experimental support fo; the A
membrane-recycling ;ypothes1s. Steinman et a1.,‘showed that the total
surface area of plasma membrane, pinocytic vesicle meﬁbrane, and
secondary lysosomal membrane of mouse fibroblasts each remains
constant despite extensive interiorization o% the cell's surface
membrane during pinocytosis. These results led Steinman et al.,
(1972) to prop;se that interiorized membrane is recycled back to the’
cell surface intact. Extensive degradation and resynthesis, at least
for most membrane components were considered unlikely,in view of the
rapidity of the process, the considerable metabolic 1éqd this would
mmpose and the failure to dete;t such rapid degradation 1in most
studies of plasma membrane turnover.

It has been shown that a number of ligands of great)phy51o1og1ca1
“interest, such as 10Q-dens1tj Tipoproteins (LDL) Goldstein et al.,
1979; Goldstein et al., 1982), peptide hormones (King and Cuatrecasas,
1981) and transport proteins, e.g., .transferrin (Regoeczi et ai., .
1982) enter the cell by receptor-mediated éndocytosis (Goldstein et
al., 1979), by binding to specific receptors on the cell membrane and

are then internalized by concentration in clathrin-coated p1ts and
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vesicles. In the maaority°of cases so far‘studied, the 1nternalized
1igand has been shown to be delivered to lysosomes, but delivery to
othqr destiqgtions e.g. the Golg1 complex (Posner et al., 1981) or
GERL (Golg ébparatus-endopfasmic reticulum-1ysosomes) (w11fingham and
'Pa;tan, 1982) has also been documented. According to the classical
Tysosome concept (de Duve and Wattiaux, 1966) the endosome, j.é., the
p¥nosome or phagosome, fuses directly with a primary or secondary
lysosome. Evidence has been obtained on seQeral systems*[flbrob]ast;"
in culture (Pastan and Willinghanm, 1981Y and hepatocytes (Wall et al.,
. 1980)] il'1cat1ng that the incoming vesicles fuse with an intermediate
or prelysosomal compartment prior to delivery of the 1internalized
Tigand (ap-macroglobulin and asialogliycoproteins, respectively) té
lysosomes. There is now both morphological (Pastan and Willinghanm,
1981; Wall et al., 1980; Courtoy et al., 1982)'and biochemical (cell
fractionation) (Courtoy et al., 1982) evidence for the existence of a
distinctive 1ntermed?;te endosome or prelysosomal compartment, which
has been called a "receptosome" (Pastan and Willingham, 1981) or a
"sorting vesicle" (Goldstein et al., 1982). -

The existence of such a _prelysosomal or sorting compartment

. . . M .
provides a means by which surface membrane constituents such as LDL

(Goldstein et al., 19&2) and asialoglycoprotein (Schwartz et al.,

% 3

1982) réceptors can recycle d1r?ct1y back to the cell surface and
escape lysosomal diges£1on after which the ligand can be delivered to
the lysosome and the‘receptor can return to the cell surface. This,

however, requires that the ligand dissociate from 1ts receptor 1in

(

-

o -
-
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transit through the receptosome or sorting vesicle. One mechanism to
explain how this takes place has been provided by the finding (Tx;ko
and Maxf1e]d,f1982; Maxfield, 1982) that this intermediate compartment
(which lacks lysosomal enzymes) has a low pH (approx. 5.0). The low
pH would facilitate dissociation of man{‘11gand; from t£31r receptor
because a number of Tigands [e.g. LDL (Goldstein et al., 1982;
Anderson et al., 1982), asialoglycoproteins (Wall et al., 1980;
Schwartz,et al., 1982), epidermal growth factor (EGF) (Ha1§1er et al.,
1980) and 1n;;11n (Posner et al., 1981)] undergo rapid dissociation.
from their receptors when the pH droﬁs below 5.5. Thus, the -
intermediate endosome compartment may serve as an "acid wash" (Palade,
1982) which p;omot;s 11gand-recepto[.d1ssoc1ation and at the same time
cleanses 1nternalized plasma membrane of extraneous molecules taken up
from the extra&eﬁ]ular environment nonspecifically (e.g. by
electrostatic interaction) before it 1s recycled back to the cell
surface. :ft has recently been shown (Ga11owéy et al., 1983) that the
membrane of enyosomes, 1ike that of lysosomes (Ohkuma et al., 1982;
Schne1d?r, 1981), contains an ATP-driven proton pump believed to be
responsible for maintaining the Tow pH.
H. MECHANISMS OF PROTEIN DEGRADATION IN CULTURED CELLS i

At least two separate mechanisms have been wmplicated 1n protein
turnover occurring in culturif of mamimalian cells., For.convenience
Knowles and Ballard have called these an A mechanism, characterized by

marked variation in activity, and a B mechanism, which maintains a

relatively constant rate. These two mechanisms can be distinguished
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by their different sensitivities both to alterations in the ce11u1ar
environment gnd to inhib#ors of proggolysis. For example, the A
.nechanism is wmmediately stimulated when cu]tu;ed cells are placed n
a’serum-deficient medium (Knowles and Ballard, 19765 Hershko and
Tomkins 1971; Poole and W1bo,\1973; Amenta et al., 1977a; Hershko and
Ciechanover, 1982; Amenta and.Brochery 1981) and 1n turn, this 1nduced
cé]]u]ar proteolysis can be rapidly inhibited by cyclohexwmide,
(Hersggo and Tomkins, 1971; Amenta et al., 1977a; Auricehio et al., -«
1969; Amenta et al., 1977b), insulin (Knowles and Ballard, 1976;
Anenta et al., 1977a; Auteri et al., 1983) and microtubular poisons
(Anenta et al.,.1977b; Amenta et al., 1976; Seglen, 1983). In
contrast, these agent's in shg;t-}erm experiments have little or Eo
effect on the 8 mechanism. Studig; on 1solated liver cells (Seglen,
1975; Seglen, "1976; Seglen, 1977; Seglen and Reith, 1976) have
demonstrated @hat‘NHqcl and the salts of organic bases are potent
inhibitors of proteolysis in the A system. A similar inhibition has
been observed {n cultured fibroblasts (Amenta et al., 1977a; Wibdand
Poole, 1974; Glimelius et al., 1977; Amenta et al., 1978). Detaiied
studies by Ohkuma and Poole (1978) indicate that these latter :
nhibitors are concentrated in the acidic lysosome and effect an
increase in the pd  sufficient to inhibit the action of the athd
proteases within the vacuole, suggesting that a common mechanism of
action is involved for this group of agg%tst These studiés suggest
that the variable A pathway represents protein degradation occurring

1n the lysosomal system.

Ao

Rl i e



While it is reasonably clear that the autophagic mechanism can,

under appropriate conditions, be activated 1n both in vitro and in
vivo systems and contribute significantly to the degradation of
proteins, the role of the lysosomal system in basal proteolysis (B
mechanism) remains controversial, In order to analyze data on this
subject\it is necessary to ascertain that the experiments were

conducted under conditions in which the autophagic mechanism was not

in an.act ated state. The cells being studied épould be maintained

in fresh growth medium contafhing an adequate amount of serum to

suppress proteolysis and also,.8gents such as ins Linjor vinblastine,

that are known to inhibit indhced autophagic proteolysis, must be seen

not to affect the rate of cell protein degradation. While this would

be most difficult to achieve 1n organ perfusion experiments as well as

experments on direct isolates of cells, where the initial preparatory

steps always activate lysosomal proteolysis, carefully controlled

gxpgriments with monolayer cultures offer; a reasonable possibility of

attaihing a controlled level of basal proteolysis 1n thse cells. .

Studies on rat fibroblasts carefully maintaingd under basal conditions

showed no suppression of proteo]ysisfwwth either insulin or

;1nb1ast1ne, yet a 22% inhibit}on when chloroquine was AHdeH to the

culture (Amenta et al., 1977a). NHyCl also produted.10—30% inhibityon

of basal proteclysis in this system (Amenta et al., 1978a; Amenta and v
Brogher,J1980a; Amenta and Brocher, 1980b).. Thas small ?ut

significhnt inhibition of basa] proteolysis affected by_thezf salts of

weak bases sugéested that thesekhgents not only complete1y'block any

%
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induced proteolysis (autophagic-mechanism), but also concurvrently

@

suppress a small component of basal prot®o1ysis, Poole and co-workers
(1978b), observ1ng a s1m11ar d1fverenu1a1 1nh1b1t1on of proteolysis in
macrophages and rat fibrob1asts treated w1th ch?ov‘oqume9 have also
concTu@gd that two differential lysosomdi poo]s are involved, one in
the basal degradation of cellular proteins, and a second invelving
deg¥§dation of proteins éntering the lysosomal system v;§ gutophagy.
That'a']ysosoma} mechanism complements basai protein degradation
can also be demonstrated by ;nhﬁbiting protein degradation in cell
cultures with qyc1oheximidéi Wnhen exposed to this ag;nt é'lones
fibroblasts in growt@whediwm show a 15-20% dgpreﬁéé in the basal
degradation rate of cell protein (Amenta et-al., 1977b; fmenta‘et al.,
1978).° Nhen the cei]s were exposed concurrent1y"ﬁo both cycioheximide
and NHQC] the NH%CT contributed véry 11tt1e to the inhibition already

caused by cyc1ohex1m1d‘e9 suggesting that both agents were aff ect1ng

the comp]ementary Tysosomal mechanism: It" has.been suggested that the

inaibitory effect of cycloheximide on‘proteo}jsiéiis not related to

¢
v

its inhibition of protein synthesis (§ez et al., 1976; Gunn, 1978).

Thus, ¥t appears that basal proteo1ys§s involves at Teast two -

o AY . -
"mechanisms, one involving acid proteases in lysosomes, and another

~

invoivfng ﬁeut%a1 proteases probebly Tocated in the cytdp]agmo Neff

et al., (1979) have proposed that slow-turnover proteins are degraded

by the 1ysosoﬁa1 acid proteases and the fast turn-over pﬁbtein;)awe‘

" degraded by heutral proteases.

¥
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1. DEGRADATION OF IgG BY CELLS AND CELL EXTRACTS
In view of the reports that tumor cell extracts have'extensive

protéo1ytic activity (Maver et al., 1945, 1948; Purr, 1934; Shamberger'
et al., 1971; Schersten et al., 1971) and the findings of Sylven et
al., (1965 1968) that 1ysosoé§1’enzynes were detected in the
extracellular fluid of various éypes of tumors, attempts have been
made to determine 1f tumor cells are capable of degrading the IgG
molecule. Engers and Unanue (1973) complexed [*2°1I] rabbit 196G
antimouse immunoglobulin to the surface-bound immunoglobulin of B
1ymphocytes and investigated 1ts fate in culture. They observed that
early during culture a small amount of-antiimmunoglobulin with a
sedimentation constant greater than IgG was released into the culture
supernatants. Most of the remaining immunoglobulin was catabolized.
Examinations of culture medium and cell supernatants identified the
1257 hound to amino dcids or to small protein fragments. This
‘metabo]ég% of the rabbit IgG against mouse 1mmunoglobulins was
temperature-dependent and also specific for that fraction of the
rabbi1t IgG capable of interacting with the surface immunoglobulin
present on mouse B lymphocytes. They therefore concluded that B
Tymphocyte sheds a small percentage of the immune complex and
1nternalizes and effectively degrades the remainder. A similar
conclusion was reached by Fish et al., (1554) and Keisari and Witz
(1978, 1979) af%er observing that TA3 and EL4 tumor cells,
respectively, could degrade their surface qegZ;ane bound antibodies to
dralyzable products which could-not be precipitated with ammonium

sulfate. In an earlier report, Keisari and Witz (1973) noted that

>4



"53." ’ 1

lysosomal extracts -derived from .various mouse tumors degraded mouse
mmmunoglobulins upon in vitro incubation at pH 3.6 or at pH 3.8. 196G,
was more sensitive than IgG2 to the proteolytic activity of this
lysosomal,extract. This agrees with the rgsu1ts obtained by others
showing differences in susceptibility of various mmmunoglobulin
subclasses to proteolytic digestion (Virella and Parkhouse, 1971;
Gergely et al., 1572). Along these Tines, Motas and Ghetie (1969),
Ghetie and Motas (1971) as w$11 a#‘Lo Spalluto et al., (1971) have .
" found that lysosomal fractions rich 1n"@thépsin activity partially
degrade IgG, yielding Fab' and Fc ?ragments. While the Fc fragment
was easily degraded to smaller fragments, the Fab' moiety was .
resistant to degradation. The results of Sobczak and de Vaux Cyr
(1971) which showed that they were able to elute Fab' an&'Fc
fragments, in addition to intact IgGo molecules from in vivo.grown
SV40 induced hamster tumors imply that imTunog16bglin degrading ‘&
cathepsins of tumor grigin function in vivo.

.qIn a more detailed study, Schneider et al,, (1981) ncubated
cultured rat fibroblasts with JIgG doub;y Tabeled by 3H-acety1atioﬁiand

*

conjugation with fluorescein {FAC-I1gG). The fibroblasts took up the
FAC-1gG continuously for at least 7é hr. They returned the major part o
of the internalized IgG back "to tﬁe medign in the form of breakdéwn
products of very low MW, ée1 filtration and immunological analysis of ‘ v
cells and mediun at various times indicated that eq;entia11y all the ’ 7
FAC-I1gG molecules taken up: underwent digestion of' their Fc %oiety but

that the Fab moieties of oﬁly about 75% of the molecules was

1
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degraded. The rest remained stored intracellularly in the form of
F(ab')z-type;fragments that slowly dissociated into Fab'-type
fragments., When FAC-IgG was incubated in vitro in the presence of a
hepatic lysosomal ex%ract, comp?ete”digeséion of the Fc part likewise
occurred, but the Fab' part of most 1f not all the molecules proved
resistant to breakdown, and remained as Fab'-type fragments. Cell
frac?ionatio; experiments demonstrated that the compartment in which

+

a FAC-IgG and its digestion‘residues was storéd: (a) showed a densiiy
J1str1but1on pattern in a-sucrose gradient 1qentiga1 to that of the
lysosomal marker N-acetyﬂ-B—g]ucosgminidase and clearly dissociated
“from that of the Golgi marker galactosyltransferase, and (b)
accompanied the lysosomal marker 1n 1ts density shift indyced by
exposure of the cells to chloroquine., Thus, they concluded that
storage and processing of FAC IgG by.rat fibroblasts occur in a

. single, digestively active compartment of lysosomal nature, and that
resistance to digestion of certain Fab'-type fragments accounted
largely for the 1nability of the lysosomal enzymes to completeiy

) digest the FAC-IgG taken up. |

The mechanism and site of IgG degradation in vivo, is not well
understood, but after injecting [1251]Igﬁza i ingo rats, Fukumoto

and Brandop (1981) showed a close relationship between'the bhinding of

IgG2a to the liver, spleen and lymph nodes and ipf catabolism. 5

Intermediate products and metabolites of IgG2a were also fgund

intraée11u1ar1y in the spleen and 1ymph nodes. '
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J. OBJECTIVES . - \ .
Robinson et al., (1973) had shown that MTX ;}hxfd to anti L1210
cell 1gG by tﬂe carbod1imide method prolonged the sg;vival of mice
inoculated intraperitoneally with L1210 cells mo“ %hanuphose given
unlinked antibody and MTX. Chu and Whiteley (1977):'h5@ever, )
demonstrated th;t MTX Tinked to bgvineqéﬁilkra1bumin (éSA) was as
effective as free MTX 1n prolonging the survival p; mice ‘{noculated -~
intraperitoneally with LlZlO cells. Kulkarni et al., (1981) have
compared the ability of ;ree MTX, MTX Tinked to normal rabbit IgG
(NRé), AELG alone, AELG mixed with free MTX and AELG Tinked to MTX by
the active ester intermediate method, 1n prolonging the survival of
mice 1noculated intraperitoneally witﬁ‘EL4 cells. They found that
even tﬁough MTX linked t9 NRG prolonged the survival of mice more than
free drug, MTX-AELG was much more effective in prolonging the survival
‘of mice. This find¥ng by Kulkarni et al., clearly established the
superiority of MTX-antibody conjugate in inhibiting tumor growth in
vivo; however, its mechanism of a|§1on has not been established.

" The objective of this thesis is té‘determine the fa&tors that
contribute to the superior effectiveness of the specific antibody-MTX
eonjugate qn_1nhibit{hg tumor g;owth in vivo. For example, the
superior thefﬁpeutic effectiveness could be due to (a) greater
delivery of the MTX-antibody conaugéte to the tumor cell and/or (b)
longer plasma hg]f 1ife of the conjugate, thereby‘acting as a depot
from which more drug is continuously‘de1ivered to the tumor. Using
the EL4 lymphoma and Human melanoma MZ1 cells, these have been - .

.

investigated by comparing the 1n vitro and in vivo uptake and level of

L]
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accunu]gt{@é of (a) free MTX, (b) \MTZ(-NRG conjugates (c) MTX-ant1tumo
G‘conju‘gate\s. The rate of efflux of free or conjuggted MTX from thy
calls in an environr;:ent deplefed of drug as well as tlf\ue abitity of th

cetls to‘ge1ease free MTX or active MTX-containing fragments that can

- €
i s . A
inhibit DHFR have also been examined. .
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MATERIALS AND METHODS
A.  MATERIALS AR

«
.

Freund's complete adjuvant was obtained from DifcoiLaboratorles,
Detroit, MI, USA. DEAE-cellulose DE52 and DE32 were pur&pased from
Whatman, England. Sephadex G200 was the pnPduct of Pharmacia Fine
Chemicals, Uppsala, Sweden. F1uoresce1?—conjugated antibody against

mouse or rabbik 7S globulin was obtained from Hyland Laboratories, Los

Angeles CA, USA. labeled MTX, Sodium dodecyl sulfate, Chloroquine,
Leupeptin, Bovine Live DHFQ, NADPH, Dihydrofolic.acid, Antipain, N
a-p—tosy]—L—]y;1ne chloromethyl ketone and Pepstatin were purchased
from Sigma Chemical Co., St. Loyis, MO., USA. [°HIMTX, Aquasol-2 and
Oxifluor-H20 were the products of\New England Nuclear, Boston, MA,

USA. ‘Dimethylformamide and N-hadroxysuccinimide were obtained froﬁ

[

r—.
. Aldrich Chemical CQ., Milwaukee, WI, USA.' Dicyclohexylcarbodiimide

was purchased from'Eastman Organic Chemicals, Rochester,’NY, USA.-

Biogel P100, High purity acrylamide, Bis-acrylamide, Ammonium .

persulfate anq Bovine plasma albuwin were the products qf Bio-Rad

Léﬁorétories, Richmopd, CA, USA. >RPMI 16¢b'§nd Fétal caf® serum were

)

obtained from Flow Laboratov%es, McLean, VA, USA. The Coulter counter

Model "ZI"¢ was purchased from C0u1tenﬁe1§étronics, Inc., Hialeah,

FL, USA and the Oxymat Model IN 4101 was the product of *

» ., “r ] L%
Intertechnique, Paris, France. Cellulese coated thin layer,

chromptography gldss p1ate§ were obtained from Brinkman Instruments

&\-

Inc., Westbury, NY, USA, Lo
Al1l other chemicals and solvents used were reagent grade or the.,
*
hY ' . ’\ . i
? - v ‘,
’ { LWM a
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highest available quality.’ )
.B. MICE, TUMORS AND METHODS OF TRANSPLANTATIdN
(1) EL4 LYMPHOMA x '

The murine EL4 Tymphoma was obtained from the Chester Beatty
Research Institute, London, U.K. and maintained by serial
intraperitoneal passage in syngeneic female C57BL/6J mice purchased
from the Jaékéon Laboratory, Bar Harbor, ME, USA. The mice were
housed in groups of 5 in p]ast1c1cages in an air-conditioned room
maintained between 20 and 25°C. The diet consisted of Puriha
Laboratory Chow (Ralston Purina of Canada LTD, Woodstock, Ont.) and
tap water, ad 1ib.

(i) HUMAN MELANOMA M21 CELL LINE ,

The human melanoma M21 cell line was obtained from the Scrips
Research Institute, Ta Jolla, CA, USA and maintained by séfial
dsubeu%§neous transp]d‘%at1on in the flank of nude mice of BALB/c

‘ background (Har1lan Spragde-Dawley Inc., Madlgon, WI, USA). A few
passages 1n vivo stabilized the 1ine 1n this nude mouse host so that
now transplanting 2 x 10% M21 cells into 8-week-old mice always leads
to the formation of a palpable tumor between the 7th and 10th day'
%011owed by steady prégressive growth which does not vary
.significantly from mouse to mouse. The nude mice were kept 1n

3

1solation cages in .a room under positive pressure with filtered air

™

and given ad 1ib sterile water and autoclaved Purina Laboratory Chow.

o

The M21 cell line i$ also maintained n vitro, y weekly passage

of 10° cells into tissue-culture flasks containing RPMI 1640

-
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s ‘supplemented with 10% fetal calf serum.
C. HARVESTING OF TUMORS
(1) EL4 LYMPHOMA

-

*
Harvesting of E}4 1ymphoma from passage mice was performed as
‘ follows:

»

(a) The abdominal skin of the ascites tumor-bearing mouse was
/

;1eaned with 70% ethyl alcohol, and a sterile 18~gagge
needle was 1nserted into the peritoneal cavity. *
(b) Ascites fluid dripping from the free end of the needle was
> ‘ collected 1n sterile centrifuge tubes containing about 20 ml

of sterile PBS. -

* 3

(c) The total volume of the cell suspensjon was measured and as
total cell count was performed.
(d) The cell suspension was centrifuged at 300g for 15 to 20
' minutes. |
(e) Tumor cells were resuspended in ;terxle PBS or RPMI 1640 at
] desired concgptrations.
T (41) HUMAN MELANOMA M21 CELL LINE
';‘» Harvesting of M21-cells from passage nude mice was performed by
removing- the tumor under ster1{e conditions, then dissociating it
mechanically by&passage through a wire mesh (400 holes/cm?).
Nonviable "cells were removed.by differential flotation on
F1co1liHypaque and after wﬁshing, resuspended in PBS or RPMI 1640 at
the5d§s¥red concentration.

. Tumor cells in Pissue culture were harvested after 1ncubation
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with a calciun and magnesium free EDTA solution, washed tﬁ?ce, and
resuspended in PBS or RPMI 1640.
D.  CELL COUNTS AND VIABILITY TESTS {

Tumor cell counts were performed with a Spencer haemocytometer or
with a Coulter Counter. ’

Viability of the cells was determined by the exclusion of 1%
(w/v) trypan blue 1n distilled water diluted 10 times with 0.9% (w/v)
saline. '

E. PROD&CTION OF RABBIT ANTI EL4 LYMPHOMA AN%IBODY (AELG)

Six rabbits at a time were each inaected’1.m. n both flanks and
both shoulders with a total of 4 x 10® freshly obtained EL4 cells,
which had been washed 3 times with PBS at 4°C (>98% trypan blue
impermeable). For injection, the cells were suspended in 4 ml of PBS
.and mixed with an equal volume of Freund's complete adjuvant. The
injections were repeated after 1 week. Beg1nn1%g 1 week after this
second set of 1njections, the rabbits were injected 1.m. twice a week
with 10% cellis/rabbit with no adjuvant. Three days after the tenth
such inaection,ds m1‘of blood were obtained from the ear vein of each
rabbit (test bleeding). The resulting test sera were separately
absaorbed with homogenates of normal mouse tissues and\assayed
thereafter by immunofluorescence for the presence of specific anti EL4
ant.ibody, 3s described below. Rabbits showing titers of 1:64 or
greater were exsanguinated. The pooled sera were i1nactivated at 56;0
for 30 min and then successively absorbed with washed homogenates of

Tiver, lungs, kidneys and spleen from normal adult C57BL/6J mice.

L
3 * -

o = o Vv v
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Absorption with each homogenate (homogenate: serum ratio, 1:3 by
volume) was carried out with gentle shaking for 4 hr at 37°C followed
* by another 8 hr pgriod at 4°C. Sera were §eparated from hofogenates ‘
by centrifugation (20;000 x g) for 2 hr at 4°C. Absorptions were
repeated (usua}]y twice with liver, lung and Kidney and 3 to 4 times
with spleen homogenate) until the serum réacted on immunofluorescence
assay with EL4 cells only and not with eithef\n§yostat’sect1ons of
normal C57BL/6J mouse tissues or suspensions or‘smears of C57BL/6J
lymphoid cells derived from lymph nodes, spleen and thymus; Bl6
melanoma cells; 2 Tines of AKR/J lymphoma cells; and Ehrlich ascites
tunor cells maintained 1n BALB/CJ mice. ",
F.  PRODUCTION OF RABBIT ANTIMELANOMA. M2l ANTIBODIES (AHMG )

For production of rabbit antimelanoma M21 antisera, washed,
trypan blue impermeabla M21 me]anoma cells were mixed %ith 2 m1 of
Freund's complete adjuvant and injected i.m. 1nto adult New Zealand
white rabbits (4 x 10% cells/rabbit). Starting one week later, 11
1njection§5were given without adjuvant over a period of 4 weeks. .
Three days after the final injec%ion,.?n1mals were Tgst—b1ed and aéter’
serial absa:ptions as described below, the resulting sera'weik‘tested
by immuné?ﬁuagsscencgﬁfor specific me]anomq’activity.‘ 62, als who§e

]

sera showed a titer of 1:64 or greatér were bled to obtain a maximum

quant1ty of immune sera. The serum was then heat inactivated and
repeatedly absorbed with group AB, RHT red ce]is, and homogenates of

normal human T1iver, lung, kidney and spleen. The absorﬁtﬁéns were

repeated until the sera would react only with the immunizing me1anoma

.
» [l -
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}cells and not with normal human skin fibroblasts, human peripheral
blood 1ymphocytes or other normal adult human tissues. The
. specificity and reactivity of the antihuman melanoma sera were
determ1éed according to the methods outlined by Ghose et al.) (1975) ¥
In some experiments, as indicated, the rabbit anti M21 sera were used
after absorptions with only AB, RH* red cells. The objective was to
provide additional antigeni¥ sites for bind]ng of conjugates. °
G.  MONOCLONAL ANTIBODY 225.285 TO A HIGH MOLEéULAR NEIG&% MELANOMA
ASSOCIATED ANTIGEN (MAB). )
qﬁf This monoclonal antibody was kindly supplied By Dr. Soldano
5 Ferrone (Dept. of Microbiology and Immunology, New York Medical
College, Valhalla, NY 10595). 1Its preparation and the serological and
1mmunochemical characte?ﬁzation of its specificity have been described
(Imai et al., 1981l; Wjlson et al., 1981). The MAA to which the MAB 1s
directed against consists of a 280 K dalton glycoprotein noncovalently
associated with other glycoproteins ranging from 300 K to 700 K
daltons. It is expressed by the vast majority of malignant melanomas,
nevi and a small proportion of squamous and basal cell carcinomas. It
has not been detected in normal tissues and its expression is not

associated with synthesis of melanin. Though this MAA is expressed in

primary, metastic or recurrent melanomas, there is a quantitative
¥

variation even in a given tumor cell population. Monoclonal antibody ‘I
225.285 was purified from ascites fluid by sequ’al ion exchange (
chromatography and gel filtration. . —

-
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H.  FRACTIONATION OF SERA : ' ,

A1l sera and MAB preparations were brought to 33% satﬂ?ation by

adding saturated aqueous ammonium sulfate. The precipitate of MAB -

L)

225,285, AELG, AHMGR, AHMGR+T or of NRG was dissolved in PBS and

the ammonium su]féte was removed by -repeated dialysis against PBS.

I.  MEMBRANE IMMUNOFLUORESCEYCE ASSAY £
Membrane immunofluorescence assay of tumor cells and other . o f
: W
-control preparations were performed by the sandwich method asq’ r

o

described by Ghose et al., (1977), using fluoresceinated goat 9ntibody“

" against mouse or rabbit 7S globulin. The ehd point .of the titre is .
taken as,visible staining of 50% of the cells exposed td the' antibody
or its conjugate. e

J.  PREPARATION OF MTX- IMMUNOGLOBULIN CONJUGATES

_ MTX was conjugated to Id% by an active ester 1ntermed1ate method
descr1bed by Kulkarni et a1 (1981) 0.1 mmol of unlabeled MTX in
mixed with [ H}HTX‘to give a spec1f1c activity of 5 mC1/mmo1 and
dissolved in 1.0 m1 of dimethylformamide. 0.1 mmol of .
N-Hydroxysuccfn?m1de mn 0.5 ml of DMF was added w1th°§t1rring, s
followed: by 051 mmol1 of dicyclohexylcarbodiimide in 0.5 ml of DMF,

The reaction mixture was stirred for 1 hr at room temperature and then
for 18 hr at 4°C in the dark and under anhydrous conditions. After

®
the precipitate had been removed 0.2 ml of the clear orange ~

L 4

supernatant was aﬂded to a reaction mixture consisting éf 16.0 mg IgG,

0.8 ml .DMF and 4.0 ml1 of PBS. The mixture was stirred for 4 hr in the

-

dark at 4°C and centrifuged at' 9,500 x g for 20 min. Free MTX was
e

-~ .
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dinitial chr@matography’\ Th1§/p§su1t shows that there as no~

: o

separated fram the MTX-Ig6 cdhjugate oyL::::;z chromatugraphy on ’
B1Oge1 Ploo and then by dialysis nvern1ght against 1|1litre of PBS.

The average 1ncorporauaan mf MTX was 5 to 6 mo1es of\MTX per mo1e of ¢
IgG. Repaat chwomatography of thefLOﬂsugates afﬁer trey had been ’

$
stored for 1 week at, 4°C and pH 7.1 gave‘a sjngle pea

A

S of
radioactivity that elhﬁed at thé® position.of the conjugates ﬁn the

d1ssoc1at1on of Tabel fﬁﬁP/MTX or of the 1abe1ed\MTX frpm the, N Ty
'CONJugate ‘ . ) X o . o X . T
. K, SODIUM DODECYL SULFAT& POLY&CRYLAMIDE GEL ELECTROPH RESI$ v'f . ; -

running gél. " The currént was then increased to 80 mA and ' o

_gel of 3% (w/v) acrylamide, he1ght 2 5 cm, and a running gel of 7.5% oo

" until the sambﬁes containing bromophendl blue tvhcking“ﬂy@ reached the

S1ab=gefgpolyacryiaﬂ1de g€l @Jectrophore315 (PAGE) was-carried

out essent1a?1y\efaord1ng to Lamnli (1970) withoa BioRad 'vertical

<
\
v
%y A . L /

slab gel apparatus, model 220 Stab gels were composed oﬁ a stacking

P

(w/v) a&ryﬁam1de, Hheight 8.5 m. The geis were 1.5 mm in thickness.
Thg}cﬁectraphores1s buffer was 25 mM Trws, pH 8.6, conta1n ng 192 mM -

g1y§1ne and 0.1% (w/v) SDS E]eﬁtrophores1s was carried out w1th tap.

(J"’

water (Qppﬁbxamateiy 15° C) circulated through the 1nner chémber as a

&

caolant. A constant current of 40 qA was applied per\ﬁya slab gels =

o

eiectr&%horesis was continued fdr about 2 hr. The gels were then
a9 AL, B

fixed and stained for prétein with Coomassie Blue.

%TRO UPTAKE STUDIES Lo ' "

(i) UPTAKE OF MTX AND" ITS CONJUGATES BY ELg CELLS ;
. Female C578L/é§¥mzce (25 30@) were 1n@cu1ated i.p Twith 107 FLA

e s ©
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-Eg?iso On the 7th day after inoculation when the ascites f?uid rarely
contains red blood cells, (Guclu, 1975), the ascitegxijuih containing

EL4 cells was harvested and the tumor cells were washed threes Limes

- with RPMI 1640 mediun witﬁout serum at 4°C. 1In.35 x 10 mm tissue

culture dishes 107 EL4 cells/ml were incubabed with 10 u# [PHIHTY
(either free or conjugated to NREG or AEDG) in ¢ final volume of 2 ml
RPMI 1640 for various times at 37°C andezzaT?QY aliquots of céﬁis
were incubated‘gt 0°C, a temperature at which uptake of MIX is

\
reported not to take plackz (Goidman et al., 1968; Hendersen and

o Zevely, 1986)% A so, capping and endotytosis of c@?lasuvﬁacemb@und

antibody do not take place at 0°C (Buclu el al.,-1978; Unanue et al.,
1973). For d@tevnanaxvon of Km and Vmax values * @r MTX uptake, the
ce?is«were 1ncubated with 2 ml of MTX solution @f concentrations
between 0.1 pM and 10 M for. 3 min at 37° C, At ﬁhe end of incubation,
the cglls were caiTécted by ceﬂavafugat1@w at 600 X g for S min and

'8

were processed for determination of cell-assocdiated radioactivity as

223

° described below. ;

©

¢y (id) EFFLUX OF FREE MTX FROM EL4 CELLS

-

-

. EL4 celts (107/m1) were ingubatéd for 1 hr in serum-free RPMI®
1640 with either 1 wM [3HIMTX (1.0 Ci/mmol} or 10 uﬁ [BHIMTX (0.16
Ci/mmo1) in 35 x 10 m tissue culture dishes at 37°C. The cells were
then washed 6 tiTes with 10 ml1 of cold PBS, after whigh they weve '
°' incubated at’ 37 C 1n 2 ml of med1um4w1thout MTX.. At various times,.
». the cells wgre washed once with 10 ml of cold PBS then pro@@ssed for

determination of ckljaassociated rad1oact1v1ty as described balow.

v ° s 9
v C) ~
B
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(1711) UPTAKE OF MTX AND ITS CONJUGATES BY M21 CELLS
For determination of the kiné%ics of uptake of free and
conjugated MTX by M21 cells, single cell suspensions were plated at a.
'concentrat1on of 10% cells per 35 x 10 mm tissue culture dish. At 72
hr, the cells were washed 3 times with 1 m1 of RPMI 1640 medium
without serum at 4°C and then 1 ml of 10 uM [3HIMTX, free or
conjugated, was added and allowed to incubate at 37°C and O‘C.‘ For
obta%ning a larger quantity of cells, the initial plating was 3 x
105cells 1n 60 x 15 mm dishes, initial washing was with 3 m of medium
and incubation was with 3 ml of medium containing 10 uM [3HIMTX '
conjugate, At various times, cells were harvested and processed for
determination of cell-associated radioactivity as described below.

d For determination of Km and Vmax values for MTX uptake, 1 ml of
MTX solution of concentrations between 0.1 uM and 10 was added to
the dish and incubated for 3 min at 37°C._ For determining the effect |
of the\free carrier on uptake of conjugate, M2l cells (3 x 108 per 60
x 15 mm dish) were washed at 72 hr with RPMI 1640 withouyt serum and
incubaged with 3 m1 of 10 uM [PHIMTX-AHMGR together with a ten fold
mofar excess of either. unlabeled MTX, free AHMGR or MTX mixed wjth

AMMGp. They were processed for the determination of Cell-associated,

radjoactivity as deséribed below. 1 . L
- .

« % ¢+ .
(iv) EFFLUX OF MTX AND CATABOLITES OF MTX-AHMGp CONJUGATE FROM M21

<

CELLS , ' . o

For efflux studies with free MTX, 10° washed cells per dish were
loaded by incubation for 1 hr at 37°C with MTX at a concentration of 1
or 10 pM. At the end of the incubation period, the cells were washed

L3 Ed
#

~
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10 times with 5 mi of cold PBS after which they were allowed to
reincubéte in 2 ml of medium without serum at 37°C. For efflux
studies with MTX-AHMGR, single cell suspensions were p\aﬁedcip 60 x
15 mm tissue cu?%ure dish at a concentration of 3 x 10° ceT1§ per
dish. At 72 hr, the cells we%e wééhed 3 times w{%h 3 ml of RPMI 1640
without serum at*4°é, then 3 m1 of 10 uMﬁ[gﬂﬂMTX-AﬂMGR was added and (
incubated at 37°C for 7.5 hr. After incubation, the cells were washed
5 times with 10 ml of cold PBS, thep 3 ml of RPMI 1640 medium without
gerun was added and the cells reincubated at 37°C. In a parallel )
efflux experiment, 100 iM chloroquine or leupeptin was present in the
medium throughout the peripd of efflux. OAt the indica%ed times, the
cells were harvested and cell-associated radioactivity determined as
described below.
(v) . DETERMINATION OF CELL-ASSOCIATED RADIOAG%IVITYﬂ

At the end of incubation, the cells were washed sixﬂtimes.(onée.
for efflux experiments) with 10 m1 of cold PBS by centrifuging éhem at
600 x g for 3 m?nﬁgnd then dissolved as described by Johnson et al.,
(1978) in 2 ml of 0.0IM Tris-HC1, pH 7.4 containing 0.1M NaCl, 0.001M
EDTA and 0.5% sodiun dodecylsulfate. The cell-associated '
radioactivity in 1 ml of the lysate to which had be;n added 10 m1l

Aquasol-2 was determined in 5 Beckﬁ%n Model LS 7000.scintillation

ﬁpunter. @ . ﬂ\

(vi) PROTEIN DETERMINATION

-

The protein content EgLFhe cell 1ysa§e was determined by ¢he

method of Lowry et al., (1951); with bovine plasma albumin used,as‘

7
e
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(vii) CALCULATION OF ENDOCYTOSIS OF CONJUGATES

L > . : "
.-

oo « For accurate determination of endocytosed antibody, the cell

N ®

surface-associated immunoglobulin must be sibtracted from the total
cell-associated itmunoglobulin. This requires that aliquots of cells
. be 1ncubated at 0-4°C with the antibody preparat1on and subsequently

¥

processed at th1s temperature for analysis of ce11 surface-associated

1mnunog1obu11n (Hw]]wnghan and Pastan, 1983) At higher temperatures

endocytos1s and catabol1c elution of bound antibody could take place &
o (w;111qgham and Pastan, 1983), If the cell-surface-associated \
. \ ‘ ‘radioao¢1vity measured for each specific incubation time at 0°C weee ’

~ assumed to.be the amount not endocytosed at 37°C, the net uptake would N

' ¢
o

be ce1c91ated by subtracting each 0°C value from'the corresponding -
37’6 value, However, a more precise determination of the enount
endocytosed at 37° c may be obtained by subtract1ng the amount of

. antibody conjugate that 1s bound at’ the beginning of 1ncubat10n ‘at e
| ©v37° C 15 pmol/mg_ probe1n for MTX-AELG 30 pmol/mg proteln for .
‘MTX-AHMGR+T, 40 pmo1/mg prote1n for MTX-AHMGR and 80 pmo]/mg .

prote1g'fqr MTX—MAB Resu]ts of both calculat1ons are presented o ¥

(v111) CATABOLISM OF CONJUGATES BY M21 CELLS . ) ' RN

%
4

Cé]]% preloaded with cofjugate for 7 5.hr as above, were,allowed v
‘"m o, eff]ux af 3] C for 9.5 hr, then separated from the 1ncubat1on . o
,,med1un by centr1fugnt1on A homogenate was made by f1rst eﬁposwng -

" o cel]s to 40 mM KGl contalnfng 10 mM EDTA pH 7,0“‘then d1srupt1ng them ‘.


http://to.be
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'

. : ’ . ‘

. ina Dounce'hcmogenlzer with a'tight—fitting pestle (86 strokes), :The

homogenate was centr1fuged at 9 500 x g for 20 mwn and 1 ml of the |

supernatant was passeq through a column (1 x 20 cm) of Biogel P100.

The incubation medium used for efflux was 1yophilized and taken up in
10 m1 of PBS. vAf%er centrifuging at 5:500 X g for 20 min; 1 mI of‘the
.supernatant was passed through a’column (1 x 20 cm) of Biogel P100.

. In both cases fractions of 1 ml were collected: and counIed for

) radiocactivity. : ‘ ,{@;

(ix) DIHYDROFOLATE REDUCTASE (DHFR) ASSAY o
The assay methed of Peterson et al.,. (1975b) was used to

T determ1ne inhibition of DHFR by MTX and 'the low moIecu]ar we1ght
rad1oact1y1ty-conta1n1ng fractiogs from the cell extract and efflux

" medium. Reaction{@ix;ures coepajned~0.5M sodium aCetate‘buffér, <

6.0, 0.6 M KC1, 50 pM NADPH, 33 mM dihydrofolate and'0-15 pmole of MTX
or correéponding amounts of test ?ractions in a total volume ef‘3 ml.
(x) IN VITRO INHIBITION OF GROWTH OF EL4 AND M21 CELLS ) '
EL4 cells obtained from the ascites fluid.of C57BL/6J m1ce were
kept in culture for 48 hr ™ RPMI 1640 medium supplemented with 10%

- fetal calf serﬁﬁ\\ At 48 hr, the cells were plated at a concentrat1on
of 0.5 x 10° ce]ls per ml in 35 x 10 mm tissue culture d1shes. M21
¢ells from in v1tro passage were, s1qp]ar1y pIated n 35 x 10 mmkt1ssqe
culture dishes at a concentration of 5 x 105 cells per ml 1n,RPMI ¢

1640 medium-supplemetited with 10% fexa1~ca1f Serum:- ﬁ%x in the free

LS

. or conjugated forms. at~var10u§ qoncentrat1ons was added to the EL% and

M21 celis 24 hr after pIat1ng and 1ncubated for a further 72 hr, after

-

-

»
i
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an efficiency of 37.5%. )
! .5 t z ..aﬂ/
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.
8

which they were harvested and counted in triplicate in a Coulter

- counter to determine the inhibition of.growth. . The ICsp is the

concentration for 50% inhibition of growth, ' :

vt

4

M. IN VIVO UPTAKE STUDIES , S
(i) UPTAKE OF MTX AND ITS CONJUGATES BY TUMOR AND NORMAL TISSUES IN
EL4 LYMPHOMA-BEARING MICE ) * '
Female C57BL/6J mice were inoculated i.p. with 107 EL4 cells. On~
the 6th day postinoculation mice were injected i.p. with 5 mg]ié of
[3H]g}& eiﬁher frée, conjugated to AELG or conjugatedrto NRG, ina
total vp1ume of 1'ml of PBS. At various times thereafter tumors were
draineé from the.peritonea1 cavity with a needle, the animals were
killed by deéapitationu and their blood was collectea and tissues
renoved.k Tymor cells were separated from ascites fluid b}

¥

centrifugation at 600 x g for 3 min, and, after being washedJS times

* with 15 ml.of }BS, were dried to constant weight at 60°C. The ascites

fluid was air-dried 1n Spectrapor dialysis tubiqg. Cél1eéted blaod
was allowed to clot at 37°C, and thenhceﬁirifugea; the resulting serum
was air-dried. Tissues were dried to constant weight at 60°C.

2 gor counting of radioactivity, samples were oxidized 1n an Oxymat4

sample oxidizer. The isotopic recovery after oxvdation was->95% with *
! ' {
a memory of <0.05%. Blanks were oxidized between samples to eliminate
. > 5. ‘ B}
this memory effect. >H was coumted as H,0 in ‘an Oxifluor-H,0

scintillation cocktail in a Beckman LS 7000 scintillation counter with ¢

0 . -
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. (i1) UPTAKE OF MTX AND ITS CONJUGATES BY TUMOR AND NORMAL TISSUES IN
HUMAN MELANOMA M21 BEARING NUDE MICE

4

Female BALB/c nude mice (20-25g) were 1noculated subcutaneous1y
" With 2 x 10° M21 cells in the right flank. Three Weeks, ,
postinoculation when the tumor vo]uqe.averaged 874 mm3;llle m%ce'wewe
. e injected i.v.'throufﬁ the tail vejn with 5 mg/kg off [SHIMTX either '
free, conj;gated to AhMGR+T or conjugdted to NRG 1n a total volume
of 0.4 ml PBS. At various timés thereafter, the mice were killed by
decapitation, their b1ood was collected and tissues were removed
';Ae tissues were dried to constant weight at 60° C prior to ox1dat1on
in the Oxymat sample oxidizer. Collected blood was allowed to clot-at “
37°C and oxidized. \ ” | . . .
Fifty»mi§ro1itre a]1qq ts of sera from mice killed at the'
different time 1ntervaas‘we e precipitated-with 950 p1 of 10% TCA.and -
after centrifugation, the supernatant and precipitate were codﬁted . r
after addition of 10 m1 of Aquasol-2 scintillation cocktail.
N.  PREPARATION OF HOMOGENATES OF LIVER AND EL4 CELLS o
Freshly removed liver (2.2 g,.wet- we1ght)‘¥;om an adult female ) -
C57BL/6J mouse was homogenized in 10:mi of 0.IM sodiun acetate buffer
pH 4.6, us1ng "a Potter- E]vehaem homogenxzer (10 passes at 2, 000 rpm)..
Ah ELA cell homogenate,was ob€}%ﬁeﬂrE§’homogen121ng 108 °ELA cells #
y under the sane-cond1t1ons as fqr the mouse 11ver except that 80 passes , |, ', )
at 2,000 rpm were made. A typ1ca1 prote1n concentrét1on inm the

. homogenate was 7 to 8 mg/m]., . 3 , . e

B .
A .
I " »
. ~ . 4
» . K‘ o . J +
¥ bl .
+ ‘ N ¢, v .
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- . -’
3 . ,
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0.  DETERMINATION AND CHARACfERIZATION OF HYDROLYTIC ACTIVITY OF
LIVER HQMOGETATES ON THE MTX-NRG CONJUGATE.

_ For determination of the hydrolytic activity of liver
homogenates, a ‘typical reaction mnxture consisted of: 0.5 ml MTX-NRG
conjugate, 0.5 mﬁ ifvem hoﬁogenate, and ;aé ml of 0.1 M acCgtate b;ffer
péA4.6 in ; total.volume o% 2.2 mi. )

Tb determing the effect of variods agents on the hydrolytic .

*
)

activity, reaction mixtures contained one of the following: 9.4 x.10"°
M antipain, 8.6 x 10-"M N &.p-tosyl-L-1ysine chlorometliyl ketone, 0.64
x 10-°M EDTA, 0.64 x 10-% M DTT, 9.2 x 10-5 M Teupeptin, 9.2 x 10-5 M

pepstatin, 0.64 x 10-3 M)ea1c1un chloride and é.64 x 10-3 M

) iodoacetate., The reaéiion mixtures were incubated at 37°C for 12 to

28 hr. At the end of the incubation,'the mixtures were centrifuged at

10,000 x g for 20 min and 1 ml of the supernatant was passed through-a

¥

Bloge] PlOO column (1 x 20 cm) and gluted with 0.1M acetate buffer pH

4, 6 Fract10ns of 1 m1 were collected and counted for radmoact1v1ty

»

P.  HYDROLYSIS OF THE MTX-NRG CONJUGATE BY EL4 CELL HOMOGENATES

The incubation conditions and assay for radioactivity were the
same as that for liver homogenates above. . t

Q DEAE-CELLULOSE CHROMATOGRAPHY

* 4

}

The’lowlgqlecular we1ght fragment pbtained from the eff]ux medium .,

of M21 cells pﬂbv1ous]y fncubated with MTX-AHMGR and from the

f
MTX-NRG congugate 1naub ated with 11ver homogenate Nas further pur1f1ed
by adsnrb1ng on a cplumn (1.2 x.30 cm) of DEAE- ce]]ulose equ111brated

w1th 5 mM phgsphate buffer pH 7.0 and eluted w1th-a linear gradient, of
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171&? of 5 mM phosphate- buffer in the mixing chamber and 1 Titre of
» 0.5 M NaCl in the same buf‘fe} in the reser\;mr. Fractions of 19 ml
;Jere collected (Baugh et al., 1973).
R.  THIN LAYER CHROMATOGRAPHY
Thiﬁ 1ayer,rh\m§tograph1c analysis was performed on
cellulose-coated glass plates with 0.IM glycine containing 2% EDTA pH
9.0 as the solvent system (Silber ef al., 1963).

J

ELN

Al
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RESULTS . .

A.  PROPERTIES OF THE MTX-ANTIQOBY CONJUGATES
(1) MOLAR INCORPORATION AND RETENTION OF DRUG ACTIVITY
An average of 5 to 6-moles of MTi-per mole of ﬁgG'was usually ob-

tained after conjugation, This incorporation ratio ensures retent1on

of ant1bod§ acfiv1ty. The retention of MTX act1v1ty in conaugates was

o

determined bx comparwﬁa\tQ§ inhibit1on of DHFR by equimolar amounts of
MTX esither free or 1incorporated in conjdgates This comparison alﬁays

showed that approx1mate1y twice the anount of conjugated MTX was

necessary for 50% inhibition of snzyme -activity (Table 2, .page 119)

(i1) RETENTION OF ANTIBODY ACTIVITY

Ser1al dilution assay of 2 x 107 EL4 cells/ml starting with 1

. mg/ml of MTX-AELG, ‘failed io reveal any decrease in membrane immuno-

fluorescence titre (25 pg/ml) compared to the parent AELG. A similar
d1lution assay of 108 mélanoma cel]s/ml, starting with 1 mg/ml of
MTX -ant ibody preparat1on gave t1tres of 1.56, 12.5 and 25 pg/ml for
MTX-MAB, MTX-AHMGR and MTX-AHMGR+T respectively. A comparable
immunofluorescence titre was observed for the respective unconjugated
ant1bqu preparations, confirming that the conjugated anyibody still.
retai%s essentially its full capac1ty.to bind to its antigen.

Conjugation was done with IgG obtained by precipitation at 40%

saturatlon with (NHy)2S50y foBJaWed by re-prec1p1tat1on at 33%

saturat1on Its pur1ty was superlor to Ig6 prec1p1tated only with 40%

. saturated (NHQXQSGs and comparab]e to IgG pur1f1ed by affinity

chromatography an'pfdte1n A Sepharose as shown by SDS-PAGE and agar -

gel immunoeléctrophorgsi§ (figure 4).
. . e )
# PR
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'Figure 4: PURITY OF IgG AS DETERMINED BY AGAR GEL

IMMUNOELECTROPHORESIS s |

~Agar gel jmmunoelectrophoresis of;

= . #*
Upper %ell - rabbit serum "

>

Lower well - protein A purified.rabbit IgG

- , Centre %roughljngoat antirabbit whole serum.

)
Ks w s
. .

o

B:  Upper well - AHMGR precipitated with 33% (NHy)2S04 -
k'
, Lower well - MTX-AMHGp precipitated with 33% (NHq)stu

Centre trough -« goaﬁ antirabbit whole serum.

C: Upper well - AHMGR precipitated with 33% (NHy)250y

Lower well - MTX-AHMGR precipitatéﬁ with 33% (NHy)2S04
’ Centre trough - goat antirabhit 7S globulin.
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B.  IN VITRO UPTAKE STUDIES WITH EE& CELLS

k)

(1)_,UPTAKE OF FREE MTX g
.The uptake of free MTX by EL4 cé11s incubated at 0° and 37°C was

carried 6ut with an external MTX concantration of 10 pM«  The e ‘
. * \
cell-associatéd radioactivity of cells Thcubated with free MTX at 0°C ‘

was not different from the background activiy after completion of

* v
washing. The uptake of free MTX by cells incubated at 37°C was rapid

and leveled off after 30 min, at 30 pmoﬂ/mg protein (Figure 5). The Y
Eadie-Hofstee plot for the uptake of free MTX at various extrace]]ular

'y

concentrations between 0. 1~and 10 pM gave a Vmax of 1 8 pmol 4
MTX/min/mg protein and a Km of 6 4 pM (Figure 6)
(11) UPTAKE QF MTX-NRG v

When EL4 cells were incubated at 0°C with [3HIMTX-NRG at an
external drug concentration of 10 uM, Tittle t;itium Qaﬁ observed to

be bound to the cells and there was no progressive increase. However, *

»

B owom whine

incubation at 37°C led to progressive increase 1n cell-associated

oy

MTX (Figure 7), but the rate of uptake of the NRGAKﬁPugate gradua]‘x\

decreased so that there was a Jeve11ng off at 24 pmol/mg protein at.

the end of the observation_period.

(it1) UPTAKE OF MTX-AELG A .
In contrast to the cells incubated with MTX-NRG at 0°C, wheq&£L4 ad

cells ‘were incubated with MTX-AELG at the same temperatuﬁb (i.e. 0°C) -

there was a progressive increase in binding, which Jeveled off around

5 hr at approximately 15 pmol MTX/mg protein, sugéesting that AELé

reached'equ111br1um with the available binding sites (Figure M; this d
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1eve1 corresponds to the amount that initially bound to these ce]]s at

3h|§ where equ111braf*on wauld occur much ‘more rapidly. Incubat10q .

at §7 C led to a progress1ve intrease in cell-associated MTX with the .

'AELG conjugate and its rate of uptake remained steady at approxmately

10 pmol/mg protein per hr for at 1e§§t 6 hr when the observat1ons Sy

ceased becadse the proportion of trypan blue permeable (1.e.

_nonviable) cells started to,1ncrea§e: . | . .- . T
Figure 7 insét, shows the net‘uptaK!'of MTX at‘37°C,ca1cu1ated-by.

subtracting, fr;m the total -amount bound at 37°C at specified times,".

e1ther the amount bound after 5 hr at 0°C'or the amount bound at each - .

time interval. The result shows that at 6 hr cells incub§ted with

MTX-AELG endocytosed more MTX (40 me]/mg protein) than did cef%s

incubated either with MTX alone (30 pmol/mg protein) or with MTX-NRG.

. 7
(iv) EFFLUQ\UF MTX FROM EL4 CELLS PRELOADED WITH MTX
. e

When MTX was al]owep to efftux from MTX-loaded EL4 cells by
incubating them in MTX-free medium, the concqntraiion of intracellular .
MTX dec]iped rapidly, 1eVe11ng off.at 5 pmol per mg protein within 40
min (Figure 9 inset). This measurement: of re§idu51 firmly-bound MTX
providés\an estimate of the intracellular level of DHFR based on its
high aff1n1ty‘§{61chiometric binding of MTX (Sirotnak, 1980).
C. IN VIVO UPTAKE STUDIES IN EL4 LWWR&OMA BEARING MICE

F1gure 8 shows how free-MTX, MTX-AELG and MTX-NRG pere
d1str1buted ft various- times after administration, n EL4 cells,

1iver, lungs, kidneys,qbrain, spleen, serum and ascites fluid of

tumor-bearing mice. . -



Figure 5: ,UPTAKE OF -FREE [®H] MTX BY EL4 LYMPHOMA CELLS.

.
¢

MTX in a total volume of 2ml. At the times indicated, cells were

.

washed six tmmes with 10 ml PBS at 0°C. The 1ntracellular MTX,

Ce]ls"(107 per cu1%ure dish) he}e incubated at 37°C.with 10 pM

determined after the cells were dissolved in SDS-containing buffer,

reached a constant level-of 30 pmol/mg protein within the 1lst hr. 1 /ﬂ

mg of protein 1s equivalent to 1.73 x 107 cells. Each point

represents the mean of three determinations.

-
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Figure g: UPTAKE OF MTX AT VARIOUS CONCEN%‘RATIO'NS ‘B.Y EL4 LYMPHOMA

CELLS” o s . .
Cells (107 per culture d1sh) were incubated at 37°C for 3 m1n

with [PHIRX at the concentratmns indicated in a total volume of 2 )

ml. After incubation, ceTls were washed, were dissolved 1n

SDS-containing buffer and their radioactivity were measured as

described 1n Materials and Methods. Inset: Ead1e-Hofstee plot to

obtam the maximal rate of uptake (Vmax) and the MTX concentnatwn

» 14

g1v1ng ha]f max imal uptake{(Km) .

-
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Figure 7: UPTAKE OF [3HIMTX-AELG AND [HIMTX-NRG, BY G.LYMPHOMA
N B . * . . .
CELLS v ;
. ‘ I I ' \ .

Ce]lj (107 per‘culture dish) were incubated at 37°C and 0°C with

@

[3HINX-AELG or [3HIMIX-NRG" to give ,a concentration of 10 pM MTX in a

v e

. total vodlume of 2 ml. At the times indicated cells were washed six

a

times with 10 m1 PBS at 0°C. “The intrace]]u]arfMTX was determined
i )

‘after dissolving the cells in SDS-containing buffer. Each point
represents the mean of three determinagions.

Insets .Net .uptake of MTX at 37°C calculated by subtracting, from the

* .

~‘ ., total améuﬁt beund at 37°C at sﬁec1fied times, either the ambunt bound

after 5 hr at 0°C (solid 1ifes) or the amount bound af each time

interval (broken 1ine). . A and A, AELG; b, NRG.
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- 0.01% at 24 hr. - After reaching 1ts peak at 1 hr,.the level 1n serun

‘rana1n1ng at that level at 24 hel o«

(11) TISSUE DISTRIBUTION OF MTX-AELG AND MTX-NRG CbNJUGATéé»

- ]

(1] TISSUE DISTRIBUTION OF FREE MTX . . i T

E

The uptake of MTX reached peak levels in"all t1ssues 1nc1hd1dg N~ . -

L .
~
> - .

serun at betweén 30 and 60 min. Peak -levels were qreatest n l1ver

"

and kidney (18- 20% of administered radwoadtIV1ty per g dry we1ght) .

Lung, spieen and tunor took up lesser amounts (3.5, 5.5 and 4% . ° .o

1

respﬂctivefy) and the Towest uptake was .jn brain‘(O.ZS%). Tumor cells-
K » T N "
retained a substantial porfion of the MTX taken up; approximately 45%

b \l R

g% ‘the peak value remained at 24 Hr..oMTX +in ascites fluid declined >

stead1ly, reaching 0.8% of theiadministereg'dose per ml-at 3 hr_ and

decl1ned to,0.3%-per ml at 3 hr am’()é% per‘ml at 24 hr. In.livek, .

spfeen, kidney and lungs, the major part of the ‘accumulated MTX was ' .

cleared by 3 hr and 1% or less remained at 24 hr. Although the peak

4 . A - <

level, of- uptake of MTX in brain was much lower than in'tqn00~qe11s;

L3
\

its rate of clearante (judged -by comparing radiocactivities expressed

as percentages of_ the peak act1vit1es) was sTower than from any other

“w

A
nformal tlssue and w4§j51m1lar to that from EL4 ceﬂls declining from

0.25% of the adm1n1stered dose per g dry we1ght to 0.12% by'3 hr and ) -

The most str1k1ng finding was the difference in uptake between
MTX AELG and MTX-NRG byltpmor cells® The amount of radioactivity*in

tumor ce]ls from an‘nq1s ngen the AELG congugate increased

L

p2§ Q\:1ve1y unti] é'hr after adm1q1strat1on, those cells contained .
15% of

he administered dose per g dry weight. Th1s Tevel was
* - Ud* ' v ,"

" ‘ . ¢ N

"
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"sustdined for tﬁemrest of the 24 nr observation peri&d. In contrast,

“the hptaﬁé of the MTX-NRG c?g;ugate 1eye}ed off, it ; hr, at 6% of tﬁg

admnistered ‘dose-per g dry weight.. When the uptake of MTX-AELG, .~

‘. [

MTX-NR?U?nd free MIX were compared 3 hr after admwnﬂstratxon -

(1\w\ after rEachmng plateau 1@vels), the level of {MTX adm1n1stered as ’

the AELG conJugate was 2.5 times that of MTX admiwistered as the NR@
conJugate and 6 txmes that of MTX aaginistered free. o ’
In asc1tes fluid substant1al 1eve15 of both conjugates pers1sted

1n contrast to the*fapid c1earance of " free MTX (7-9% «of the

"adm1n1sthed dose per‘m] compared to 0. Oli\et 24 hr for free MTX). Up

to 3 hr, the proportion of the adm1n1stered dose of MTXnAELG that

remained 1in asc1tes f1u1d was s\xght]y greater than thaf of, MTX-NRG

Seruﬂ 1eve1s -of both congugateSVrose rap1d]y dur1ng the i1rs¥?hour, as ¢, [

did that af free NIX. As was true of the ascites~ f1u1d Tevels,
v e -

throughout the 24 hr périod of observat1ons the serun levels of mice

‘that received one of the conjugates were,h1gher than” those of mice

4

that re¢e1ved free MTX. ) - N
g » ‘\

In contrast to the difference in the uptake of MTX AELG and -

MTX-NRG by tunor,cel]s the patterdqgf uptakée of the two cnnaugate&

. was s1m11ar in a#h?tﬁf other t1ssues stud1ed thh the poss1b1e L1

exception of brain. Bra1ns.of m1ce g1ven MTX-AELG, showed a somewhat
higher MTX uptake at 24 hr® than those of m1ce g1ven MTX-NRG, but this.
tissue took up much Tower levels of MTX, free or. conJugated thah any
other tissue analyzed. The rate of uptake of conjugated MTX by liver,

kidney and lungswas slower than that.of free MTX, and th® extent of

4
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uptake was less than the peak value atlained by free MTX at 1'hr. In ¢
all tT;SUéS conjugated Mﬁ}‘pers1sted throughout the 24 hr observation
perx&d, un]xke}free MTX which was cleared very quickly (except perhaps
in brain). In spleen and brain, the extent of uptake of conaugahgg
efEeedéﬁrfhat of free MTX and these‘h1gher’1§yels also persisted.
fwﬁeﬁ theAresu1ts of uptake of the three agentsfwere exﬁ?essed'as
pmol of MTX per aig of ELA ce]i prote%n, 1t is obvious that all uptake
. Tevels exceedéﬁ 1nf¢3ce]1u]ar DHFR (Figgre\g)r
D.  CATABOLISM OF MTX-NRG CONJUGATE BY EL4 CELL HOMOGENATE
To deter@jne the ability of EL4 1ymphoma cells to catabolize

'MIX-IgG conaugéf?s,«MTX—NRG was ncubated with a homogenate of EL4

-

- cells 3¢ pH 4.6 ,to favour lysosomal activity. Biogel P100
chrom

a b
tography of the incubation mixture then showed the appearance of
a seconékrad1oact1ve peak eluting at 'a position slightly ‘ahead of tﬁat
for free [3HIMTX (Figure 10). .

v

E. + IN VITRO UPTAKE STUDIES WITH HUMAN MELANOMA M21 CELLS

b \q .

(1 UPTAKE OF EREE_MTX

o The uptake of free MTX by M21 cells incubated at 0° and 37°C was
measured us1ng an externa] MTX concentration of 10 uM. «As with the
EL4 cells, the ce11-assoc1ated radioactivity of M21 ce]]s incubated

with free MTX at 0°C was not d1fferent from the background act1v1ty

. after complet1an of washing. The uptake of free MTX by cells

1ncubated at 37°C whs also rapid, reaching a p1a§eah within 60 min of
approximately 16 pho1/mg protein (Figure 11B). The Eadie-Hofstee plot

for ‘the uptake of friee MTX at various extracellular cohcentratigns

'
L 4

3

LX)
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Figure 8: UPTAKE AND CL,EARA}:EE OF FREE MTX, MTX-AELG AND MTX-NRG IN "
~ . .‘ . < .
ASCITES PLUID, SERUM AND' TISSUES OF EL4-LYMPHOMA-BEARING MICE

Mice were 1nocul ated i.p. with 107 EL4 eells and, 6 days 1at§r,

.

were injected {.p. with.a 5 mg;kg dosé:of either free [3H3MTX (o),
[3HMTX-AELG (A), or [SHIMTX-NRG {A), 1n ;/totaT‘volune of 1 ml of
PBS. At the times 1nd1datéh, tissue samples were obta1n§g and were
counted for 3H/rad10act1vity as described in Mafer1als anq.Methods.

Tissue-associated radioactivity 1s expressed as the precentage of the
- i ‘

r

administered dose per g dry weight of tissue (%/9) or from ascites’

fluid and serum per ml (%/m1). Each value is the mean‘of -
1 ‘ 3 .
determinations on 3 samples from different animals. .

o
-«
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Figure 9:. UPTAKE OF FREE MTX (e), MTX-AELG (4) AND M'[X-NRG\(A) BY_
TUMOR CELLS IN EL4-L YMPHOMA-BEARING MICE. . A

.

The experimental conditions were as spec1f1ed 1 Figure 8 bgiiﬁhe

results of determinatidh of’ cell-associated r;aTBact1V1ty are “* ¢

« T

expressed as pmol of MTX ber*mg protein. *The dotted. 1ine shows the

DHFR levél 1n these cells,,est1mated from the data for efflﬂf showg, in

Nea T
g 24

R

-

the inset.
e R &

Inset, efflux 6f MTX from EL4 TymphoMa cells in vitro. Cells 7.
?10’/m1) n ser;n-free RPMI medium were incubabéd for 1 hr. with
GﬁH]MTX at a concentration of either 1 pM (o) or 10 M (A), after
which they were washed and transferred to MTX-free mediuﬁ _At the
indicated times, radioactivity remaining associated with the cg{Tilfgs

determined as described in Materials and Methods.

‘,l
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JFigure 10: BIO-GEL P100 ELUTION PROFILE OF [3HIMTX-NRG BEFORE AND "
AFTER INCUBATION WITH EL4 LYMPHOMA HOMOGENATE '

The incubation was carried out for 28 hr with 0.5 m1 MTX-NRG

%
)

conjugate, 0.5 m1 liver homogepate, and 1.2 ml of 0.1 M acetate buffer
pH 4.6 in a total volume of 2.2 W]' At the end of the 1ncubation, the
m1£tures were centrifuged at 10,000 x g for 20 min and 1 ml of the
§ﬂpernatant was passed througﬁ'a Bwogé\ Plob column (1 x 20 cm) and
eluted with 0.1 M acetate buffer pH 4.6. Fractions of 1 ml were
.collected and counted for radioactivity. Note that all 3H—act1v1ty_of
the untreated conjugate emergéd 1in one high-molecular-weaght peak,
whereas after 1ncqpat1on a second, low-molecular-weight peak emerged
sTightly ahead of éhe position for a sample of free [3HIMTX passed

through the same column.

-
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getween 0.1 and 10 pM gave a Vmax of 3.3 pmol MTX/min/mg protein and a
Kn of 5.3 pM (Figure 11A 1Pset). ‘ |
(i1) UPTAKE OF MTX-NRG ‘ q T

The uptake of MTX-NRG by M2l cells incubated at 0° vand 37“6 Was
medsured also using an exterpal’drug'conceﬁ%réﬁion of 10 pM,
Intially,, little tritium,(é-lo pmol MTX/mg proteiq) bound éb the M21 ~
cells 1rresﬁect1ve‘of t;mperature, followed by a slow progressive

increase to 18-20 pmol of MTX per mg protein at 6 hr. At no time was

the d1ffepence between cell bound activity at 0°C and 37;C more than 5

.

pmol/mg (Figure 12).

~

» -~

(1) UPTAKE OF MTX-AHMGR, MTX-AHﬁGRi; AND MTX-MAB

Us1hg'an;é5ternal drug concentration of 10 pM, the uptake at 0°
and 37°C of WX congugated Lo WGy, AMMGRT and MAB was measured
(Figure 12). Wnen cells were 1ncubated with MTX-AHMGR4T at 0°C
there was a pﬁogres§ive increase in binding starting at 17 pmo1/hg,
and leveling off around 4 hr at apﬁroximate1y 36 pmol/mg protein. ’
This latter level was 'gEtJy aLOVE\EPe amount (30 pmol/mg) that
1n1t1a11§ bound to celjti:§\37°c. Incubatiopmwith MTX~AHMGR+T at
37°C led to a progressive increase in cell-associated MTX, starting at
30 pmol/mg and leveling off at approximately 80 pmoi/mg at 6 hr when
observations ceaséa.

When cells were incubated with MTX-AHMGR at-0°C there was a
progressive increase 1n binding starting at 40 pmol/mg protein, which

then appeared to be leveling off after 4 hr., Incubation with

MTX-AHMGR at 37°C also gave an initial value of cell-assoicated MTX g



,/#/—/éf QO pmo1/mg protein. There was a ;aﬁ}d increase during thé next
hqyi/fo11owed by a Teveling off to approximately 140 pmol/mg protein
at 6 hr. _The amount of cell-bound radioactivity during incubation

s with MTX-AHMGR was higher thaq‘witheMTX-AHMGR+T at all observation

' tﬁnes whether comparison was made from &ata at 0°C or at 37°C. Both
'b%:ding.at 0°C and uptake o$)MTX-MA§'far exceeded that for the
polyclonal antiboMy conjugates. Initial binding é%asuredpat 0°C or

37°C was approximately 85 pmol/mg protein, two-fold greater than

] , 1 )
MTX-AHMGR. Unlike MT¥-AHMGR, uptake of MTX-MAB at 37°C was linear

throughout the observation pq;1od reaching 540 pmol/mg protein at 6

-

hr. .

Figure 13 shows the net qptake of MTX-MAB, MTX-AHMGp and
MTX-AHMGR4T calculated by subtracting from the total amount bound at
d{§7°c at spec1f1éd times either the amount bound at one _minute at 37°C

' (r1ght)’o; the amount bound/ at each time at 0°C (left). Those
ca]culateémsy the former g;oceddre showed that net uptake was highest
at a11,t1mes for MTX-MAB followed by MTX-AHMGR and MTX-AHMGR+T, 1n
that order, At 6 hr the ratio; of net uptake were 9.4:2:1 for
MTX-MAB:MTX-AHMGR :M¥-AHMGR+T. -The same order of net uptake was
evident at 2 hr and beyond when estimation was hased on éhe second
procedure,

Incubation of M21 cells with MTX-AHMGR 1n the presence of a ten
fold excess of AHMGR decreased efisuing binding by 40% and the’

initial rate of uptake by 50%. However, in the presence of a ten fold

excess of MTX, the initial binding remained the same, the initial rate

*
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5 ' /
of.uptake was §11ght1y increased, and dptake continued at ar
substantial rate after. 1 hr in contrast to the cqntrol (F1gure 14)
(1v). EFFLUX OF MTX FROM M21 CELLS PRELOADED WITH MTX

M21 cells were pre1oaded.by incubation with free MTX, washed and

relncubate& in drug-free medium. . Cell-associated radioactivaity after

/
D

pre]oad1ng with 10 uM free MTX declined from 16 pmol/mg to
approx1mate1y 1.8 pmol/mg within 40 min and rema1ned at that ]eve]
(Figure 15 1nset). Cells preloaded with 1 uM MTX also retained a]most
£ that same amount at 40 min and 60 min.
(v) gFFLUX OF MTX-CONTAINING FRACTIONS FROM M21 CELLS.PRELOADED WITH
MTX-AMHGR - t |
. . M21 eells that had been preloaded to a drug c?ntent of 112
pnol/mg protein by incubation with 10 uM MTX conjugated to AHMGR,
retained amounts of MTX greatly in excess of ifs DHFR Tevel (1.8
pmol/mg) after incubation ‘in conjugate free medium, ie, 65 pmol/mg
protein rem;in1ng at 12 hr (Figure. 15).
F. IN VIVO UPTAKE STUDIES IN HUMAN MELANOMA M21 BEARING NUDE MICE
Figure 16 shows HG@ free MTX, MTX-NRG and MTX-AHMG&+T were
distributed at various times after administration, in M21 melanoma
cells, liver, 1;ngs, kidneys, brain, spleen, intestine and serum of
tunor bearing nude mice.
(1) TISSUE DISTRIBUTION OF FREE MTX .
The uptake of MTX peaked in all tissues including serum at 39 min
when the tissues were first sampled and declined steadily thereafter.

Peak levels were greatest in 1ntestine and liver (15.2% and 8% of the
\a -

N

]

L4

v



av

%
. . -97- . ‘
o .
1 L Y ® .
o
B o
v/ ‘ »
s -
- "2 ‘ - 1
P . .
r
L
v .
w 0 3 K]

Figur% 11: UPTAKE OF FREE-MTX BY M2} CELLS. ‘

11A. Cells (106 per culture dish, grown for 72 hr and washed)
were incubated 1n RPMI without serum at 37°C fors 3 min with [%H]MTX at
the concentrations indicated 1n a total vglume of 1"ml. After
ncubation, cells were washed, were dissolved 1n°SDS-contain1ng buffer
,and theiy radjoactivity wefe meagured as described in Materials and
Me thods. , ‘ _ v '

’ Inset: Eadie-Hofstee plot to obtain the maxjﬁa] rate of uptake

(Vmax) ~and the MTX concentration giving half maxima1‘uptake (Km) .

11B. Cells (prepared as above) were incubated at 37°C with 10 upM
[3H]MTX and 1qtrace11u1ar MTX was measured at various timess 1 mg of

»

protein is equivalent to 7.01 x 10% cells.
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Figure 12: UPT@KE OF CONJUGATED MTX BY M21 CELLS o :

Cells (3 x 10° per culture dish, grown for 72 hr and washed) were
: _ incubated 1n RPMI without serum at 0 C or 37°C with [3H]MTX-MAB
[3H]MTX-AHMGR, [ 3HIMTX-AHMGR4T and: [ H]MTX-NRG (MTX concentrat1on,
10 pM; total volume 3 mi). At the t1mes indicated, cells were washed,
. were dissolved in SDS-containing buffer, and cell-=associated
radicactivity was measured as described in Materials and Methods.
Points represent the mean of 3 determ1nat1ons

4

Inset: Resu1ts for MTX-MAB plotted to show the complete data.
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Figure 13: Net uptake of MTX-MAB, MTX-AHMGR, and MTX-AHMGR+T -
calculated by suﬁlract1ng from the total amount bound at 37°C at
speeﬁfied times either the amount bound at one minute at 37°C (right)
or the amount bound at each time at 0°C (left). Data taken from

%1gure 12.
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F1qure 14: INHIBITION OF THE UPTAKE OF MTX-AHMGR BY AHMGR OR MTX

‘ Cells (3 x 10° per cnjlture d1sh, grown for 72 hr and washed) were
1ncub‘a'“ted an RPMI without serum at 32°C*Jith [3H‘]MTX-AHNQIGR in the ’
presence of oné of the following= 100 pM MTX, 3.45 mg AHMGR, 100 uM
MTX + 3:45 mg AHMGR (fJ;TX concentration, 10 BM; total vo]uQ.e 3-ml).

“At the times 1ndicated, cells were washed, were dissolved 1n

'SDS-containing buffer, .and ce1}’-assoc1ated radmactivit); was measured

e

as described in Materials and Methods. Poingg represent the mean of 3

. .
determinations. ﬁ

CONTROL, indicates cells incubated with 10 yM MTX-AHMGR. ¥

- \ .
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Figﬁ?e 15:  EFFLUX FRdM M21 CELLS PRELOADED WITH MTX-AHMGR.
' Cells {3 x 10° per culture d1sh,‘g£own for 7é hr and washed) were
incubated for 7.5 hr at 37°C with [PHIMIX-AHMGR to ‘give a .
concentration of 10 pM MTX in a total volume of 3 ml of RPMI witﬁout
serum. The loaded cells were washed and incubated in medium without
conjugate. At the times 1ndi‘~ated, cells we‘re washed again once, were
dissolved in SDS-ggnta1n1ng buffer and cell-associated radiantivity
was measured as deﬁpribed in Materials and Methods. Points répresept

the mean of 3 determ%nations. Inset: Effilux from cells loaded b&

incubation at 37°C for 1 hr in the presence of f3HJMTX at 1 (x) or 10
(4) pM.
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aJ@inistered radioactivity per‘g wet weight). Kidney, §p]een, lung
and tumor took up lesser amounts (2.0%, 1.§%, 0.6% and-0.5%,
repectively) and the lowest uptake was 1n brain (o.osi). Unlike the .
ELA ce]l,\thg M21 cell was unab]é to‘reta1n a substantial portion of ,
the MTX taken up; at 24 hr, MTX had dectiihed from its peak value of
0.5% at 30 min to 0.06% of the administered radioactivity per g ;et
weight. The Tlevel of MTX 1n the serum declined from 1ts peak value of
1.4% per ml at 30 m1; to 0.02% per ml at 24 hr. At all time 1nter¢als ‘
> 90% of radioactivity was associated with the supeﬁnqtant after
precipitatihg with 10% TCA the sera of mice administered free MTX. In
all tissues, the mégbr part of the accumulated MTX was cleared by 3 hr )
and 1% or Tless remained at 24 hr. Like the EL4 1ymphoma bea}1ng mice,
the peak 1§ve1 of uptake of MTX in brain waslmuch lower than Zn the
M21 tumor cells, but in contrast to the EL4 cells, its hqte of
clearance (judged by comparing radicactivities expressed as
percentages of thé peak activities) was mu;h slower than the M21 tgmor
cells, as well as a1l the other normal tissués studied (dec11n5ng ?roﬁ
0.06% of the adminmistered dose per g wet weight to 0.03% by 3 hr and
remaining at that level at 24 hr). q
(i1) TISSUE DISTRIBUTION DF’MTX—QHMGR+T AND MTX-NRG |

- The uptake of MTX—AHMéR+T and MTX-NRG conjugates by the M21
cells was similar throughaut the observation period of 24 hours. The
amognt of radioactivity in tumor cells from animals given either ,'A) \\V
MTX-AMMGR4+T or MTX-NRG conjugate increased progressively until 3 hr

after administration, those cells contajned about 1.1% of the

\
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admnistered dose per g wet weight. This level was sustained for the

rest of the 24 hr observation period. When the peak level of uptake
of MTX, MTX-AHMGR,T and MIX-NRG wete compayed, the level of MTX
attained wﬁéﬁjfi was administered as the conjugates was 2.5 times th
of MTX administered free, Serum 1éve]s of both conjugates declined
rap1dﬁy, however, throughout the 24 h; period of observations the

serum levels of mice thatf{received one of the conjugates were.higher

at

than tho;e of mice that received free MTX. At all time intervals more

than 90%"0f radioac%ivity.qu associated with the precipitate obtained

after the sera of mice administered with either conjugate were

-precipitated with 10% TCA ‘ L

)

The ‘patterns of uptake of the: two canudates were also similar
all the other tissues stud1ed except. that the MTX-NRG conJugate

tended to decline faster from the tissues than the MTX-AHMGR+T

‘; conJugatevViIn all tissues, excepﬁ_the intestine, conjugated MTX

persisted throhghout the 24 hr observati?y period, unlike free MTX

which was cleared very quickly (except perhaps in the brain). Also,

r

n

except 1N the intestine, the extent of uptake of the conjugates 1in aln”’

the tissues exceeded that of free MTX and these-higher levels also

v

persisted longer. -

. RS ‘ 1 ' -
When the results of uptakecgiji}ese three agepts were expressed
as pmole of MTX per mg of M21 cell protein, all the uptake levels gf

the conjugates exceeded the intraceltui-ar DHFR whereas the_uptake of
1 v ‘ -

MTX was equal to the intracellular DHFR Tevel ‘at 24 hr (Figure 17).
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G. CATABOEEEM OF :MTX-AHMGR BY M21 CELLS? - )
When cells are pre1qad;d with conjugate for 7.5 hr and then
incubated’ 1n " conjugate-free medium for 8.5 hr, gel chromatogr&bhy
; revealed 10w-mo1ecu1ar-we)ght MTX-containing fragméni§ botﬁ in the
cel]rhomogenate and efflux medium (Figure 182.. Fragments from both
N ‘ séuﬁces!were capable of 1nhibiting DHFR. Fifty percent inhibitory
” concentrations for the intact conjugate, ée11 homogenate fraction,
°efﬂux mediun fraction and’free MTX were 6.3 pmol, 6.6 pmo]t 5.7 pmol
and 3.0 pmol, per 3 ml respectively (Table 2). i
The 10W-mo1eéu1ar—we1ght f;act1on from the efflux medium was
further resolved 1into 2 pedks by DEAE-cellulose chromatography (Figure‘
19). Both peaks migrated on ?hin layer chfomatography with an Re of
0.2 whereas MTX exhibited an Rf of 0.63 and the conjugaté emained
at the origin. The solvent system @as 0.1 M glycine containing 2%
, EDTA, pH 9.0. B -
T6 19vestigate the possible role of lysosomal enzymes 1n
* Jcatabo11sm of drug-antibody conjugates, M2l cells were incubated with
MIX-AHMGR with and without 100 BM chloroquine or 100 BM leupeptin.
At 7.5 hr, the cells 1nchbated in the presence of chloroquine had
taken up 148 pmol MTX/mg protein and those incubated jin its absence
T had takeé up 154 pmol MTX/mg protein. At ;.5 hr and in the presence
of 100 uM leupeptin, the cells took up 152 pmol MTX/mg protein but m
1ts absencé, they took up 177 pmol MTX/mg protein. When the cells 1n
med1um conféin1ng c£19roqu1ne were allowed to efflux for 9 h;, 127

pnol MTX/mg protein (86% of the 1nitial value) remained

-
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Figure 16: UPTAKE AND CLEARANCE OF FREE MTX, MTX-AHMGR+T AND
MTX-NRG IN SERUM AND TISSUES OF M21 MELANOMA—BEARIN(‘? NUDE MICE
Mice were inoculated s.c. with 2 x 10° M2l cells and 21 days
later, were injected i.v. with 5 mg/kg dose of either free [3H]MTX
(o), [3H]MTX-AHMGR+T (&) or [PHIMTX-NRG (), in aﬂ;otal fvolune of
0.4 m1 of PBS. At the twmes indicated, tissue sampies were obtained
and were counted for 3H r’adioaét;vity as described in Materials and
Methods. Tissue-associated radioact;wty 1’s’expressed as the
percentage of the administered dose per g wét weight of tissue (%/g)
or for serum per ml (%/m1).~ Each va]ug_;s the mean ofsdetermm-mons
on 3 sample{s from different animals. |
o .
® \ :
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Figure 17: UPTAKE OF FREE MTX (e), MTX-AHMGR+T (A) AND MTX-NRG (A)
BY M21 MELANOMA-BEARING NUDE MICE -
f’n\}ﬁé experimental conditions were as specified 1n Figure 16 but
the results of determination of cell-associated radioactivity are
expressed as pmol of MTX per mg-protein. The dotted line shows the
DHFR level 1n these cells, estimated from the data for efflux shown 1n

Figure 15 1inset.
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Figure 18: GEL CHROMATOGRAPHY OF THE EFFLUX MEDIUM AND CELL
HOMOGENATE AFTER LOADING M21 CELLS WITH [3H]MTX-AHMGR

‘ The experimeﬁta] cond1t16ns for "loading and efflux were as
specified 1n Figure 15. After 9.5 hr of efflux incubation 1n
conjugate-free mediun, cells were separated from mediun by
centrifugation and were homogenized. The homogenate was centrifuged
and 1 ml of the supernatant was passed through a Biogel P100 column (1
x 20 cm) equiJ1brat;d with PBS; the medium used for efflux was
lyophilized and was taken up i1n PBS, then a 1 ml sample was ﬁassed
through the same column. Fractions o 1 ml were collected and were

analyzed for radioactivity as described in Materials and Methods.

a b A
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Figure 19: DEAE-CELLULOSE CHROMATOGRAPHY OF LOW-MOLECULAR WEIGHT
FRACTION FROM EFFLUX MEDIUM

The low-molecular weight fraction obtained from the efflux medium
of M21 cells previously 1ncubated with MTX-AHMGR was adsorbed on a
column (1.2 x 30 cm) of DEAE-cellulose equilibrated with 5 mM
phosphﬁte buffer pH 7.0 and eluted with a linear gradient of 1 Titre
of 5 mM phosphate buffer 1n the mixing chamber and 1 Titre of 0.5M
NaCl in the same buffer in the reservoir. Fractions of 19 ml were

collected. Arrow indicates the position that free MTX elutes.
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TABLE 2: DHFR INHIBITION BY LOW MOLECULAR &EIGHT FRAGMENTS IN CELL
A} ‘k
EXTRACT AND EFFLUX MEDIUM

The 5§say method of Petenson et al., was used to determine the

1nhibition of DHFR by the low-molecular weight radioactivity-

containing fractions from the cell extract and efflux medium. <

Reaction mixtures contained 0.5M sodium acetate buffer (pH 6.0), 0.6M
KC1, 50 puM NADPH, 33 mM DHF and 9-15 pmol of MWX or corresponding

amounts of test fractions in a total volume of 3 ml. +

13

/\ °
3
.
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Table 2 ' .

DHFR INHIBITIONrBY LOW MOLECULAR WEIGHT FRAGMENTS IN CELL EXTRACT AND

EFFLUX MEDIUM
Concentration for 50% inhibition of DHFR

Agent
. (pmole/3m1)
Ll
MTX 3.0
Cell extract fraction 6l6
Ef flux medium fraction 5.7
ar -‘”f‘ .
L&
w A
/ »
4 ST
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cell-associated, whereas, 92 pmol MTX/mg protein (60% of Fhe %n1t1a1
value) ranéined 13‘{he cells that were preloaded and allowed to-efflux N ,
in mehiun without ch]oroqd1ne. With cells 1n medium containing ' .
leupeptin, 83.5 pmol MTX/mg protein (55% of the init1a1lva1ue), -
remained cell-associated after effiux for 9 hr and 54 pﬁo] MTX/mg ‘
protein (31% of the initial value) remained 1n the ce]la that were

preloaded and allowed to effiux 1n medium w1thouy Teupeptin (Table 3).

H.  DETERMINATION AND CHARACTERIZATION OF THE HYDROLYTIC ACTIVITY OF

LIVER HOMOGENATES ON THE MTX-NRG CONJUGATE

When liver homogenates from adult C57BL/6J mice were tésted for
their ability to catabolize the MTX-NRG conjugate, a lew molecular
weight radioactyve pdak eluting slightly ahead of that for free
[3H]MTX was observed when the incubation mixture was passed £hrough
Biogel P100 (Figure 20). The catabolic activity was increased at low .
pH (Table 5) and by dialysing the homogenate overnight in buffer
containing DTT (Table 4) but it was inhibited by leupeptin, pepstatin, '
antipain, N a—p-fosyl-i-lysine chloromethyl ketoge and iodoacetate -
(Table 4), (Figure 21). Calcium chloride and EDTA had no effect on
the activity (Table 4). )

An attempt was made to further purif& this 1ow-mo1gcu1ar-weight ‘ ' .
fraction by adsorbing 1t on DEAE-cel1u1ose and eluting with a linear ’
‘gradient of 0-0.5 M NaCl in phosphate bufgzr. This resulted in the
eméfgence of a peak that eluted at the same ionic strength as free MIX

(Figure 22). When subjected to thin layer chromatography, using 0.1 M
glycine containing’ 2% EDTA pH 9.0 as the solvent system, this eluted

1
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fraction migrated with an R¢ of,0.4‘ﬁh}1e MTX had an Rf of 0.63
and the conjugate remained at the origin. _ ‘
I. IN VITRO INHIBITION bF GROWTH QF EL4 AND M21 CELLS

When EL4 cells were incubated with free MTX andxit; conjuga%es
for 72 hr,:the fo]]owiné concentrations %;r 50% ‘inhibi'tion of growth
was obtained: free MTX, 1.54 nM, MTX-AELG, 220 nM, MTX-NRG, 550 nM.
With M21 cells, tge chrresponding éonEéntrétions were: free MTX, 11.0
nM, ﬁTX-AHMGR, 220 nM,~MTX-ﬁRG, 660 hM (Tabie 6). -Thus, MTX is a
better 1nhibitor *of tumor growth qf éoth cell tybes in t1ssue‘cu1ture

. T

than its conjugates.
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. TABLE 3: RESIDUAL RADIQACTIVITY ASSOCIATED WITH M21 CELLS INCUBATED
WITH MTX-AHMGp IN THE PRESENCE OF CHLOROQUINE OR LEUPEPTIN .
Cells were 1incubated with MTfoHMGR and transferred to
conjugate freé meaiun as described in Figure 15 except that 100 uM
chloroquine dr 1eubeptin was present bothA!n the preloading medium and

. thé efflux mediun. Control cells were' incubated without chloroquine

7

and leupeptin.
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Table 3 ~
RESIDUAL RADIOACTIViTY ASSOCIATED WITH M21 CELLS INCUBATED WITH MTX-AHMGR IN THE

PRESENCE OF CHLOROQUINE OR LEUPEPTIN

Treatment of Initial level of Residual Level of % of
Cells Radioactivity* Radioactivity after radioactivity
* (pmol MTX/mg protein) efflux for 9 hr_ remaining in the
2 (pmol MTX/mg protein) cells after efflux
Control’ . 153.6 - 92.4 60
+ 100 pM Chiloroquine| . 148.1 127.3 86
Contral ~N77.4 54.4 31
+ 100 uM Leypeptin 83.5 55

* evel_of radioactivity in the cells pribor to efflux. 4

4

152.1 -
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Figure Zb: BREAKDOWN OF MTX-NRG CONJUGATE AETER jNéUBATION WITH LIYEﬁ
H@"FNATES ) ‘ . ‘
Freshly removed liver (2.2 g wet weight) from an adult fema]e"
C57BL/6J mouse was homogen1 zed iﬁ 10 m1 of Q.l M sodium acetate buffer

pH 4.6 for determination of the h}rolytic activity of the liver
homogenates. A typical reaction | sisted of; 0.5 ml MTX-NRG
conjugate, 0.5 ml 1iveJé;:mogen'te, and 1.2 ml of 0.1 M acetate buffer

pH 4.6 in a total volume of 2.2 ml. The reaction mixture was

incubated at 37°C for 12 to 28 hr.. At the end of the incubation, the

+

mixture was centrifuged and 1 m1 of the supernatant was passed through
a Biogel P100 column (1 x 20 cm) and eluted with 0.1M acetate buffer
pH 4.6. Fractions (1 m1) were collected and counted for-

s&

radioactivity. . .
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Figure 213 EFFECTS OF ANTIPAIN AND N-a-P-TOSYL-L-LYSINE CHLOROMETHYL
KETONE ON HYDROLYSIS OF CONJUGATE BY MOUSE LIVER HOMOGENATES

The reaction conditions and assay of radioactivity were as 1n .
Figyre 20 exce;;t 1:.hat reaction mixtures contained 8.6 x 10~*M
N-a-p-tosyl-L-Tysine ch]or:omethy] ketone or 9.4 x 10-3M antipain.

Control, 1ndicates conJugdte incubated with 1iver homogenate as in*

Figure 20. /
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o Control
.« Control + Ne-p-Tosyl-L-
Lysine Chloromethyl Ketone
"« Control + Antipain
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TABLE 4: EFFECT OF SEVERAL INHIBITORS AND AN ACTIVATOR OF L;SOSOMAL
ENZYMES‘ON THE BREAKDOWN OF MTX;NRG CONJUGATE BY LIVER
HOMOGENATE )

The reaction conditions and assay of radioactivity were as in
Figure 20 except that reaction mixtures contained one of the
fo‘Hoy'.ing: leupeptin, pepstatin, antipain, Na-p-tosyl-L-lysine
chloromethyl ketone, calcium chloride, iod:)acetate, EDTA, EDTA +DTT
and DTT. .

.
e o

ot s
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EFFECT OF SEVERAL INHIBITORS AND AN ACTIVATOR OF LYSOSOMAL ENZYMES ON
THE BREAKDOWN OF MTX-NRG CONJUGATE BY LIVER HOMOGENATE

-129-

Table 4

Inhibitors Concentration | % of Original % Inhibition
- Radioactivity in
Tow MW Peak

CONTROL - 49 R
LEUPEPTIN 9.2 x 105 M |5 23 53 _
PEPSTATIN 9.2 x 107, M 34 31
ANTIPAIN 9.4 x 107 M 23 53
Ne-P-TOSYL-L - #

LYSINE CHLORO-

METHYL

KETONE 8.6 x 10™*.M 20 59
CALCIUM CHLORIDE 0.64 x 102 M 49 -
IODOACETATE 0.64 x 1073 M 33 33
EDTA ' 0.64 x 10" M 49 -
EDTA + DITHIO- .

TREITOL 0.64 x 107, M 62 27%
DITHIOTREITOL 0.64 x 10°° M 59 20*
*ACTIVATION
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TABLE 5: INFLUENCE OF pH ON THE BREAKDOWN OF MTX-NRG CONJUGATE BY
LIVER HOMOGENATE

The reaction conditions and assay of radioactivity were as 1n

Fig. 20 except that the reaction mixtures werg incubated at 3

different pH values. )

3
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INFLUENCE OF pH ON THE BREACDOWN OF MTX-NRG CONJUGATE BY LIVER
HOMOGENATE

). pH % OF RADIOACTIVITY IN
. LOW M. PEAK
5'6 51-2 *
' 4.6 . 73.5
4.0 74.6
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Figure 22: DEAE—éEﬂLULOSE CHROMATOGRAPHY OF LOW MOQEEQLAR WEIGHT
FRACTION\EEQ@ MTXTNRG INCUBATED WITH LIVER ﬁ?MOGENATES

The Tow-molecular weight fraction obtained from MTX-NRG *
incubafed with Tiver hoqogenates.was adsorbed “on a colump (1.2 x 30
cm) of DEAE-cellulose equi]ibréted wjth 5AmM pﬁosphatg buffer pH 7.0
and eluted with a Tinear gradient of 1 litre of 5 mM phosphaté buffer
1n the mixing chamber and 1 }itre of 0.5 @ Na1 an the same buffer in
the reservoir. Fractions of 19 ml were collected. Arrow 1nd%cates

the position that free MTX elutes. -
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TSBLE 6: IN VITRO INHIBITION OF GROWTH OF EL4 AND M21 CELLS BY MTXs
M

X—AEQ.G, MTX-AHMGR, MTX-NRG
-~ FL4 cells obtained from the ascites fluid of C57BL/6J mice were
kept\ in culture for 48 hr in RPMI 1640 medium supplemented with 10%

fetal\ ¢alf serun. At 48 hr, the tells were plated at a concentration

of 0. S\x 10° cells per ml 1n 35 x 10 mm tissue culture dishes. M21
ceHs from 1n vitro passage were smﬂaﬂy plated in 35 x 10mm tissue
culture dishes at a concen!:ratwn of 0.5 x 10° cells per ml 1n RPMI
1640 medh\n; supplemented with 10% fetal calf ‘serum. MTX in _ihe free
or conjugated forms at various concentrations was added to the EL4 and
M21 cells 24 hr after plating and incubated for a further 72 hr, after
which they were harvested and counted in a Coulter counter to

determine the inhibition of growth. D

e

¥ . i AP O o W
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Table 6

IN VITRO INHBITION OF GROWTH OF EL4 and M21 CELLS BY MTX, MTX-AELG,

MTX-AHMGR, MTX-NRG

Agent Concentration for 50% inhibition of Growth (nM)
EL4 Cell M21 Cell .

MTX 1.54 ' 11,0

MTX-AELG 220 -

MTX-AHMGR - 220

MTX-NRG 550 660

¥ N
. 4
#
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DISCUSSION

hThe basis of the superior tumor inhibitory effect of T
drug-antitumor antibody conjugates ha§ been attributed to efther, (a)
greater delivery of drug to the tumor cell, (b) longer plasma half
life or (c) ‘synergism between the drug and antibody (Ghose and Blair,
1978), however, the role of gach of these factors in the mechanism of
action of drug-antibody conjugates has not been fully elaborated.
Therefore, to explain the mechanism of action of their superior
antitunor effect, I have investigatéd the rgﬁé of drug uptake and
serum clearance in detail by comparing the uptake of free and
conjugated MTX by tumor cells 1in vitro and 1n vivo as well as the
pharmacokinetics of free and conjugated MTX 1n tumor-bearing anipaTs.
In addition, I have also studied tﬂe cat;Lo1isn of MTX-IgG conjugates
by tumor cells and liver homogenates and the capacity of the catabolic
ragments to i1nhibit DHFR, the target enzyme of MTX. The tumors used
for these investigations were the murine EL4 Tymphoma ascites tumor
and the hunan melanoma M21 solid tumor. The choice of the EL4
1ymphonfa was influenced by the observation of Kulkarni et al., (1981)
that MTX-antiEL4 1ymphoqa antibody inhibits the growth of the tumoy 1%
EL4 Tymphoma bearing mice. Since the EL4 1ymphoma is not a human
tunor, 1t was desirable to extend the study to the human mefﬁnoma M21
tumor which in contrast to the EL4 ascites tumor is also a solid
tunor. Moreover the investigation with the EL4 Tymphoma model was v

limited to the polyclonal antiEL4 antibody but the availability of the

monoclonal antibody 225.285 against the melanoma cells af%orded the

»

™ 2
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opportunity to compare (and contrast) the caréﬁer abilities of

monoclonal and polyclonal antimelanoma antibodies, '

The polyclonal antiEL4 and antimelanoma M21 antibodies (obtained
. by immunization of rab51ts with EL4 and M21 cells respectively) and'
the monoclonal antimelanoma antibody 225.285 wéré IgG molecules. The
actwve ester infermediate method*ﬁas used‘for coupling MTX to the IgG
molecules because of its better efficiency of 1inkage and protein

’

recoverj compargd to the more commonly used ECDI method, and the ”

"

established antitumor effect of conjugates prepared by this method
(Kulkarni et al., 1981). :

' A11 the in vitro uptake studies were done witb an ‘external MTX
’ concentrat]on, free or bound, of 10 pM because this concentrat1on is
.suff1c1ent1y high s0 that the uptake}of the conaugates by the cells IR
can be clearly d1s¥1ngu1shed from background rad1oa€t1v1ty. \Moreqwgr,
since this concentration of free MT! did not saturate the MTX\tarr1er !
transport sites'on the ceﬂ1%; the contrlbution.ib the'uptake of free

4 - » ¥
MTX by other mechanisms such as low-affinity carrier sites. ox passive
. 4 L

-

diffusion can be‘kxc1uded (Goldman, 1982; Jolivet et 4al., 1983\. Both
the EL4 cells and M21 cells F§p1d1y took "up MTX fﬁbm the medium| as .,
has been observed for several human melanoma 1ines (Kufe et a1.,,19805
. Gauﬁroger et als, 1983), and severaltmguse lymphomas and other tumors
(Goldman et al., 1968; Sirotnak and‘Donsbach, 1976).
It has been shown that the faciors th;t determine the uptake and
intracellular steady-state lqyel of fref MTX include the availability

of a transport system,'the external' drug concentration, the membrane

-~
- b
~
]
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potential (Goldman et al., 1968), and the 10njc milieu (Henderson and .
ieve]y, 1980). The‘uptake and the level of*accumulation of MTX-IgG
conjugates are unlikely to be subject to the saﬁe control mechanisms

as 1s free MTX; in other words they will have d1fferent transport
systems,le.g endocytosis of AELG, following capp1ng (Guc]u ot al.;
1975) or nonspecific uptake by pinocytosis, as is observed with

various serum proteins, 1nc1u91ng IgG (Chu and Whiteley, 1980; Ghosg

et al., 1962). In'fact, Chu and whiteiej (1980) have demonstrated

that L1210 lymphoma cells take up MTX Tmnked to bovine serum albumin
*or . to non- tumor—spec1f1c 1mmunog1obu11ns i this way, and Shen and
Ryser (1984) have shown fhat the complex formed between a MTX-hunan
‘serum albumin conJugate (MTX-HSA) and antiHSA serum is taken up by
Fc-receptor bear1ng cells that are_defective 1n MTX transport,
‘yhereas F&?reoeptor negative cells did not take up the complex _
significantly.

e

-

‘Ce11s internalize macromolecules by fluid-phase or
receptor-mediated endocytosis: Light microscopy was used inftialfy to :
enumeratg phase-lucent p{nocytot1c vesicles in mammalian cells” (Lewis,
1931; Cohn, 1966). When electron microscopy first suggested that most
cells contain submicroscopic p1nocytot1c‘ﬁes1c1es (Pa]ade 1956;

.Benhett 1956)« pinocytosis was subsequently studied by introducing a
variety of electron dense probes e.g., colloidal gold and thorium

(Fedorko et al., 1968; Cohn et al., 1966; Gordon et al., 1965; Odor
1956), ferritin (Farquhar and Palade 1960), and peroxidases (Graham

-

and Karnovsky, 1966) into the ‘extracellutar mediun. THe presence of
* o

»
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these probes within vesicles confirmed their origin at the cell's

" surface and demonstrated further that incoming vesicles fuse with

independently labeled lysosomes both 1n vitro (Cohn et al., 1966;
Gordon et al., 1965) and 1n vivo (Friéhd'and Farquhar, 1967; Straus,
1964). However, one difficulty with some of tﬁese prqbes is that they
can adsorb to the cell surface; Tabeling of an apparently
fntracel}u1ar pinocytotic vesfﬁﬂe‘inﬂa thin section may reaf]y
represent extracellular binding to a surface invagination, é.fold or
even an outgoing vesicle. Other problems with some of these probes
which Timit their use for quantitative work are (a) they are'diff%cu1t
_to visualize (b) the total amount of cell-associated marker in a -
typical culture is 1% or 1ess of the administered load and (c) the
relative anount of 1nter1or1zed versus surface-bound label may be
small, Therefore, a variety of radiolabeled markers have been useg.
They include [3H] sucrose (Wagner et al., 1971), [3H]inulin (Bowers

and Olszewski, 1972) and [*2°I]polyvinylpyrrolidone (Williams et al.,

1975). The interaction of horseradish peroxidasé with cells in tissues

culture illustrates all the features of fluid-phase uptake‘(Steinman

and Cohn, 1972; Steinman et al., 1974). The enzyme does not bind to

-

Eal

the cells' surface. Its yptake is proportional to the concentration

.of enzyne 1n the medium, proceeds continuously with time, and is

blocked at 4°C. The endocytosed enzyme is visua11zed cytochemically
1n 1ntracellular pinocytotic vesicles and lysosomes {Steinman, 1976).
Most 1igands, however, are internalized by receptor-med1ated

endocytosis. The first step in this multiphase process involyes

o -~
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binding of the 1igand to its receptor molecule functionally exposed at-

the ce]j surfpcé. fn most cases these réceptor§ are dﬁstr1bu§gd
d1fﬁﬁ;e1y ovet the cell surface. Th1is has Leen dempns?rated by
visualization of fluorescent labeled 1igand; such a; azimacrog1obu11n,
nsulin, epidérma1 growth factor, transferrin and asialoglycoprotein
(Maxfield et‘a1., 1978; Sullivan et al., 1976; Geuze et al., 1982).
Recept;r-mediated endocytosis can be determined by administering an
independent marker to measure and/or visualize %1u1g—phase'bptéke
before and dur1ing administration of the 1igand to determine 1f 11gand
binding affects this parameter. The internalyzation process has
generally been analyzed by 1dentification of the ligand at an
intracellular site by various techniques. These techniques include
electron mcroscopic i&ént1ficat1on of Tigands 1abeled with colloidal
gold or horseradish peroxidase (Wi1lingham and Pastan, 1983),~
autoradiography (Amsteréan et al., 1979; Unanue et al., 1972),
subcellular fract1énation (Courtoy et al., 1982; Mellman, 1585) and by
fluorescence microscopy with lTigands conjugated to various fluorescent
probes (Willingham and Pastan, 1983; Weitzman et al., 1979; Geisow et
al., 1981; Sklar et al., 1982). .

Several methods have been used to dist1ngdish between the amount
of adsorbed versus internalized ligand. Usually,  the Edsorbed Tigand
on the plasma membrane is selectively eluted by (a) adding some
competi:?Jagent e.g.,‘EGTévor EDTA; as shown by Tolleshaug (1981),

et al., (1982), Weigel and Oka {1984) that these reagents

Schwart

could elute off asialoglycoprotein from its receptor; (b) proteolytic
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treatment, e.g., Mellman (1982) used subtilisin to degrade plasma
membrane bound IgG, Youngdahl et al., (1979) eluted off transcobalamin
II-cobaltamin complex from the plasma membrane of hunan skin
fibroblasts with trypsin, and Dickson et al., (1981) eluted off ap-
macrog]oba1in from the plasma membrane of fibroblasts with pepsin at
pH 4; (c) low pH treatment e.g. human chorionic gonadoErop1n was
dissociated from its receptor with Hanks! solution that had been
adjus;ed with concentrated acetic acid to pH 3.9 (Ammed et al., 1981);
(d) reversible dissociation from surface binding sites e.g., Goldstein
et al., (1976) dissociated bound LDL from their receptors with
heparin; the 1nteract;;1was believed to represent an ionic binding of
pos1¥i§é1y charged amino groups on the protein componeht of LDL to
negatively charged sulfate groups on the heparin.

" Attempts to selectively elute off plasma membrane bound */,;
MTX:antibody conjugates from EL4 and M21 cells with 0.12 M citrate
buffer pH é.o\were unsuccessful. After incubating them for 30 min at
4°C, 90% of the cells became permeable to trypan blue ({.e. nonviable)
and they still reacted positively on immunofluorescence assay
1qdicat1ng.that the conjugates were still bound to the cells. Even
}hough proteolytic enzymes have been used to degrade plasma membrane
bound‘]mmunogTobulins, there are no reports on the integrity of the
cé}l membrane after such treatment. Dissociating ligands from their
receptors reversibly with Reparin as in the case of recep}or bound LDL

v .

or competing with EDTA as 1n the case of recéptor bound

asialoglycoprotein is aytractive but equivalent applicable agents for

g
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dissociaf1ng receptor bound IgG from intact cells are not available.
Using the fluid-phase uptake marker, horseradish peroxidase,
Steinman and Cohn (1972) and Steinman et al., (1974) showed that 1t is
not adsorbed to the cell surface and its upt%ke is not detectable at
4°C whereas, at 37°C 1t is easily detected cytochemically n .
1ntrace]1u1aﬁ pinocytotic vesicles and 1y§650mes indicating that
uptake by fluid-phase pinocytosis at 4;6 1s insignificant. Ryser
(1968) arrived at a similar conclusion for adsorptive pinocytosis
after he observed that exposure of cells to [13l1]albumin at 2°C for
1 ﬁ}n or for 60.min gave identical results as a1l min expésure at 37°¢
but as the time of exposure at 37°C increased the'yptaké of the
albumin by the cells increased. Various investigators (Wi1lingham and

Pastan, 1983; Goldstein et a1.,46; Youngdahl et al., 1979) have

demonstrated that binding of ligafids occurs at 0°C without'endocyto;ﬁs
being detectable at this tempéraﬁure, whereas, at 37°C cells
endocytose the bound ligands. Therefore, in my in vitro uptake
studies, plasma membrane bound conjugates were distinguished from
internalized ones by comparing cell-associated radiéactiv1ties of
cells incubated at 0°C with those incubated at 37°C.

With EL4 cells, the uptake of MTX-AELG remained progressive while
that of MTX-NRG and free MTX leveled off; at 6 hr, cells incubated
with MTX-AELG endocytosed more MTX (40 pmol/mg protein) than did cePls
incubated either with MTX alone (30 pmol/mg protein) or with MTX-NRG
(24 pmol/mg protein). These results show that the uptake kinetics of

MTX conjugates are different from those of the free drug and therefore
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1t is un]ikely:that significant amounts of conjugates were bound or
intérnalized by thestransport system for MTX. .

With M21 cells, net uptake of MTX when 1linked to any of the three
specific antibodies (MAB, AHMGR, AHMGR+T) exceeded that obtained
on incubation with equimolar amounts of free drug as early as within
the first hour, whereas, the net uptake of MTX when 1iﬁked to NRG
barely exceeded.that of free MIX during the period of observation.

The inhibition of MTX-AHMGR uptake by AHMGR and the inability of

free' MTX to inhibit this uptake indicates that transport of the
conjugate depends on the|ant1body moiety and confirms that it is
unlikely that substantial amounts of conjugates were bound or
internalized by the transport system for MTX. The efflux stud1és show
that conjugated MTX was retained Tonger than free MTX during.
ncubation in drug‘or conjugate-free medium, This indicates that the
specific antibodies aga1ng§ TAAs used in this stud; are capable of
achieving and ma1ntain1ng'htgher intracellular concentrations of MTX
than 1s possible with the free drug.

Cell-association kinetics of the three specific MTX-antiM2l
antibody conjugates were bi-or pu]tiphasic except for MTX-MAB which
was linear at 37°C. Measurements of cell-associated radioactiyity at ™
37°C w11l 1nclude both binding and uptake but those at 0°C should be
of just b1nd{ng s1ince endocytosis does noi occur at this temperature
(Willingham and Pastan, 1983). At 0°C, the binding phase completed
prior to the first measurement at l-minute can be accounted for by

virtually immediate occupancy of high affinity sites. The following
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progressive increase in binding which leveled off around 4 hours may
be explained in the case of MTX-MABﬁBy the differential accessibiiity
of the high-molecul ar-weight melanoma assdciated antigen, (MAA)

" epitope. In the case of MTX-AHMGR and MTX-AHMGR4+T, additional
factors would include diversity of antigens and po]yc]oﬁa]iyy of
antibodies in the preparations. Binding taking place relatively
slowly at 0°C would be expected to p;oceed much faster at 37°C as~
shown by MTX-AﬂMGR+T which bound approximately 40% more within 1
mjnuii at 37°C than at O'é. This value of 31 pmol MTX/mg, protein at

37°C%as close to the plateau level of 36 pmol MTX/mg protein

observed after 4 hbur incubation at 0°C and may thus include a
proportion of lower-affinity antibody that bound within the first
minute at 37°C. In contrast, with MTX-AHMGR, nearly the same amount
(40 pmol/mg protein) bound within 1 minute*at 0°C or §7°C but the
initial binding g 37°C was followed by a very rapid rate of incréase
in cell-associated conjugate, reaching in the next few minutes a value
equal to that observed after 6 hours at 0°C, 1.e. saturating binding
sites. The further increase at 37°C must therefore be due to
endocytosis. It appeargnthat at*least a proportion of the
high-affinity-antibody populations (about 58%) in AHMGR which' showed
binding to M21 cells within T minute regardTess nf’temperature were
Tost during the absorption procedure for rendering AHMGp
melanoma-specific. This is not surprising since approximately 90% of

the IgG 1ﬁ*AHMGR was usually removed during absorptions with normal

human tissues to produce AHMGR4T. MTX-MAB showed ‘approximately the
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same immediate binding at 0°C and 37°C, followed by rapid incpedges in
cell associated conjugate at either temperature during the first hour.
The 1nmit1al rate of increase in tell-associated radioactivity at 0°C
was somewhat slower than at 37°C-and declined to zero by 4 hours, but
net uptake at 37°C contihued 1inear]j*throughou£ the 6 hour
observation period, 1n contrast to MTX-AHMGR and MTX-AHMGR+T,
which apprgachgq a plateau after 4 hours. This difference 1n

r

behaviour at 37°C may reflect differences in turnover of receptors for

’ S
-

the different antibodies.
The net amount of MTX that 1s cell-associated after incubation
with a conéugate at 37°C will depend upon a number of factors that
include (1) specific binding of ghe conauéate to TAA or other antigens
and subseqdeﬁt endocytosis (or shedding, if any), (ii)tﬁonspecific
binding to the cell surface and uptake by mechanisms i1ndependent of

specifﬁé transport carriers, e.g., p1nocy£osis (Ghose et al., 1962;

‘Chu and whﬁte1ey, 1980), (i14) efflux of MTX-containing fragments

produced by 1ntracellular catabolism and (1v) catabolic release of
MTX~containing fragments mediated by proteolytic enzymes on the :
surface of tumor cells. Thus, calculations for determining the net
uptake~d¥ conjugates by subtracting the amount bound at 0°C or the
amount bound initially a‘37‘c from the total cell-associatecti MTX at a
given time are only approximations and will neither'distinguish
nonspecific from spec{fic uptake nor take into account the amount
effluxed. However, the negligible uptake of MTX-NRG by the M2l cells

indicates that nonspecific pinocytosis was not a major pathway in the
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uptake of specific cqgjugates. This contrasts with the behaviopr of.
EL4 cells which took up larger a;:unts of MTX-NRG than M2l cells did.

It was intetest1ng to observe that the net uptake at 37°C
correlated with extent of high affinity. binding (measured at 1 min at
0°C) and wiéh immunofluorescence }itre, the order being
MTX—MAB>MTX-AHMGR>MTX-AHM§§+T. Further, when the high aff1n;ty
binding at 1 min was subtracted from the 0°Q »lateau va1ue‘at 6 hoqrs’
y1elding the number of available binding sites with lower affinity,
agajn the same.order was evident. Indeed, this was further supqorted
by the initial (starting at 1 min) rates of bindiﬁg.at 0°G, their
values expréssed as pmol/¥r/mg protein being 65 for MTX-MAB, 15 for‘
MTX-AHMGR gnd 4.7 for MTX-AHMGp,r. Although the content.of .
specific antibody molecules d1%fered for each conjugﬁte, the
concentration bf specific antibody in each incubation greatly exceeded
available cell surface binding sites because the incubations were
performed with equal numbers of M2l cells and equal concentraiﬁons-of
conjugated MTX which contained excess antibody, aghut 0.35 mg .IgG,
which is 74-, 9- and 5- fo]d'higher than-the titre values of ﬂTX-MAB,,
MTX-AHMGR and MTX-AHMGR+T respectively. Thus, the amount of ‘
conjugate bound at equilibrium would depend chiefly on the _available
binding sites and their total number on the cell surface should be
indicated b§>}he plateau values of bindtng at 0°C. From this it can
be concluded that net uptake at 37°C was directly correlated to the
nunber of binding sites.

The properties of the binding sites, especially their lateral
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" binddng of MTX-AHMGR at 0°C was in fact observed, as well as
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mobility and facility for internalization, may also be important in

the uptake of conjugaged drugs. The ratio of conjugate taken up at 6
hours at 37°C to.the plateau level of binding at 6 hours at 0°C may -
indicate the effectiveness of cell-surface binding sites for

“internalization of .that conjugate. These ratios were 2.1, 1.2 andsl.4 3

PO

for MTX-MAB, MTX-AHMGp and MTX-AHMGp4r respectively. The ratio of

211 for the MAB coﬁjugate demonstrates that twice the amount needed
for saturating binding sites é%‘O’C was endoéytosed during 6 hours.
Thus, the MAB appéﬁrs to Be a better carrier for MTX against M2l
me]lanoma cells Because a 1a;§er numbe; of cellular binding sites aré
present that are.intrinsiéa11y more effective in its internalization.
AMGp differed from AHMGRwT only in the lesser extent to which
non-tumor-specifif§ antibodies were absorbed out and thus had access to
binding sites additional to the MAA which bound AHMGp4r. Greater !
corespondingly greater net uptake(at 37%C. MAB is distinct from the )
méﬁor ant ibody popu1ations‘1n AHMGR and AHMGR4+T since it continues

to react with melanoma cells coated with conventional antisera (Ghose

Ry

et al., 1982). This(indicates tH;t the binding sites for MAB were
_more efficient in 1nterna1{zing tpe ligand than the binding sites for
AMGR and AHMGR T | ‘ )

These in vitro uptake studies have shown that both EL4 and M2l
Bgells take up more MTX when it is conjugatedi to tﬁe respective antiTAA!
antibbdies than asvthe NRG conjugate or as the free~drqg'after their
exposure to these agents. Thus, this increased uptake of the g

’
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MTX-antitumor antibody conjugates could partly account for their

a

superior antitumor effectiveness. However,’ﬁince the in vitro uptake
of these agents By the tumor cells may not reflect the ir vivo uptake
pattern, these studies were extended to tumgr—bearing animals.

On administration of a 5 mg/kg dose of free or coniugated MTX
i.p. to EL4 1ymphoma-behring mice, the EL4 cells took up th@,greatest
amount of MTX when it was injected in the form of its AELG conjugate.
This finding confirms the in vitro investigations, ‘in which EL4 cells
were incuéated with free MTX and MTX conjugates at 0°C and 3?’0 and
showed that uptake was greatest for the AELG-linked drug. Also 1;

- keeping with the in vitro results, administration of MTX as the NRG
conjugate to tumor-bearing animals led to Tess yptake of drug by tumor
cells than-its administration as the AELG conjugate but more than as
the free drug.

Following the i.p. injection of MTX and its conjugates into the
ascites tumor-bearing mice, absorption from ascites fluid into blood
and other tissues was rapid, peak levels being reached by the free

) drug within 1 hr and by either conjugate within approkimate]y 3 hr.
Conjugétes were cleared more slowly from‘;scites fluid than Qas free
MTX: both exhibited slightly higher levels at 1 hr than at 30 min,

V»wperéas the free drug shéQed progressive'c]earance from the time of
the first measurement. Since samples of ascites fluid were collected
frgmnthe side of the abdomen'opposite to the site of administration,

diffusion of conjugates in this viscous fluid may have been slower

'
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than that of free MTXi After lhr both conjugates started declining,
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but the'clearance of MTX-AELG was somewhat slower than that of
MTX~NRG. This may have been due to binding of AELG to antigen eithew
on ghe EL4 cell surfacé or free 1n the ascites fluid, which would also
explain the slightly lower levels of MTX-AELG in serum compared to
MTX-NRG. ;owever; the higher Tevel of MTX-AELG inf EL4 cells was n;t
due simply to its higher level in ascites fluid. The superior carrier
ab11ity of AELG compared to NRG could be seen, for example, from the
data obtained at 3 hr showing that tumor cells took up 3 times as much
MTX conjugated to AELG as MTX conjugated to NRG, even though the ratio

\

n theibsc1tes ﬁfuid was only 1.5. \,

In most tissues free MTX reached a peak by 1 hr, then détjined
steadily to low levels. This decline was most pronounced in 1i§gr and
ffdney, where the initial peak had been almost 20% of the administered
dose per g dry weigh@. In tumor cells the initial peak was 4% of the
admini§‘.réd dose per g dry weight, and the rate of decline was slower
than in other tissues: at 1, 3 and 24 hr, tumor cells contained s
approximately 1.2, 1.0 and 0.6 nmol MTX per g wet weight,
respectiYely; the corresponding figures for ascites fluid were 21, 2.5
and 0.04 nmol per ml and those for serum were 5.3, 1.1 and 0.1 nmol -
per ml. Others have also reported that MTX-sensitive mouse tumors
clear MTX activity more slowly than othef*tissues (Anderson et al.,
1970; Bischoff.et al., 1971; Dedrick et ;1., 1973; Henderson et al.,
1965a) . : )

Uptake of MTX linked to NRG by the E41459]15 can be attributed to
these cells’' high pinocytotic activity (Chu and Whiteley, 1980; Ghose
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et al., 1962), and pinocytosis could also play a role in uptake of the
AELG conjugate. However, an additional, more important uptake
mechanism for MTX-AELG 1s 1ikely to be capping and.endocytosis at 37°C
suﬁsequent to binding of the AELG conjugate to specific receptors on
the cell surface, as has been shown by 1n vitro experiments at 0°C and
37°C with AELG. carrying chlorambucil (Guclu et al., 1975). The fact
thaf the level of immunog]obu{jp-lwnked MTX 1n ascites fluid and serum
was persistently higher than the level of free MTX could also have®
contributed to higher initial uptaﬂ!’and persistence of high levels of
MTX in the tumor cells.

However, Studies with free MTX have spown tha} cytotoxic acyioﬁ
correlates with the excess of' drug over the stoichiométric DHFR 1eve1
and the duration of exposure (Goldman, 1975). Maintenance of such
high levels is facilitated by formation 6f Qp]yg1utamate§ ghat'are \
retained better by the cell than is M 1tself (Fry et al., 1983;
Goldman, 1975). The efflux studies gave a value for the DHFR level in
‘these tunor cells of approximately 0.3 nmoT per g wet we1ght;
therefore, iﬁministering S“mg free MTX/kg could maintain cytotokic
amounts for at least 24 hr. The more effeCtive tumor inhibitory . ..
action reported by Kulkarni et.al., for\both MTX-AELG and MTX-NRG at R
this dose Tevel may be gué to the higher levels of 1ntrace[1u1aF\drug
now dem;ﬁstrqted to perdist dur1?g the observation period of 24 hr. .
Another contributing fqltor could be sustained }elease of more poteni

free MTX by 1ntrace]1uf§r catabolism of the conjugate. Incubatioh of

MTX-NRG with an EL4 homogenate produced a low molecular weighf

> ~
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[3HIMTX-containing fragment. Studies on this and other similar

the parent conjugates which are themse]veé approiimate]y half as

inhibitory as free MTX. The loss of potency of conjugated MTX could
have been more than compensated for by the large excess of drug
parsisting 1n EL4 cells 24 hr after adm1nlstratjon as alconjugate
(d.9. 135 pmol MTX/mg protein 1n mice giveh MTX-AELG compared to 17
pnol MTX/mg protein in mice given free MTX).‘ Measurements beyond 24
hr would have shown how long the excess (re]‘tfve to the level of
intracellutar DHFR) producedméy\conjugate administration could be
maintained 1n comparison with the level produced by ‘free MTX ’
administration. Unfortunately the EL4 lymphoma model é;s not allowed
a longer period of observation. An 1interval of seven days between
i.p. inoculation of 107 EL4 cells and sacrifice was necessary for the
development of the ascites tumor and, after 7‘days, the ascites fluid
contained substantial numbers of red cells that also take up MTX
(Steele et al., 1982). Further, tumor inoculated mice started dying
after the 8th day. However, the results indicate that the higher
plateau levels of the drug administered as the conjugate are likely*to
be maintained well beyond 24 hr, ; 1

Therefore, the general pattern of inhibition of tumor growth
observeg by Kulkarni et al., (1981), i.e. MTX—AELG;MTX—NRG>MTX
corresponds to the uptake of these agents in vivo by'the'EL4'cellsI

In additjon: the longer persistence of the MTX-IgGs}in ascites fluid &
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and serum ensures continued delivery of drug, to the tumor site thereby v \\’
enhancing their therapeutic effectivé}ess compared to the free drug
which was rapidly cleared from the c%rcu]ation:inc1uding ‘the ascites |
fluid, The longer persistence of.conjugate T} ig,the circulation
and 1n vital norma? tissues may é§pl§ig‘the remarkabl€ 1increase in the
systemic toxicity of this dryg when admfﬁistequ in the conjugated

form. The i.p. LD1o dose decreased from 15 mg/kg for free MIX to 5
mg/kg for either th% AELG or NRG conjugates. Thus, in this model, the
increase 1n antitumor effect of the MTX-NRG conjugate in vivo can bg
'exp1a1ned in part-on the basis o% langer persistence of conjugated
drug in the circulation (and ascifes fluid) and its greater uptake and
Tonger retention by the EL4 cells. The superiority of MTX-AELG over
" MTX-NRG can be attributed to greater binding and still higher uptake .
of MTX when linked to AELG. )

A recent idvestigation by Ghose et al., (1984) which showed that
MTX-AHMGk+T inhibited melanoma M21 tumor growth signi%lcantly
whereas, MIX-NMG or free MTX did not suggests that the AHMGp.t
‘conjugaté could Be taken up more by the M21 cells than the NMG
conjugate or the free drug.’ This 1s especially interesting as the
drugs ;ere admin{stered by the i.v. route and the tumor was
xenografted subcutaneods]y. This contrasts Qith the in vivo uptake of
free and conjugated MTX in EL4 Tymphoma-begring mice in which the
drugs were ipjected directly 1ntq the peritonéa1 cavity where the _ . '

tumor cells were suspended in the as¢ites fluid, thus, favouring

uptake, since the drugs and tumor cells were in direct contact. Since
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the AﬁMGRI?\conjugateAhas been demonstrated to be taken up more tha
either MTX-NRG or ‘the free drug by M21 cells in v1trp, the uptake ‘

Nttern of these agents in melanoma M21- -bearing m1ce‘was 1nvest1gate
to dete;n1ne 1f this same sequence of drug uptake by,tne.ce1ls woul
be repeated in vivo. - L )

?
Thig study demonstrated that MTX-AHMGpyr and MTX-NRG

cgnjugates, when administered by the i.v. route, eould be taken up by -

subcutaneous xénognafté‘of human melanoma M2l cells. Though there was
\
no difference 1n the uptake by the me1anoma-cells of the MTX—AHMGR+T

(B

and MTX-NRG, the amount takén.up (approx1mate1y 55 pmol MTX per mg

P .

proteif 1n 3 hr which rema1ned constant up to 24 hr when obseg:at1on i’

ceased) was far n excess af\the DHFR content of the ce]l
(approximatety 2 pmél MTX'per g protein), whereas free MTX declined
rapidly from 1ts h1ghest uptake oF 24 pm01 MTX per mg proteﬂn at 30

min to 3 pmol MTX per mg prote1n at 24 hr, 3ust above the DHFR content

L4 A

of the cell. "'l‘ o : -

Since tumors have 1mpa1red 1ymphatic dra1nage (Ghose et al. ) \
1976 Hoffer and Gottschalk 1976) the, MTX-NRG that reaches the '
extracellular compentment of the‘tumon might be trapped, thus
resulting in a high concentration'of the conjugate'at the tumor s{te

Moreover, the uptake of the AHMGR,1 conjugate could also be 11m1ted

- by its low content of melanoma specific antibody, this’ 1mposes a’'limit’

1Y

o

on the actual amount of melanoma spec1f1c antibody that diffuses to
the tumor site.” Thus, this conjugate preparat1on may have failed to

differentiate specific uptake of MTX-AHMGR+T from nonspecific uptake
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of MTX-NRG because of these technical difé}cu1t1es. VA

* . This result contrasts with the observations of Ghose et al.,
(1984) which showed that MTX-AWMGp,7 inhibited tupor owt;
significantly whereas, MTX-NMG or free MTX did not. H&kever, in the
study of the in vitro uptake of MTX aﬁd ;is conjugates by M21 melanoma
cells, the order of drug taken up aftér exposure to these agents was

MTX-MAB>MTX-AH

TOMTX=MTX-NRG, i.e. roughly the same as the order
of tumor inhibition \{n vavo by these agents. TQe flact that these ,
cells took up less MTXAas the NRG conjugate 1in vitro indicates that
they have 2 Tow pinocytotichactivity. Hence the difference in fhg
therapeutic responsiveness between MT£—AHMGR+T and MTX-NRG could be
attributed %o the h;gher internalization of tﬁe AHMGR4+T conjugate at
the tumor site. For the in yivo uptake stud}es miég—uére allowed to
develop solid tu;ors with an average volume of 874 mmb.‘ %herefore,

the MAAs in the tumor against which the AlMGp.7 is directed are
Tikely to be less exposed to the MTX-AHMGR+T than when the cells are

* .4in the- form of h monolayer as they appear 1n vitro. “Imother words,

the uptake of the MTX-AHMGR+T bynMZl ce]]s 1s greater n, vitro

because the MAA ep1topes are more accessible to the,conjugate in vitro

)
4
ot

than 1n v1vo . . Y

P is not suﬁpr1s1ng then, that the MTX- AHMGR;T‘ﬁs more .
effectlve in vivo 1nh1b1t1ng the growth of tumor than MTX-NRG In
. th;s éiJBy, mice were treated on days 1,4, 7 10 and 1% with a 5 mg/kg
dose of MTX, free or linked, 24 hours after subcutaneous 1nocu1ati?n
of 2 x 106 M21 melanamq.cé1ls. The MTX-AHMGR+T was more effective

in inhibiting tumor growth 1h the early days after turor inoculation.
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Its inhibitory effect decreased as the volume of *the tumor 1ncreased;

* it inhibited mean tumor volume by 65% on day 14, the last day of

treatment and by 15% on day 50. Though the inhibitory effect of the
MTX-MAB was greater than that of MTX-AHMGR4y, its pattern of

-4inhibition was similar; it inhibited tumor growth by 90% on day 14 and

55% on day 50. The MTX-NMG had no 1nhibitory effect on tumor growth.
These inh{bitory effects corre§pond to the in vitro uptake studies and
sugeest a direct relationship between availability of binding ;1tes
and inhibition of growth. It also imglﬁes’that as the tumor volume <
;ﬁéreases, feﬂér antigen binding sites are accessible to the
antibodies resulting in less uptake and consequently less tumor
nhibition.

\ There was a large difference in the serum concentration of the,
fﬁéF ana‘conjugatga drugs; while the highest concentration of the free
MTX was 1.4% of thgfadm1nistered dose per ml 1n 30 'min, that of the
conjugates were 27.4% per ml and 25.2% per ml for the AHMGR4+T and

NRG respectively. In addition to this initial large difference n
serum concentration, there was a continuing rapid decrea%e in the
;erun concentration of free MTX and by the 24th hr, all the free drug
had been e11minated; wheréas; the serum levels of the conjugates
declined gradually. At 24 hr, the serum level of MTX-AHMGp.1 was
twice that of the MTX-NRG. Thhs, the high serum concentration
attained by the conjugates (i.e.vAHMGR+T and NRé) and which was

maintained ovér a 1on§ time interval could ensuresthat adeduate

apounts of drug are continuously delivered to the tlmor.
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Greater than 90% of radioactivity was always associated with the
precipitate obtained when sera from conjugate treatedymice were
precipitated with 10% TCA; therefore, the decline in the serun level
of the éonjugates is probably due to complete or partial hydrolysis
followed by rapid elwmination. Since MTX is known to bind to serum
Qroteins (Henderson et al., 1965b; Steele et al., 1979b),;[3H]MTx
released by hydrolysis of the conjugate could bind to thege proteins

thereby resulting 1in the consistently high levels of radioactivity

. obtained with the TCA precipitates. However, this is not likely

because the TCA precipitates of sera of mice treated with free MTX
‘a1ways gave radioactivity of less than 5%.

High uptake of free MTX was observed in the liver and intestine,
While the free MTX 1n tﬁe Twver declined from its peak uptake level in
30 min to a barely detectable level in, 24 hr, the free MTX in the
1ntesting declined from its highest uptake level in 30 min to 1ts
1owe§t level in 3 hr but remained unchanged a@ this level up to 24
hr. This is consistent with the proposition that the bile could act as

a reservoir for MTX which is beiné secreted and circulated in the

e

" enterohepatic rOuté thereby resulting in the toxicity usually observed

in 1iver and 1ntestine (Bischoff et al., 1971; Calvert et a1.,'1977).
Substan%ia1 uptake of free MTX was observed in spleen, kidney and lung
with éhe brain having fﬁ@ Towest level of uptake. Similar
obsgrvatidns have been made by Anderson ef al., {1970) and these also
qo;resbond with the results from the EL4-bearing mice. ’However, in

“aTi the tissues mentioned agove, the free MTX déclined very rapidly

o
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from its peak values 1n 30 min to barely detectable levels in 24 hr;
indeed, by the third hour of observation all the MTX had been
e]imin;ted. In contrast, all the tissues showed consistently high
uptake of the conjugates with the 1iver and k1dﬁéy having the highest
uptake and the braiﬁ the Teast. There was a gradual decline in the
tissue content o} MTX-AHMGp 4T and MTX-NRG but\at 24+hr substantial
levels were sti1ll retained. In all the tissues, including serum, the
NRG conjgugate was being eliminated faster than the AHMGR.T
conjugate. ’

Melanoma cells have been shown to be sensitive to MTX in vitro
but resistant to this drug in vivo (Ghose et al., 1984; Fisher et al.,
1979; Karakousis and Carlson, 1979). This paradoxical respoﬁse has

been attributed partly to the increased in vivo formation of MTX's

7-0H metabolite, which is two orders of magnitude less cytotoxic

»
+

t0war&.melanoma cells and competes with MTX for uptake'(Gaukroger et
al., 1983; Fabre et al., 1984). ﬂThis study demonstrates that an
additional fggtor to explain the lack of response of melanoma cells to
MTX in vivo could be high efflux rate of the free drug from the cells
in vivo. In contrast to the sensitive EL4 cells whgre 45% of the peak
radioactivity remained associated witb the cells at 24 hr, only 11.8%
of the peak radioactivity remained assocjated with the melanoma cells
at 24 hrY Hence, whereas in the EL4 1ymphoma cells, there was enough
MTX within the cells to keep DHFR highly inhibited, at least up to 24
hr, the melanoma cells on the other hand were unable to retain enough
" MTX to keep their DHFR in the iphibited state up to 24 hr. ‘
The in vivo uptéke studies condutted :5th the muriné EL4 1ymﬁhana
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ascites tumor and the human melanoma M21 solid tumor have shown that

MTX-IgG- conjugates are taken~up better by these tumors than the free

drug. They also demonstrated that the Conjugated drugs are retained .
Tonger in the circulation than the free drug. Therefore, greater

delivery of the cdﬁjugated drug to the tumors and 1ts Tonger plasma

half 11fe appear to have a significant role in the therapeutic
effectiveness of MTX-IgG conjugates. Howzf;r, the fate of the . -
conjugated drug after internalization 1s still unknown. Afte
1nternélization, the tonjugates could either inhib1t\Mﬁ3&:{£§2¥t1y, or

be hydrolyzed to release active MTX contazning catabolites which could

fﬁen inhibit DHFR or both the intact conjug%te and 1ts catabolic

products could equally inhibit the'enzyme. An investigation by Chu

and Whiteley (1980% has shown that MTX-BSA was not;degradéd on the

cell membrane of L1210 1ymphoma cells but was degraded

“1ntracellularly. Similar investigations by Shen and Ryser (1979) and
Galivan et al., (1982) with MTX-poly-L-lysine conjugates have shown

that the complex was degraded intracellularly by Chinese hamste; ovary
cells and hepafié?xel]s in cultur® respectively and that:the '

degr&deﬁig: 1s sensitive to leupeptin and 1ysosomqtrogjg}4nhi51tors,

thus implitating "lysosomes in the breakdown process.” ' .

fa

In this study the catab?1ic ability of M21 cells, EL4 ceTl
homogenates and liver homogenates on MTX-IgG were examindd and its
-degradation products partially charactgrized. Liver homogenates were
used‘as a source of lysosomal enzymes and as a control against which

the effectg of different inhibitors of lysosomal enzymes on the

-
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breakdown the MTX-IgG by the homogenates could be tested.
After M21 cells were loaded with [3HIMTX-AHMGR and incubated

in conjugate-free medium, MTX-containing low molecul ar-weight
catabolites were detected intracellularly and in the eff]u;'medium.
Th1s catabolic process was inhibited with chloroquine and leupeptin.
Incubation of MTX-NRG with EL4 cell homogenates or with adult C57BL/6J
Tiver homogenates also pr;duced a MTX containing catabolite fraction
with simlar chromatograbhic behaviour on Biogel P100 as that produced
by M21 melanoma ce]%s. This catabolic process was inhibited by all
the five known inhibitors of lysosomal enzymes tested and was
increased at low pH. The low molecular-weight radioactive fragments
obtained afteF the incubation of [3HIMTX-NRG conjugate with mouse
liver homogenates or :Lom the extract of M21 cells and their efflux
mediun after incubation of M21 cells pre1oadgg/@1th [3H]MTX-AHMGR“
were as effective in 1nh1biping DHFR in vitro as the parent conjugates
which in turn were half as effective as MTX. This result is n

agreement with the 1nvest1gat1ons of Rosowsky et al., (1984) who. fgpnd
that derivatives of MTX 1in wh1th the a-carboxyl group is joined to the
e-an1no group of L-lysine, L-lysyl-L-lysine or L-1ysyl-L-Tysyl-L-
ly;?;e were 3-fold less effective in inhibiting DHFR compared to MTX
1M a cell free assay system. . '

»

The*low-molecilar-weight fraction from the gfflux medium of M21
jved fnto 2 peaks by
-

DEAE-cellulose chromatography. One of the peaks eluted at the same

célls preloaded with MTX-AHMGR was further r

ionic strength as free MTX but the other eluted at a slightly high
a

- ,
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ionic strength. This indicates that the efflux medium ;bntained two
d1ffefent1yscharged catabolic products. The fraction that eluted at . N
the higher ionic strength 1s not 1ikely to be a polyglutamate ”

derivative because 1t 1s two fo]d less effective in inhibiting DHFR .

than free MTX; polyglutanates of MTX are as effective as free MTX 1n

[PV,

inhibiting DHFR (Jacobs et al., 1975; Clendeninn et al., 1983). The
charge difference between the two fractions was not enough to . ;
differentiate them on TLC; they both migrated with an Re oF 0.2 . e
while free MTX had an Ry of 0.63 and the original conjugate remained | .
at the origin. .. ' . ‘

The Tow-molecular-weight fraction from MTX-NRG incubated‘with
liver homogenates wqﬁAa1so furt?;g;purified using DEAE-cellulose
chromatography. Thé‘fracﬁ@on thﬁfgé1uted at approximately the same
jonic strength as MTX was also two fold less effective in inhibiting | ” :
DHER than freesNTX but migrated with an Re of 0.4 on TLC. These {
charge d1ffé;énces in the catabo]ic products obtained from the
1ncubation of MTX-NRG with Tiver homogenates and from the efflux i
mediun of M21 cells preloaded with MTX-AHMGR m1ght be related to‘ d v
d\fferences in amino acids still attached to MTX.

This study'has established that the MTX-Ig& cenjugate s '
hydrolyzed intracellularly to release MTX containing fragmept that
also inhibits DHFR. Hence, reasons for the 1ncreas{ in cytotoxﬁc
potentia] of MTX-IgG conjugates in vivo would include higher uptake of
the conjugate followed by slow sustained catabolism so that there is

prolonged maintenance of intracellular active -derivatives (i.e. intact « o

.
)
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conjugate and its catabolites) ‘at a‘1eve1 higher than {that of
DHFR‘, . L .

S%nce both EL4 and M2l cellgﬁtake up more MTX as he ant{TAA
ant1body conaugate than as the NRG congugate or free MT 1t would
be expected that the antiTAA antibody canqugate would be.more
inhibitory to the growth of .these cells in culture. How ver, when

s
o

3 their toxicities to these cells grown in RPMI 1640 med:
5

supplemented w1th 10% feta] calf serum were tested free MTX was =<

Wh1te1ey (1980 anq\Arnold et al., (1983) However, the best

«

cytotox1c1ty assay may be to expose the ce]ls to both free apd »
| - e
bound MTX for & sufficient t1me to al?ow uptake; then after ) & ¥
qash1ng off unbnund drug, the ce11s are grown in soft agar. }The =
advantage of th1s assay is that it is comparab1e to the in vivo
situation where free MTX 1s subject to a nap1d eff[gx in the °
absence o% the drug -in-the environment The higher cytotoxicity
of free MTX to cells in vitro may be related to 1ts conversion to
MTX po1yg]utamates which are capable of 1nh1b1t1ng ‘other ¢
1ntrace11ubar enzymes, as shown recently by Allegra et al.,
(1984)' In addition to 1nh1b1t1ng DHFR, MTX po]yg1utamatqg also
. 1nhfb1ted thynldylate synthetase, am1no1m1dazolecarboxam1de o
njbonub%sgﬁjde transfonmy1a§e and methylene tetnahydrofo1ate

reductase; free MTX did not inhibit these other enzymes apart fram
. N ’ LA 0 D*
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* " DWFR. It is not known, howdver, if MTX-IgG or fragments generated from
it also inhibit these additional enzymes.
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CQNCLUSION

In the EL4 lymphoma system more MTX was taken up both in vitro .
and in vivo when MTX was conjugateé to antitumor IgG than when
tumor cells were exposed to drug alone or drug linked to NRG.
More MTX was taken up in vivo by EL4 cells when the drug was
lTinked to NRG than when the tumor cells were exposed to the free
drug. In vitro, both are taken up to the same extent at 6 hr,
The extent of drug uptake by tumor cells after exposure to the
agents in vivo correlated with their tumor 1nhibﬁting effect in

-
vivo.

4(i) In EL4 lymphoma-bearing mice, the clearance from serum and tissue

v

of MTX-IgG conjugates was slower than that of free'drug.

{11) In L4 Tymphoma-bearing mtce, the tumor cells retained higher

5].

6.

amounts of drug for a longer period when adminigfered'as the

iftitunor Ig6 conjugate. In contnast, no significant difference

n clearance between MIX-NRG and MTX-antitumor Igh conjugates was
observed in normal tissues exawined.

! Homogenates of ELS cells could break down MTX-NRG conjugate 16?0

small drug-gontaining” fragments. '

In the human me]anoma system in vitro, more MTX was taken up when
MTX was conjugated to antitumor IgG g‘an when the tunor'ce11s

. were_ exposed to drug alope or drug 1inked to NRG, In this mode]
there was a posit1ve corre]ution betueen the number of available
binding sites for ant1body and the amount of drug taken up

However, in un]ike-the EL4 system, there was no difference in the
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uptake of MTX by M21 gells in vivo when the dr&g was conjugated
to either antitumor IgG or NRG.

There was no difference in the uptake of fo either as fhe free
drug or as the NRG conjugate by M2l cells in v;tro.

The extent of drug uptake by M21 cells after eiposure to the
agents in vitro correlated with their tumor inhibitory éffect in
vivo. ) » \
In MZ1 melanoma-bearing nude mice, the clearance from serum and
tissue of MTX-IgG conjugatés was §jower than that of free drug.
In M21 melandma-bearing nude mice, the tumor cells retaineq‘
higher amounts of drug for a 1ong;r period when administered as
the IgG conjugates. There was no signif?cant difference in the

clearance of the IgG conjugates from normal tissues except that

the clearance of the NRG conjugate in Serum was faster than that.

of the antitumor IgG conjugate. N . .

Efflux from tumor cells of IgG-Tinked MTX was guch slower than -

[y

that of free MTX, . =

-

»

M21 cells could break down the conjugate into small :
drug-containing fragments that could be detected both -
intracellularly and in the efflux medtum. This catabolic

process ;as inhibited w?th ph]o#oquine and 1eupeptip, i.e. ‘
inhibitors of lysosomal enzymes. . et .
Enpubation of MTX-NRG conjugate with -adult C578L/6J Tiver B .

homogeﬁétes also produced a MTX containing fragﬁent éimilaq'to't

. LI AN ' . ., M
that prodyced by M21 melanoha cells. This catabolic process was
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inhibited by all the 5 known inhibitors of lyspsomal enzymes
tested and was optimal at low pH. ,
12. 'The ’icm molecul ar-weight radioactive fragménts obtained aft:.er the
incubation of [3H]HfX-NRG_conjugate w:ith mouse h‘ve:r homogenates
or from the extract of M21 cells and‘their.:ffluxqmediun after
incubation of M21 cells pre]oadg;x with [*HIMTX-AHMGR yere as
effective in inhibiting DHFR as the parent con'jugates.
'Thereforé, reasons for the 1ncreasé in cytotoxic potential of
MTX-Ig6 conjugates in vivo wou1d.‘1nc1ude higher uptake of IgG-'aned'
MTX followed by slow systained catabolism so that there 15’ prolonged
maintenance of intraceliular active derivatives at a level higher than

+ " that .Of DHFR. ¢
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