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• ' ' ABSTRACT, 

The mode of the superior antitumor effectiveness of MTX-antitumor 

IgG conjugates has been investigated in murine EL4 lymphoma and human 

melanoma M21 cel ls, by comparing the in v i t ro and. in vivo uptake and 
* ' " , 

level of accumulation of (a) free MTX (b) MTX linked to nonspecific 

IgG (NRG) and (c) MTX linked to IgG antibodies directed against 

antigens on the surface of ce l ls . The.rate of eff lux of free or ' 

conjugated MTX .from M21 cel ls in an environment depleted of drug as 
i 

well as the ab i l i t y .o f the cel ls to release free MTX or active , 

MTX-contaimng fragments that can inh ib i t DHFR were also examined*. 

In the mouse EL4 model, more MTX" was taken up by EL4 cel ls both 

in v i t ro and in vivo as the antitumor IgG conjugate than as the free 

drug or drijg linked to NRG. The clearance from serum and tissues of 

MTX-IgG conjugates was slower than that of the free drug i t t 

EL4-bearmg mices In the human melanoma model in v i t r o , more MTX was 

taken up by the M21 cel ls as the antitumor IgG conjugate thun .as the 

free drug or drug linked to NRG, but in vivo, MTX-ant1M2l IgG and 

MTX-NRG conjugates were taken up to the same extent. In vivo and in 

v i t r o , eff lux from tumor cel ls of IgG-1inked MTX was much sldwer than 

that of free MTX. Drug-containing^fragments could be detected 

in t racel lu l arly and in the eff lux medium when M21 cel ls were preloaded 

with MTX-antiM21 IgG and remcubated in conjugate free medium. These 

drug-containing fragments could inh ib i t DHFR. Therefore, reasons for 
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the increase^in cytotoxic potential of MTX-IgG conjugates in vivo 

would include higher uptake of the I^G-lmked MTX followed by slow 

\ sustained catabolism so that -there is prolonged maintenance of 

intracellular active derivatives at a level higher than that of DHFR*. 

*Results of my studies on the uptake of the MTX-AELG conjugate by EL4 

cells have been putrlished in Cancerjinmunol. Immunother., 1983, 16, 

127. One paper on the tumor arra tissue distribution of MTX-AELG in 

EL4 lymphoma-bearing mice has been accepted fof publication in Cancer 

Research and another on-uptake of MTX .linked to poly and monoclonal 

antimelartoma antibodies by human melanoma M21 cell line has been 

accepted by JNCI. In additibn, 'parts of \his work have been presented 

at the New York Academy of Sciences conference on macromolecules "as 
A 

drugs and as carriers for biologically active materials, (March, 

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

Research in Toronto .(May, 1984) and the Canadian congress of 

laboratory medicine in Halifax (June, 1984). 
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7 INTRODUCTION 

A. GENERAL ' , * *; 

Among the currently available methods for the treatment of 

cancer, chemotherapy constitutes a major therapeutic approach, along 
> 

or in combination with surgery, radiotherapy and, to a lesser extent, 

immunotherapy. Most cancer therapeutic agents now in use are not 

truly tumor specific, they have equal detrimental effects on'normal 

"cells, particularly the rapidly proliferating ones in the 

gastrointestinal tract, bone marrow etc. This nondiscriminating mode 

of action severely limits the dose that can be given, in most cases to 

a level that will not kill all tumor cells.. The effectiveness of 

cancer therapeutic agents is evaluated in terms of the therapeutic 

index which ̂ s%he ratio between the median toxic dose and the median 

tumoricidal dose. Increase in tumoricidal .effect compared to systemic 

.toxicity wi11* therefore increase the therapeutic effectiveness of a 

given anticancer drug. 

, One possible approach for increasing 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, wh.ile a lower systemic concentration is 

maintained. In this way, the selectivity of their toxicity for the 

tumor cells might be enhanced. To achieve this, specific 

macromolecules, such, as, receptor specific glycoproteins, polypeptide 

'hormones and antibodies have been used as carriers for various f 

cytotoxic drugs, ^onspficific carriers,'•such as, DNA, liposomes, red 



_2- * 

blood cel l ghosts, lec t ins , synthetic.polymers have also been used • 

(Ghose and Blair , 1978). * Although th i s , l a t t e r group lack tumor-

spec i f i c i ty , antic'ancer drugs bpund to, most of them have been reported 

to have increased therapeutic efficacy jwhich can be attr ibuted to • 

inh ib i t ion of drug catabolism, slow release"of dr\ig from thecomplex 
s 

( i . e . a depot effect) or increased endocytosis-of-macromolecule-bourid 

drugs by tumor ce l l s . < 

Targeting through the use of specific carriers is based on the' 

assumption that the carr ier w i l l recognize and bind selectively to a 
* 

receptor .accessible to ' the circulat ing drvug-carrier complex. 

Antibodies, by v i r tue of thei r u'mque spec i f i c i tyand high a f f i n i t y 

for the antigen, are par t icu lar ly a t t rac t i ve as selective carr iers of 

toxic agents. A cytotoxic agent-antibody conjugate once transported 

to the -cell surface or i t s v i c i n i t y may exert i t s cytotoxic effect in 

several ways. I f the target s i te of the drug' is on the cel l surface 

then the increased concentration of, the linked drug at the cel l 

surface w i l l resul t in high concentration of the active agent and 

produce cel l k i l l . I f the si te of action is in t race l lu lar , for the 

carr ier- l inked drug to be ef fect ive, either the ce l l surface bound 

conjugate has to be internalized via the-'receptor for the carr ier or 

the drug has to be dissociated and internalized by the receptor for 

the drug. For instance, a number of toxic proteins owe the i r extreme ' 

potency t o the fact that they possess an enzymatically active A-chain 

which exerts tfie toxic effect by inhibiting protein synthesis and'a 

B-cham which mediates the entry of the toxins into cells by binding 



• to 'ce l l -s t i r face receptors. Si nee receptors for the B-chain of these 

•toxins "are present on the surface of most ce l ls of sensitive animals, 

' the unmodified> toxins\how l i t t l e selective t o x i c i t y . This problem ' 

has been circumvented by conjugating ^antibodies to the enzymatically 

active A-c'haan moiety. i(Gi 11 viand land,Collier (1980) covalently. 

attached the A-chain of Diphtheria toxin to antibody against Con A b.y 

means of a d isu l f ide containing cross-bridge. This conjugate was 

toxic fo r 3T3 cel ls containing Con Aon the i r surface but was not 

toxTc in the sam«» concentration range for ce l ls lacking Con A on thei r 

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

* not tox ic for cel ls coated with Con A,,thus indicating that the s; 

A-chain antibody conjugate manifests f ts toxic ac t i v i t y towards i t s 

target ce l l through binding of the antibody moiety to i t s cel l-surface 

antigen. I t is assumed that after in terna l izat ion, the A-chain <is 

^ cleaved from the conjugate by in t race l lu lar proteolyt ic enzymes for i t 

to exert i ts toxic effect (Edwards, 1983; Olsnes and Pi h i , 1982). 

This has not been proved. 

Chlorambucil, which exerts i t s cytotoxic effect by alkylat ing 

nuclear DNA, has been covalently coupled to antitumor antibodies. 

Ch]orambucil-antitumor~antibody conjugates are much more effect ive 

timor inh ib i tors (both in vivo and in v i t ro) than chlorambucil, 

antibodies alone or comparable amounts of chlorambucil bound to 

"normal" globulins (Ghose and Nigam, 1972, Ghose et a ! . , 1972). The--* 

increased tumor inh ib i t ion by chlorambucil-bound antitumor antibody 

compared to that of equivalent'amount of chlorambucil has been * 

\ 

\ 



explained, 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 
1 a 

been determined i f i t is the intact conjugate or chlorambucil released 

from i t by in t race l lu lar proteolyt ic enzymes that alkylates nuclear 

DNA. - > . 

~ In th is thesis, I have investigated the basis«of the observed 

superior tumor inh ib i tory effect of the antimetabolite,' MTX linked to 

a carr ier antibody. 

B. METHOTREXATE:"" STRUCTURE ' 

Since thei r c l in ica l introduction in 1948, anjnfolates have 

become widely used as chemotherapeutic agents (Farber et a l . , 1948). 

Methotrexate, the most widely used ant i fo late in cancer chemotherapy, 

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

acute lymphocytic leukemia, non-Hodgkms lymphoma, osteosarcoma, 

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

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

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

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

et a l . , 1980), as well as in the experimental treatment of various 

rheumatic diseases afteY primary therapy has fa i led (Wilikens and 

Watson, 1982). 

Methotrexate (amethopterin, 4-amino-4-deoxy-N10-methyl-

pteroylglutamic acid) d i f fers in molecular structure from f o l i c acid 

in that f o l i c acid has a hydroxy! group in place of the 4-ammo group 

on the pteridine r ing and there is no methyl group at 

. ( 
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Figure 1: STRUCTURAL FORMULAS OF^FOLIC ACID, AMINOPTERIN AND 

METHOTREXATE 
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the N10 p o s i t i o n ; i t also d i f fe rs from ammopterin in that the la t ter 

i,s not methylated at the N1(? position (Figure 1). I t is a "** 

dicarboxylic weak acid with pka values in the range of 4.8 t o 5.5 

(Liegler et a l . , 1969); hence, i t is essentially ionized and l i p i d 

insoluble at physiological pH. 

C. MECHANISM OF ACTION " \ * , 

( i ) THE-INHIBITION OF DHFR 

MTX, binds t i gh t l y to and inhib i ts dihydrofolate reductase 

A.(tetrahydrofolate:NADP+ oxidoreductase, EC 1.5.1.3, DHFR), the enzyme 

responsible for the conversion of f o l i c acid to reduced fo late 

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

83). OHFR catalyzes the NADPH-dependent reduction of 

7,8-dihydrofolate (DHFT to '5,6,7,8-tetriahydrofolate (THF) (Figure 2 ) . 

THF is a coenzyme in a nisrljer,, of one-qarJ2PJt transfer reactions such as 

in the biosynthesis of serine, methionine, h is t id ipe, purines and 

thymidylate (Huennekens, 1968; Blakely, 1969; Radar and Huennekens, 

1973). Since these metabolites in turn serve as precursors of w 

proteins and nucleic acids*, i t is evident that the i r synthesis is 

obligatory for cel l rep l icat ion. ' , 

From the pharmacological viewpoint the most'important function of 

THF is in the reaction whereby deoxyuridyl ate (dUMP) i s converted to 

thymidylate (dTMP) by thymidylate synthetase (EC 2.1.1.45). The 

reaction producing thymidylate is unique among those involving the THF 

coenzymes because THF is used not only as a source of a one-carbon 

fragment but also as a reductant and hence is used in substratejrather 
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than coenzyme amounts with the formation of DHF. THF must be 

regenerated via the DHFR-catalyzed reaction in order tc-^ainta in the 

ce l lu lar pool of THF derivatives. I nh ib i twn , then, of DHFR by MTX 

leads to a deficiency of thymidylate andthus to disruption of nucleic 
%' " ' -

acid synthesis. This mechanism for in ter fer ing with DNA synthesis is 

thought to provide the biochemical basis for the cytotoxic action of 

MTX (Blakely, 1969). 

( i i )» STRUCTURE OF DHFR 

The-ammo acid sequence of DHFR has been determined after V " 

pur i f icat ion of the enzyme from the fol lowing sources: an 

MTX-resistant strain of Escherichia c o l i , MB1428, [159 residues, MW 

17,958 daltons (Bennett, et a l . , 1978)], an MTX-resistant strain of 

Lactobacillus casei [162 residues, MW 18,322 daltons (Bi tar , et a l . , 

1977)]; an MTX resistant strain of Streptococcus faecium, [167 
t 

residues, MW 20,800 daltons (Gleisner et a l . f .1974; Peterson, et a l . , 

•1575a)] and MTX-resistant l ine of mouse lymphoma L1210 ce l ls [186 -

residues, MW 21,458 dalto'ns (Stone et a l . , 1979)]. In addit ion, the f 

structure has been determined by X-ray crystallography at 2.5 A 

resolution for the binary complex of MTX and DHFR from MTX-resistant 

E. co l i (Matthews et - a l . , 1977) and for the ternary complex of MTX, 

NADPH" and DHFR from MTX-resistant L. casei (Matthews et a l . , 1978). 

These studies have defined the overall shape of the enzyme 

molecule, ident i f ied regions of secondary structure and binding areas 

for inh ib i tor and cofactor. The polypeptide backbone is folded into 

in eight-stranded p-sheet with seven paral le l strands and one 

antipanatTe^l strand. The sheet begins at the NH2-terminus and ends 
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VM*jure 2: Interconversion of THF derivatives in re lat ion to the 

generation and u t i l i za t i on of one-carbon units and the regeneration of 

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

fragments are depicted in the top part and u t i l i za t i on of these -> 

'activated', fragments in biosynthetic reactions is depicted in the 
.. > 

lower part. Interconversion of THf and its various derivatives is 

represented along the centre line. 

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

backbone is involved in the p-sheet structure, the remaining secondary 

structure consisting of several he!ice's and interconnecting loops, 

( l i i ) THE MODE OF INTERACTION OF MTX WITH DHFR AND NADPH 

It was observed that MIX binds to DHFR 10,000 to 50,000 times 

(6-8 kcal/mole) more t ight ly tihan does DHF (Blakely, 1969). The 

ear l ies t attempts to explain jthis difference in binding between DHF 

and MTX noted the marked increase in basicity which accompanies the 

replacement of the 4-keto group of DHF by the 4-am«no group of MTX and 

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

lead to a t ighter binding as the result of an(e'xtra ionic interaction 

(Baker, 1959). This proposal.prompted"most of the activity aimed at 

discovering preferred protonation s i tes and led to the determination 
i 

of the ternary complex of MTX-NADPH-DHFR by X-ray crystallography. 

The X-ray^crystallography experfments of Matthews et a l . , (1978) 

revealed that MTX is bound in a cavity whichVis 15A° deep and cuts 

across one whole face of the enzyme. It is bound in an open 

conformation' with i t s pteridine ring nearly perpendicular to the 

aromatic ring of the p-aminobenzoyl group: the overall conformation is 

similar in both the binary and ternary complexes. The-pyrimidine end 

of the pteridine ring is buried in a primarily hydrophobic pocket. 

Most of the face of the pyrazine ring is completely exposed to "solvent 

in the binary^complex but covered by NADPH in the ternary complex in a 

manner that would allow reduction of DHF at N(5)-C(6) as required in 

an active-enzyme-substrate complex (Huennekens and Scrimgeour, 1964). 

\ * 

. V-
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One side of the oavity provides a binding site*for the nicotinamide 

ring of NADPH while the remainder of the coenzyme molecule fits in a 

shallow groove. More than half the MTX and coenzyme interactions\are 

with the first 50 residues of the enzyme, many of which are strongly 

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

summarizes some information about interactions between specific enzyme 

residues and MTX in both the binary and ternary 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 Hl of the pteridine ring of the bound MTX has been proposed as a 

site that would be more easily protonated whereas it is not so in 

bound DHF. Baker and Ho (1964) suggested that the proton was donated 

by an enzyme histidine residue; however, the recent amino acid 

sequence studies have not revealed a totally conserved histidine and 

the X-ray studies failed to show a histidine residue anywhere near the 

pteridine binding pocket in either L. casei or E. coli DHFR (Matthews 

et al., 1978). Matthews et a!., (1978) note that the only potential 

proton donors in the neighbourhood of the pteridine ring (in the 

enzyme-inhibitor complexes) are Asp-29 and Jhr\-136; although the 

current sequence results still indicate Thr-136 as totally conserved, 

Asp-29 is known to be Asn-29 in L1210 and some other mammalian 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 spectroscopic 

studies indicating that as well as the protonation difference, the two 
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Table 1: INTERACTIONS BETWEEN DHFR AND MTX FOR THE E. COLI 3MARY AND 

L. CASEI TERNARY COMPLEXES. 

/ 
. lb-1" 

'\ 

\ 



( 

Table, 1 

INTERACTIONS BETWEEN DHFR AND MTX FOR THE E. 
TERNARY COMPLEXES 

COLI BINARY AND L, CASEI 

MTX 
CONSTITUENT 

Pteridine 
r ing 

a 
. 

~-

Nio Methyl 
p-ami no 
benzoyl 

Glutamate 

E. COLI 
' 

I'le-4 
carbonyl of lTe-4 

Peptide 5-6 

Ala-6 

Asp-26 

Leu-27 
Phe-30 
Ile-96 

/ . ThY-116 

*" 
Ser-48 
Leu-28 
Ile-49 
Leu-54 

Lys-31 or H2O 
Arg-57 

4.. CASEI 

Leu-4 
Carbonyl of Leu4 

Peptide 5-6 

Ala-6 
Ley-19 
Asp-26 

Leu-27 
Phe-30 

Carbonyl of Ala-97 
Thr-116 

Nicotinamide-ring 
of NADPH 

Ser-48 
Leu-28 • 
Phe-49 
Leu-54 

' Hi s-28 
Arg-57 

TYPE OF INTERACTION 
COMMENTS 

Hydrophobic , 
H-bond to 4-NH2 
Hydrophobic or p i - p i , approaches N i , 
C2, 2-NH2 and N3 

Hydrophobic 
Hydrophobic, pyrazine r i ng 
Charge i n te rac t i on ,and H-bonds; 
approaches" Ni,2-NH2 and Ng 
Hydrophobic 
Hydrophobic 
van der Waals/hydrophobic 
H-bond to 2-NH2 
hydrophobic 

• 
Hydrophobic 
Hydrophobic 
Hydrophobic ' \ 
Hydrophobic 
Hydrophobic * 
Charge i n te rac t i on and a-carboxyl 
H-bond 

•ft* 
I 

s <» 

<* 
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r 

molecules are bound somewhat d i f fe rent ly . This has been confirmed by 

Charlton and Young (1979) who showed that the pteridine rting of DHF i s 

bound upside down compared to MTX. 

( iv) KINETICS OF DHFR INHIBITION BY MTX 

The inhibi tory effect of MTX on the chicken l iver DHFR was 

discovered independently by Futterman (1957), by Osborn et a l . , 

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

established that very low concentrations of >ITX (10"8M to 10"9M) ^ 

produce marked . inhibi t ion of the chicken l iver DHFR and when the data 

were treated according to the method of Lineweaver and Burk (1934) the 

results apparently indicated'that t h i inh ib i t ion was non-competitive 

with respect to DHF (Osborn et a l . , 1958). These assays were 

performed at pH 7.5*. 

In contrast,. Werkheiser (1961) reported that , in the combination 

of MTX with rat l i ver DHFR at pH 6 .1 , equilibrium is so far in favour 

of the complex that when the enzyme -activi ty is t i t r a ted by MTX there 

is almost a straight l ine relationship between residual enzyme 

act iv i ty and the amount of inhibi tor added. Conversely, when ac t i v i t y 

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

amount of MTX, a l ine paral lel to the control and intercepting the 

x-axis was obtained. Behaviour of th is type is characteristic of 

enzyme-inhibitor complexes with apparent dissociation constants so low 

that they are small even compared with the enzyme concentration and 

hasl been,termed 'stoichiometric inh ib i t ion ' (Werkheiser, 1961). At 

concWrationSvOf a stoichiometric inhibi tor inadequate to cause 

* 
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complete inh ib i t ion of enzyme, pract ical ly a l l the inhibi tor is 

enzyme-bound. Since the classical kinetic treatment assumes that a l l 

inhib i tor is f ree, the equations used by'Lineweaver and«Burk in the 

graphical treatment of kinetic data are not appropriate. The presence 

of such a stoichiometric inhibi tor increases both slope and intercept 

of a'double reciprocal plot (1/v versus l / [ s ] ) in the same manner as a 

classical non-competitive inhib i tor . A double reciprocal plot 

therefore cannot distinguish between classical non-competitive 

inh ib i t ion and stoichiometric inh ib i t ion. ' 

At pH 7.5,, Highly puri f ied chicken l iver DHFR gave kinetic data 

that were inconsistent with stoichiometric inhib i t ion (Matthews and 

Huennekens, 1963). The^complex formed by th is preparation of DHFR 

with MTX was demonstrated to be readily dissociated during 

chromatography on hydroxylapatite at pH 6.5 enabling el i i t ion of the 

enzyme and inhib i tor in separate fract ions. A similar separation of 

the components of the complex wa"s obtained by chromatography on 

DEAE-cellulose. These studies demonstrate that , at lower pH, MTX acts 

as a "pseudoirreversible" inhibi tor of DHFR whereas at higher pH i t 

behaves as a reversible inh ib i to r ; Indeed, with puri f ied DHFR obtained 

from Ehrlich ascites ce l l s , Bertina'et a l . , (1964) showed that i t 

exhibited two pH optima with DHF as substrate: pH 5.9 and pH 7.5,. 

Tighter binding and greater inhib i t ion were produced by MTX at pH 5.9 

than at pH 7.6 and at the la t ter pH, the inhib i t ion was shown to be 

competitive. This pattern of MTX inhib i t ion of DHFR has tremendous , 

implications for i t s 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 - ' 

Jackson and Harrap (1973) found that 95% of DHFR activity could 

be inhibited before the cellular growth rate was appreciably reduced. 

Only small amounts of DHFR appeared to be sufficient to maintain THF 

pools. 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 is that only a small fraction of 

DHFR activity is required to sustain THF synthesis and that the 

intracellular DHF level can rise over several orders of magnitude when 

DHFR is inhibited by MTX. DHF, when present in the cell at low 

levels, cannot compete with MTX for itsAarget enzyme DHFR, however, 

functionally important competition does occur when the DHF level is 

high, thereby diminishing the drug's effectiveness (Goldman, 1975; 

Goldman, 1977). Thus, for optimal cytotoxicity the intracellular 

concentration of MTX has to exceed the binding capacity of DHFR. * 

(vi) IMPLICATIONS OF POLYGLUTAMATE FORMATION FOR MTX CYTOTOXICITY 

Like folates, MTX is extensively metabolized intracellularly to 
t 

polyglutamate derivatives. Baugh et a l . , (1973) first observed these 

derivatives in red cells and other investigators subsequently found 

them in the livers of patients who had received MTX (Jacobs et a l . , 

1977a). Such' compounds have now been^identified in various, murine and 

human tissues. (Whitehead et a l . , 1975; Whitehead 1977; Rosenblatt et 

a l . , 1978a, Poser et a l . , 1980; Poser et a l . , 1981;Wifte et a l . , 



1980; Gewirtz et a l . , 1980; Galivan 1980; Fry et a l . , 1982; KrakSwer 

et .a l . , 1982; Schilsky et a l . , 1980;' Jolivet et a l . , 1982a; Jolivet et 

a l . , 19132b). The formation of MTX polyglutamates allows the 

accumulation of intracel lu lar drug far above the levels of the parent 

compound that would otherwise exist in'equil ibrium with extracellular 

drug. These 'compounds'̂ have at least equal a f f i n i t y for DHFR (Jadobs 

et a l . , 1975; Clendemnn et a l . , 1983) but, in intact ce l l s , the 

methotrexate polyglutamates appear to dis'sociate from'dihydrofolate 

reductase at a slower rate than methotrexate, indicating that they are 

potent ial ly less reversible inhibitors than the parent drug. 

The most st r ik ing property of the polyglutamates is their ab i l i t y 

to remain within the cel l in ' the absence of extracellular drug (Fry et 

al . , - 1982; Jol ivet et a l . , 1982b; Jolivet and Chabner 1983; Rosenblatt 

et a l . , 1978b; Balmska et a l . , 1981), in contrast to the parent 

compound, which rapidly leaves the cel ls after extracellular^drug 

disappears. Retention is clearly influenced by chain length; 
a 

derivatives that contain 3 or 4 additional 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 is 

associated with prolonged inhibition of DHFR and extended cytotoxicity 

(Jolivet et al., 1982b). 

In addition to inhibiting DHFR, methotrexate polyglutamates 

inhibit other folate requiring enzymes not affected directly by 

methotrexate itself. It is well established that folate 

polyglutamates have a much,greater affinity for folate-requiring 
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enzymes than do the corresponding monoglutamate derivatives (McGuireet 

a l . , 198Q>). Preliminary experiments have shown that the addition of 

one glutamyl residue to methotrexate transforms the drug into a potent 

direct inhibitor of both thymidylate synthetase (Szeto et a l . , 1979) 

and aminoimidazolecarboxamide ribonucleotide transformylase (Baggott, 

"1983); the la t ter is one of the enzymes involved in de novo purine 

synthesis. . ^ 

D. PHARMACOLOGY OF METHOTREXATE 

(i) MEMBRANE TRANSPORT 

Studies of MTX t r a n s p o r t s v i t ro in mammalian c e l l s date from 

1962 when Fischer suggested tha t uptake of MTX in the L5178Y mouse 

leukemia cell represented a mediated process ra ther than simple 

diffusion (Fischer, 1962). Kessel e t a l . , (1965) demonstrated a 

correla t ion between the membrane t ransport of MTX and cytotoxic i ty 

toward tumor c e l l s when they showed tha t the percent increase in 

survival of mice bearing a var ie ty of murine leukemias in the a s c i t i c 

dpipartment was d i rec t ly proportional to the uptake of MTX in to the 

tumor ce l l in v i t r o . I t has now beerf established tha t MTX transport 

in several mammalian c e l l s i s mediated by a h igh-af f in i ty ca r r i e r 

(Goldman, 1971). MTX shares t h i s ca r r i e r t ranspor t system with 

5-methyltetrahydrofolate and 5-forymltetrahydrofolate (citrovorun 

factor, leucovorin, folinic acid). Influx of MTX is saturable with a , 

Km (MTX concentration at which the rate of influx is 50% of maximal) 

df about 5 nM and i t is pH and temperature sensitive. Folic acid, 

when present in high concentrations (10 p.M) can ut i l ize this same 

\ 

* 
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route to a small extent, but generally eifcers the ce l l by another *' 

process, as suggested by the observation that sulfhydryl inhib i tors 

abolish MTX in f lux but tiave l i t t l e effect on f o l i c acid uptake 

(Goldman, 1971; Rad'ar -et a l . , 1974). At high extracel lu lar MTX ^ 

concentrations ( in excess of 20 jiMl a second drug entry mechanism 

comes into play in addition to the h igh-a f f in i t y carr ier (Warren et 

a l . , 1978; H i l l et a l . , 1979). This poorly characterised process 

which probably involves di f fusion is less e f f i c ien t than the high 

a f f i n i t y carr ier but i t accounts for the major f ract ion of drug that 

enters cel ls at high concentrations and explains the a b i l i t y of 

"transport-resistant" cel ls to^dke up MTX at h ighext race l lu l ar 

concentrations. 

MTX is transported i'nto the ce l l by a n ^ j J v e process, 

accumulating within the ce l l to levels of exchangeable in t race l lu lar 

MTX (the free drug in excess of the t i g h t l y bound fract ion) exceeding 

the extracel lular MTX concentration (Bender,1979; Goldman et a l . , 

1968). Based on the observation that v incr is t ine and some metabolic* 

inhibi tors such as azide, 2,4-dinitrophenol and dicoumarol can augment 

net inf lux of MTX (Bender, 1979; Fry et a l . , 1980; Fyfe and Goldman, 

1973; Goldman, 1971; H i l l et a l . , 1979; Henderson and Zevely 1980; 

Goldman, 1969; Radar, et a l . , 1974) whereas glucose and pyruvate 

decrease net inf lux (Henderson and Zevely, 1980; Goldman,- 1969), 

Goldman has suggested an ATP-dependent system for pumping MTX out of 

the ce l l implying that in f lux and e f f lux are mediated by the same 

carr ier (Goldman, 1971). This model proposes that the driving force 

i 
© 
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for MTX inf lux is due to a gradient of organophosphates between the 

in t racel lu lar and .extracel lu lar compartments. However, fallowing the 

demonstration that various ions also decrease inf lux of MTX, Henderson 

and Zevely have proposed that the actual dr iv ing force for MTX inf lux 

is due to a gradient of inorganic phosphate between the in t race l lu lar 

and extracel lular compartments (Henderson and Zevely, 1980; Henderson 

andjtevely, 1982). 

Based on a mathematical evaluation of inf lux and eff lux kinet ics 

of MTX in isofated L1210 c e l l s , Dembo and Sirotnak (1976) proposed 

that there are two d is t inc t carr ier systems involved in the mediation 

of MTX inf lux and e f f lux . This two carr ier model has been supported 

by the observations that : > % 

i . - I t is possible to select for MTX-resistant L1210 cel ls that 

demonstrate a sevenfold reduction in Vmax for inf lux of 

MTX without any detectable change in the rate constant for 

eff.lux (Sirotnak et a l . , 1982; Sirotnak et a l . , 1981a). 

i i . I t is possible to inh ib i t irreversibly^and completely block 

in f lux of MTX by means of carbodiimide-activated Substrates 

without producing similar blockage of eff lux (Henderson et y 

a l . , 1980). The opposite kijMLflf e f f e c t v in which ef f lux of 

MTX i s greatly inhibi ted buj: "influx is only s l igh t ly 

i n h i b i t e d has been obtained by t reat ing ce l ls with low 

concentration's of probenecid (Sirotnak, et a l . , 1981). 

** While Dembo et a l . , (1984) have proposed essential ly a single 

ATP-dependent eff lux carr ier , Henderson and Zevely (1984) have 

# 
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proposed at least 3 components in ,MTX e f f lux . These eff lux routes 

include the MTX inf lux carr ier and^two "additional components which can 

be distinguished by the i r d i f fe rent ia l sens i t iv i t ies to inh ib i t ion by 

brjomosulfophthalein. These la t te r two components are induced by 

glucose and inhibited by azide and thus appear to be the same 

ATP-dependent ef f lux pump for MTX that has been proposed by Dembo et 

. a l . , (1984) and which.was or ig ina l ly described by Goldman (1971, 

' 1969). 

(ii.) ADMINISTRATION 

MTX can be administered o ra l l y , intramuscularly, intravehously, 

i n t r a -a r t e r i a l l y , intra-art iGul ar ly , or intrathecal ly in a wide 

•variety of dose levels and dosage regimens, 

(a l l ) ABSORPTION 

MTX is well absorbed from the gastrointestinal t ract by active 

transport (Chungi, et .a l ' . , 1978) ^at^ew-^rses. At higher doses, 

absorption is incomplete; in thfs case, b ioava i lab i l i t y may be 

enhanced-by subdivision of the dose as opposed to a single large dose 

Stuart/ et a l . , 1979). 

\ ( iv) DISTRIBUTION 

he f i r s t attempts to define the d is t r ibut ion and disposit ion of 

,M.TXy.i/n a comprehensive manner were reported by Zaharko et a l . , (1971) 

in their" study of [3H]MTX in mice. The primary elements of the i r 

1 
f model were: 

i. Elimination of MTX by renal excretion. • 
/ 

i]. An active enterohepatic circulation. 

iii. Metabolism of at least a small fraction of drug within the 
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gastrointestinal tract by intestinal flora and 

iv. Multiple cteig half-lives in 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 is approximately that of total body water. The 

drug is loosely bound to serum albumin with approximately 60% binding 

at or above 1 ixM concentrations in plasma (Steele et al., 1979a).. It 

can be displaced from this binding by weak organic acids such as 

aspirin (Leigler et al., 1969,). 

Qrgan distribution of MTX is directly correlated with the 

presence or absence of specific transport systems (Zaharko and 

Dedrick, 1977). MTX i& rapidly transported into liver, kidney, skin 

and intestinal mucosa, whereas penetration into brain, fat and 

skeletal muscle 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 recirculation of the drug is-

quantitatively important. 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-spinal fluid (CSF), 

pleural and peritoneal cavities occurs slowly by passive transport 

(Dedrick et al., 1975). These "third spaces", especially when' 

pathologically increased as in ascites or pleural effusion may act as 

reservoirs from which MTX is slowly released back to the plasma, thus 

prolonging the time of exposure to toxic levels and resulting in 

increased toxicity (Evans and Pratt, 1978; Wann et al., 1974). 
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(V) METABOLISM \. "* ' 

Although there is evidence that* MTX is metabolized by 

microorganisms in the large intestine (Valerinp et al.,, 1972), 

significant metabolism of MTX was only reported in 1976 by Jacobs et 

a l . , (1976),'who identified 7-hydroxymethotrexate (7-OH-MTX) in the 

urine of patients receiving high-dose MTX. Lankelma et a l . , (1980; 

1978) and Jacobs et a l . , (1977b) have demonstrated that conversion of 

MTX to 7-OH-MTX increased w.ith subsequent infusions ,which suggests 

induction of a converting enzyme, probably aldehyde oxidase which is 

detectable in h'uman liver tissue. 7-OH-MTX is an ineffective 

inhibitor of DHFR, but as-i t / is four.times less soluble than MTX i t 
' ' ' \ 'A r 

may contribute to the renal failure associatea with high dose MTX,, 
treatment (Jacobs, et al., 1977b),. In vitro,}.7-OH-MTX has also been 

f> f t v * ' 1 shown to decrease the amount of exchangeable intracellular MTX 

(Lankelma et al., 1980; Gaukroger et al., 1983; Fabre et al., 1984) 
-* J .' «' r 

suggesting that it interferes with rather than adds to MTX 

cytotoxicity. . * 

A second metabolite is 2,4-diamirto-N10-methylpterbic acid 
i 

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

(Donehower, et af., 1979). DAMPA is believed to be formed during 

enterohepatic circulation of MTX, in which glutamate is cleaved from -

the MTX molecule by intestinal bacterial carboxypeptidase. Like 

7-OH-MTX, DAMPA has limited solubility in water and i t is a weak 

'inhibitor of DHFR. 

Much more important metabolites of MTX are the poly-y-glutamyl• 
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de'nvatives described above which have now been found in a variety of 

normal and neoplastic human and argmal tissues (Galivan, 1980; Gewirtz 

et a l . , 1979; Jacobs, et a l . , 1977a';̂  Rosenblatt et a l . , 1978b; 

Schils-ky, et a l . , 1980; Whitehead, 1977). This third type of 

metabolite which is formed by.the addition of one or more glutamyl 

residues at thp y-position of MTX, may persist in human liver for 

months after drug administration (Jacobs et a l . , 1977a). Unlike 

7-OH-MTX and DAMPA, the polyglutamates of MTX are potent inhibitors of 

DHFR and cell; repl l cat ion (Galivan, 1980; Rosenblatt et a l . , 1978b; 

Shilsky et a l . , 1980). The formation of polyglutamates has been 

associated with prolonged inhibition of DNA, synthesis in cultured 

human fibroblasts, even after removal of exchangeable MTX (Gewirtz et 

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

intracellular,binding to DHFR or decreased efflux. Polyglutamate 

synthesis increases as the dose of-MTX is increased (Rosenblatt et 

al . , f978b). , In the presence of folinic acid, a marked reduction in 

MTX polyglutamation in'vitro was found (Rosenblatt et a l . , 1981). It 

has not been determined whether this resulted from inhibition of MTX 

uptake by the cell or from competitive inhibition of polyglutamate 

formation. Poser et a l . , (1981) have investigated polyglutamate 

formation in mouse small Intestine 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. >'• 

(vf) EXCRETION " 

MTX is predominantly eliminated via renal excretion of unchanged 



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 is relatively constant (Huffman, et al., 1973) 

and'exceeds that.of inulin clearance (Leigler et al., 1969), 

indicating that the antifolate is not only filtered but is also 

actively secreted by renal tubular cells. Fecaf excretion of i.v. 

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

dose, however, fecal excretion after oral administration is 

proportfbnal to^dosage due to limitations in intestinal absorption -

(Bleyer, 1978). 

(vil) RESISTANCE 

Resistance to MTX can be a natural characteristic of some tumor 

cells or it can be acquired by sensitive cells. Impaired membrane 

transport,of MTX has been recognized since 1962 as a mechanism of 

natural resistance to MTX in vitro in a strain of L5178Y leukemia 

cells (Fischer, 1962). This has now been demonstrated in tumor cells 

exposed to MTX in vitro (Hill et al., 1979; Sirotnak et al., 1981b). 

Tumor cells of various mouse and humarucell lines containing DHFR with 

»decreased binding .affinity for MTX have been shown to be resistant to 

the drug (Hanggi and Littlefield,1974; Flintoff and Essani 1980; Haber 

et al., 1981; Meiera,£t al., 1980; Goldie et al., 1980). Jn a group 

of five mouse leukemias not previously exposed to MTX, Jackson and 

Niethammer (1977) found a correlation between cytotoxicity and 

DHFRaffimty for MTX, that is, 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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thymidylate synthetase would lead to drug resistance. This* was » 
* , y 

suggested by Moran et al., (1979) and has recently been demonstrated 

in cultured mouse mammary tumor cells by Ayusawa et al., (1981). 

Natural resistance te MTX has been demonstrated in cells with , 

elevated intracellular levels of DHFR, such as human melanoma cells <? 

(Kufe efal., 1980)* or in cells that have the capacity of accelerated , 

synthesis ojLDHFR, like human acute myeloid leukemia cells (Bertino et 

al., 1977). Acquired resistance with elevated DHFR levels has now 

been shown to be the result of gene amplification (Harding et al., 

1970; Schimke, 1980). This occurs when cells are exposed^at first to', 

low drug levels and surviving cells are then treated with gradually 

increasing concentrations,of MTX. In this stepwise selection process, 

initially small extrachromosomal DNA elements are formed, called 

double minute chromosomes./jTiese double minutes contain the amplified 

genes .for DHFR, but they are associated with unstable drug resistance: 

these cells revert to normal DHFR levels in the absence of MTX. In 
¥ I 

cells with stable resistance the amplified genes have been 

demonstrated on the long arm of the number 2 chromosome (Schimke, * 

1980). 

( v m ) TOXICITY v ' ' 
y 

Toxicit><friJm MTX has been shown-to be a function of bfcth drug 

concentration and time of exposure (Chabner and Young, 1973; Pinedo ' 

and Chabner, 1977; Pinedo et a l . , 1977).. The d6se required to produce 

toxicity varies from organ to organ. There appears to be a critical 

concentration threshold that must be exceeded before organ toxicity 

~ \ 
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I 
w i l l occur (Chabner and Young, 197*3). Likewise a c r i t i c a l time of 

f I ". 
exposure to*<5uprathreshold levels.must.be maintained before t o x i c i t y 

• . ( 
occurs". For bdhe marrow and gastrointestinal epithelium the plasma 

• concentrator) and time,thresholds appear to be 2 x-10"8M and about 42 
" i * 

hr respect ive ly (Uev i t t „e t a l . , 1973; Young and Chabner, 1*973). The 

most common side effects of MTX are myelosuppress>on, mucos'itis of the 

gastrpintestinal t rac t and a transient hepat i t i s - l i ke cond.it.ion. 

Nausea, anorexia and vomiting also are reported side ef fects. 

At high'MTX plasma levels 'or in the presence of renal 

insuff ic iency, severe impairment of the"renal function may develop. . 

/ This has been associated with' precipi tat ion of the drug in renal 

tubules on account of insuf f ic ient hydration and acid urine (Pitman et 

• a l . , .1975; Stol ler et a l . \ 1975). In urine MTX was found to beo10 

times less soluble at pH 5.5 than at pH 7 (Pitman et a l . , 1975; 

Stol ler et a l . , 1975). Renal damage may occur especially in the 

presence of high concentrations of 7-OH-MTX, which is less-soluble 

N 'than MTX and can compete with MTX for- tubular cel l transport. 

E. IMMUNOGLOBULIN G 

(i") STRUCTURE ^ ' 

The IgG molecule (MW 150,000 daltons) has a symmetric structure 

consisting two heavy (H) chains (MW 53,000 daltons each) which are 
« 

attached to one another by means of two or more d isul f ide bpnds near 

the middle. Above the middle of each H chain (toward the 

aminoterminal ends) a l i gh t (L) chain is attached at a point close to 

i t s carboxyterminal end, .by means of a d isu l f ide bond (Figure 3 ) . The 

/ 

http://levels.must.be
http://cond.it.ion
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L chains have a MW of about 23,000 daltons (Edelmanand Poulik, 1961) 

and are made up of two antigenically d is t inc t types K (kappa) and X. 

. (lambda) (Deutsch et a l . , J.955; Burtin et a l . , 1956; Korngold and 

L ipar i , 1956). Each IgG molecule consists of two rather well defined 

amino acid sequences designated the variable "V" region and the 

constant*"C" region. The C region is that carboxyl terminal portion 

of the chain which has the same primary structure as i n f i l l other 

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

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

many di f ferent primary structures even within one subclass and type 

(Fleischman et a l . , 1962). Amino acid sequencing of immunoglobulins 

have shown that the polypeptide chains consist of a number of globular 

"domains" or "homology uni ts" , comprising 110 to 120 amino acids 

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

disul f ide bond. When detached from the intact immunoglobulin 

molecule, di f ferent domains,do not tend to bind to each other except 

for pairs of homologous domains (e.g. CK and C H I ) , which interact 

strongly with one another. The complement-binding s i te is associated 

with CH2 (Kehoe and Fougereau, 1969), as is the carbohydrate fract ion 

of the IgG molecule (H i l l et a l . , 1966); The %#tes that speci f ical ly 

bind to antigens are solely found in the V domains (Edelnfan 1973). 

The part of the IgG molecule that attaches to phagocytic cel ls is 

situated in the CH3 domain (Yasmeen e t«a l . , 1976). ' Normally IgG is 

present in a closed conformation but electron mTcroscope observations 

have shown that upon reacting with i t s antigen, both antibody-specific 
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Figure 3. The domain structure of human IgGl {<). 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 in 

the constant regions. IgG H chains have three C domains (,CHI> Ĥ2 

and Cp). The L chains have one V and one C domain (VK and CK 

or VX and C\). The hinge regions in the H chains are indicated by 

asterisks. [From van Oss, C.J. Diagrammatic representation of the 

"tetrapolypeptide IgGI molecule with light chains of the K-type. In 

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 and Green, 

1967). 

Digestion of IgG with papain in the presence of cysteine splits 

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 |(ab')2 fragment 

with a MW of about 106,000 daltons along with dialyzable polypeptides 

(Nisonoff et al., 1960). The F(ab')2 fragment is composed of two 

identical moieties, each containing an antibody combining site and 

linked together by a disulfide, bond, 

(n) THE USE OF ANTIBODY IN IMMUNOTHERAPY J 

The suggestion by Ehrlich (1909) that there might be differences " 

between normal and neoplastic cells that"could evolve into vaccination 

programs against.cancer, was subsequently supported by the finding 

that the rejection of tumor grafts in inbred strains of mice was based 

on immune reactions against tumor-specific antigens, (Gross, 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 aftimal and humari tumors express 

specific cell surface antigens (Klein,, 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 in many types of human cancers, immunodeficiency is a c&mmon 

phenomenon that becomes mare severe as the cancer progresses. In 

add^ion, the conventional therapeutic approaches to cancer, including 



surgery, radiotherapy and chemotherapy have immunosuppressive effects 

that can persist (Alexander et al., 1967). 

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

correlation between prognosis and a good immune response, 

immunotherapy would have the following objectives. 

i. Restoration of the patient's full immunologic capacity. 

Some of the methods include immunostimulation with microbial 

or synthetic immunostimulants, for example, living Bacillus 

Calmette-Guerin (BCG) and BCG extracts, Corynebacterium 

parvum and C. granulosum, lipopolysaccharides 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. 

* ii. Protection against or reversal of the immunosuppressive 

effects of radiation, chemotherapy, surgery, age and other 

factors. 

Alii. 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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iv. In addition to production of antibodies, immunotherapy 

hyperactivates the various components of general host » 

defence which include the reticuloendothelial and 

macrophage activity. 

Although these objectives have been met with various degrees of 

success in some clinical trials that have been carr-ied out, they are 

not consistent (Gutterman and Hersch, 1982). 

( m ) 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, lymphoid tissue 

and gastrointestinal and genitourinary epitheliun. Since the need to 

preserve vital tissues reduces the maximum potential dose of cytotoxic 

drugs, the possibility of developing methods to transport 

nondiscriminating toxic molecules selectively to target sites has 

attracted considerable attention (Rubens, 1974; Gregoriadis, 1977; 
* 

Ghose and Blair, 1978). ' ̂  

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, 

ii. 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. -

iii. The carrier should be nontoxic, although selective 

preferential toxicity for the target site might be 

r -beneficial. * - * ' 

iv. Carner-cytotoxic agent complexes should not home in 

appreciable amounts to nontarget areas, and the carrier must 

not be inactivated during transit from the point of 

administration to the target site, 

v. The transported toxic agents should reach the target «rea in 

active form. 

By virtue of their unique specificity and high affirnty for 

antigen, antibodies are particularly attractive as'selective carriers 

of toxic agents. Indeed, Ehrlich in the early 1900's, was fascinated 
% IT 

by the possibility of using diphtheria toxin bound to antitumor 

antibodies as a "magic bullet" "against malignant diseases. The 

classic investigation by Landsteiner (1946) on methods of linking 

haptens to macromolecules led to the binding of various cytotoxic 

agents to antibodies. Agents that have been bound covalently to 

antibodies with some success in inhibiting tumor growth 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), daunomycin and adriamycin (Hurwitz et al., 

1975), ricin (Moolten et al., '1976). 

F. METHODS OF COUPLING MTX TO ANTIBODIES 

(t) DIAZOTIZATION 

The coupling of MTX to antibody molecules was- usually achieved 

"'Wlr'utewi t. ». 
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Benzidine 

H2 + 2NaN02 + 4HCI 

t 

C,N=N^\^>-<(^>-N=-Na + 2NaC'+ 4»20 

Tetrazo-benzidine- chloride 

2 - Tetrazo-benzidine-chloride + MTX 

t 

C W = W " < W H ; S ^ W = S A ' ' 
COOH 
I 

CH2 

/ ^^O-NH-CH 

COOH 

Tetrazobenzidine -M TX complex A j _ w _ w _ c / 

' ) 

Tetrazobenzidine-MTX complex+ TyroSine residue of igG 

IR-N=N-Cl\ 

-HN-^CH-CO-

IgG-Tetrazobenzidine -MTX conjugate 

> . / • 
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4* 

through the following three steps (DeCarvalho et al., 1964): 

i. diazotization of benzidine 

ii. coupling of methotrexate to diazotized benzidine 

iii. coupling of the tetrazobenzidine - MTX complex formed in 

step (n) to the IgG molecule. 

The inherent advantages of using diazonium salts for linkage of 

agents to immunoglobulins include the ability to carry out the 

reaction in an aqueous medium 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 diazonium salts are easily cleaved 

(Avrameas et al., 1978; Cohen, 1974). Thus, the diazo linkage might 

be preferred if dissociation of the drug at target sites is desired. 

However, it has been found that it is difficult to control the side 

reactions associated with the use of diazonium compounds leading to 

extensive precipitation in the reaction mixture (DeCarvalho et al., 

1964; Robinson et al., 1973). Also, diazonium salts react 

preferentially with amino 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 

diamino pyrimidine configuration of MTX is required for maximum 

cytotoxic effect, a diazo 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 disadvantages notwithstanding, using the diazoReaction, 

Mathe et a l . , (1958) bound MTX to a hamster anti-mouse L1210 globulin 

and reported prolonged survival of tumor-inoculated" mice given < 

injections of the conjugate. Injections of comparable amountsof^ 

antitumor globul in, MTX, or MTX bound to normal hamster globul in a l l 

fa i led to inh ib i t tumor growth, 

( i i ) MIXED ANHYDRIDE FORMATION 

An amide bond between MTX and IgG should also be achievable by a 

mixed anhydride method. Burstein andKnapp (1977) heated MTX with 

acetic anhydride to form an intermediate which was then reacted with 

IgG.at pH 8.5 and at room temperature. 

RCOOH + 
MTX 

(CH3COJO 

RCOOCOCH3 

Hypothetical Mixed Anhydride 

NH2-fgQ 
PH 8-s 

\ i 

RCONH-igQ + CH3COOH 



They reported production of active conjugates 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 ac t i v i t y . This 

conjugate was reported to prolong survival in tumor-bearing mice 

compared to those treated with free drug, antibody alone, a mixture of 

both or MTX coupled to nonspecific IgG. However, these results have 

not been reproduced in other laboratories. Lat i f et a l . , (1980) 

reported loss of antibody ac t i v i t y when IgG was reacted with the 
* 

product obtained by treat ing MTX with acetic anhydride. >Kulkarni et 

a l . , (1981) retained antibody ac t i v i t y but obtained only a small 

amount of MTX bound to IgG (2-3 mole of MTX per mole of IgG). 

Moreover, neither the MTX-IgG conjugate nor the product result ing from 

thXreaction of MTX with acetic anhydride inhibited DHFR in vitro even 

after incubation of the product at pH 8 for up to 48 hr to allow 

hydrolysis. 

( n i ) CARBODIIMIDES 

Carbodiimides f i r s t introduced for peptide synthesis by Sheehan 

and Hess (1955) and for oligonucleotide synthesis by Khorana (1953) 

have now been used to l ink MTX to antibodies, the most widely used 

being dicyclohexyl carbodiimide and the water soluble 

l-ethyl-3(3-dimethylaminopropy\) carbodiimide (ECDI). The conditions 

of the reaction are very simple. IgG, MTX in excess and the reagent 

are simply s t i r red 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 0-acyl isourea which then reacts with the amino 

group of the antibody molecule by nucleophilic acyl subst i tut ion. 

Al ternat ively, the 0-acyl isourea could react with a second carboxyl ic 

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

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

peptide bond. 

. l9G-NH2 

NR' 
ir t 

RCOOH+C — 
MTX . NR' 

NR 
„ „ . _ " RCOO 

•»• RCOOC 
I 

HNR' 
Carbodiimide O -acyliso -

H,NR' 
£McdjO + 0=C ^ RgONH-IgG 

igG-NH2 

HNR 
Anhydride Dicycb-
7 liexyl-

urea 

i 

Using the carbodiimide method, Robinson et al., (1973) linked MTX 

to anti L1210 cell antibodies and then treated mice inoculated 

intraperitoneal^ with L1210 cells with the conjugates; they survived 

for more than 75 days, whereas mice inoculated with MTX and antibody 

unlinked survived only about 27 days. .This method has certain 

disadvantages. A major disadvantage of this method is the presence of 

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

* ^ H * * * , ^ iKw^ue^^v-^i-J1 
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the MTX molecule which can result in extensive polymerization. The 

reactive O-acylisourea can undergo extensive rearrangement to form the 

nonreactive and sparingly soluble N-acylisourea which results in the 

reduction of the yield, 

(iv) THE ACTIVE ESTER METHOD . 

A major disadvantage of the carbodiimide method is,the 

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

N-acylisourea. This can be reduced dramatically by performing the 

coupling in the presence of a nucleopbile whic.h'will react very 

rapidly with the O-acylisourea to* give an acylating agent which is 
• i * 

still,reactive enough fon aminoTysis but which is more discriminating 

and does not'lead to rearrangement or other side reactions. The first 

reagent to be used in this way and introduced.for peptide synthesis in 

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

a l . , 

RCOOH + HO-

MTX 

•fiSS-̂ JU-. 

N-hydroxysuccinimide 

O 
II RC-NH-lgQ + 
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1966). The active ester of MTX i s normally prepared using equimolar 

amounts of* MTX, N-hydroxysuccinimide and dicyclohexyl carbodiimide in 

dimethyl formamide. The active ester formed is stable at 4°C for 

several weeks under nitrogen. Kulkarni et a l : , (1981) have 

demonstrated that th is active intermediate method Is more effic-ient in 

coupling MTX to antibodies than other methods that are currently being 

used. They showed that conjugate^prepared by this.method retained up 

to 70% antibody ac t i v i t y at drug incorporation levels of 12 mole of 

drug per mole of IgG. Conjugates of MTX-anti EL4 IgG inhibi ted DHFR 

and tumor cel ls in v i t r o as well as prolonged survival of EL4 lymphoma 

bearing mice compared to drug alone, drug plus antibody unlinked and' 

drug coupled to normal JgG (Kulkarni et a l . , 1981).. 
\ 

G. MEMBRANE TRANSPORT OF PROTEINS AND ANTIBODIES , * 

( i ) ENDOCYTOSIS 

Endocytosis is a widespread cel lu lar function that regulates the 

uptake of exogenous molecules from the ce l l ' s environment via 

plasma-membrane-denved vesicles and vacuoles. Endbcytic ac t i v i t y has 

always been divided into two categories-phagocytosis, or "eat ing", and 

pinocytosis, or "dr inking". Most investigators use the term 

phagocytosis to describe the uptake of large part iculates, i .e . those 

v is ib le by l i gh t microscopy and possibly some viruses. Uptake occurs 

by close apposition of a segment of plasma membrane to the par t ic le 's 

surface, excluding most, i f not a l l , of the surrounding,f luid. The 

term pinocytosis is used to describe the vesicular uptake of-

everything else, ranging from small part ic les ( l ipoproteins, f e r r i t i n , 

• 
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co l lo ids, immune complexes) to soluble macromolecules (enzymes, 

bprmones, antibodies', yolk proteins, tox ins) , to f l u i d and low 

molecu! ar weight solutes. The terms f l u i d and adsorptive endocytosis 
* - W ' 

(or pinocytosis). i n i t i a l l y used by several workers are useful in 

describing and analyzing the uptake of many b io log ica l ly important 

materials, such as those cited above. These terms point to the fact 

that substances can enter the ce l l in the f l u i d content of an 

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

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

both types, the rate of uptake is determined by the size of the 

vesicle and the rate of i t s formation. In fluid-phase endocytosis, 
a 

uptake is directly related to the concentration of solute in the 

extracellular fluid whereas in adsorptive endocytosis, uptake in 

addition depends on the number, affinity and function of the cell 

surface binding sites. Adsorptive uptake is both a selective and 

concentrating device whereby cells can intenorize large amounts of „a 

specific solute without ingesting a correspondingly large volume of 

solution. 

The cytoplasmic surface of many encjocytic vacuoles is smooth, but 

electron micrographs show that most cell types contain an additional 

population of vesicles in which regularly spaced, short brtstles 

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

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

Fawcett (1964JJ in reticulocytes. Biochemically, the coat consists 

primarily of clathrin (Pearse, 1976), a 180-K dalton protein which has 

/ 
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been extensively pur i f ied and reassembled into cages in v i t r o (Keen et 

a l . , 1979; Woodward and Roth, 1979; Ungewickell and Branton, 1981; 

Crowther, and Pearse, 1981; Kirschhansen and Harrison, 1981; Merisko 

et a l . , 1982). Other coat-associated proteins have been ident i f ied , 

the " l i gh t chains" (with molecular weights of 30,000 and 32,000 

daltons) as well as an additional polypeptide of 100,000 daltons 

(Ungewickell 'and Branton, 1981). The l igh t chains are believed to 

attach in ,v i t ro to the arms of c lathr in tr-imers.(known as tr iskef ions) 

(Ungewickell and Branton, 1981; Crowther and Pearse 1981; 

Kirschhansen and Harrison, 1981), while the 100-K dalton protein may* 

be important in mediating c la thnn attachment to membranes (Unanue et 

a l . , 1981). Because c lathr in can form spherical or hemispherical 

cages in v i t ro , i t s function may be to drive the endocytosis or 

budding of the'segment of plasma membrane on which c lathr in assembles 

(Si Tver stein et a l . , 1977; Pearse, 1983; Steinman et a l . ; 1983;- Pasta*''* 

•and'Willingham, 1981; Brown et al ' . , 1983; de Duve, 1983). Pearse and 

Bretscher (1981) have postulated that c la thnn acts as a molecular 

sieve that selects specific proteins to be in ter ionzed. 

Steinman et a l . , (1974) have shown that the rate of solute uptake 

by pinocytosis in mouse f ibroblasts has a Q10 of 2.7, an activation 

energy of 17.6 kcal per mole, and is d i rect ly proportional to the 

incubation temperature from 2° to 38°C whereas part icles bind to the 

surfaces of phagocytic cel ls at 4°C but are not ingested unless the 

temperature of the incubation medium exceeds some c r i t i ca l threshold. . 

(18-21'C). Thus, there appears to be a c r i t i ca l thermal t ransi t ion 

*-•- y 

s 
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for cel ls below which phagocytosis of large-particles cannot occur. 

Binding of ligands to cel ls can stimulate pinocytic ac t i v i t y . Edelson 

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

markers threefold in mouse macrophages and that mannose and glucose 

blocked the lec t in 's ef fect . They ident i f ied the Con A on the ce l l ' s 

surface and on the inner aspect of the endocytic vacuole membrane. 

The fact the Con A .is bivalent or possibly multivalent in i t s 

interaction with cell-surface saccharides seems to be 

signif icant because succinylated Con A which behaves as a univalent 

ligand in several mouse ce l l s , does not stimulate pinocytosis even 

though i t is inter ior ized in aif adsorptive fashion. 

B lymphocytes rapidly pinocytose antilgG molecules boundvto the i r 

cell-surface immunoglobulins (Taylor et a l . , 1971; Unanue et a l . , 

1972; Gonatas et a l . , 1976);"again, thjgbivalent nature of the anti 

immunoglobulin is important since univalent anti immunoglobulin 

fragments are not rapidly inter ior ized (Taylor et a l . , 1971; Unanue et 

a l . , 1972). In contrast to the effects of the endocytosis o f 

indigestible materials on enzyme secret i ln , the endocytosis of 

digestible materials appears to regulate the levels of intracel lu lar 

lysosomal enzymes. Phagocytosis of red blood cel ls or pinocytosis of 

serum proteins induces the synthesis of lysosomal enzymes in mouse 

macrophages and leads to a tenfold increase in thei r in t racel lu lar 

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

no corresponding stimulating ef fect , which suggests that the products 

of in t racel lu lar digestion are responsible for th is increase-in enzyme 



synthesis (Axline and Cohn, 1979). 

(ii) RECYCLING OF PLASMA MEMBRANE DURING ENDOCYTOSIS 
•v 

The idea of recycling of plasma membrane was i n i t i a l l y proposed 

by Palade (1956) following his i n i t i a l electron microscopic 

observations of endoplasmic reticulum. Until recently, i t has been 

d i f f i c u l t to obtain evidence supporting th is concept. The .findings of 

Steinman et a l . , (1972) provide experimental support for the 

membrane-recycling hypothesis. Steinman et a l . , showed that the to ta l 

surface area of plasma membrane, pinocytic vesicle membrane, and 

secondary lysosomal membrane of mouse f ibroblasts each remains 

constant despite extensive in ter ionzat ion of the c e l l ' s surface 

membrane during pinocytosis. These results led Steinman et a l . , 

(1972) to propose that inter ior ized membrane is recycled back to, the * 

cel l surface in tact . Extensive degradation and resynthesis, at least 

for most membrane components were considered un l ike ly , in view of the 
rapid i ty of the process, the considerable metabolic load th is wou.ld 

i 
impose and the fa i l u re to detect such rapid degradation in most 

studies of plasma membrane turnover. 

I t has been shown that a number of ligands of great physiological 

' in terest , such as low-density l ipoproteins (LDL) Goldstein et a l . , 

1979; Goldstein et a l . , 1982), peptide hormones (King and Cuatrecasas, 

1981) and transport proteins, e .g . , . transferrin (Regoeczi et a l . , 

1982) enter the cel l by receptor-mediated endocytosis (Goldstein et 

a l . , 1979), by binding to specific receptors on the ce l l membrane and 

are then internalized by concentration in clathnn-coated p i ts and 
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vesicles. In the majority of cases so far 's tudied, the internalized 

ligand has been shown to be delivered to, lysosomes, but delivery to 

other destinations e.g. the Golgi complex (Posner et a l . , 1981) or 

GERL (Golgi apparatus-endoplasmic reticulum-lysosomes) (Willingham and 
* * 

Pastan, 1982) has also been documented. According to the classical 

lysosome concept (de Duve and Wattiaux, 1966") the endosome, i.e"., the 

pfnosome or phagosome, fuses directly with a primary or secondary 

lysosome. Evidence, has been obtained on several systems [fibroblasts • 

in culture (Pastan and Willingham, 1981)* and hepatocytes (Wall et al., 

, 1980)] ialicating that the incoming vesicles fuse with an intermediate 
1 I 

or prelysosomal compartment prior to delivery of the internalized 

ligand (a2-macroglobulin and asialoglycoproteins, respectively) to 

lysosomes. There is now both morphological (Pastan and Willingham, 

1981; Wall et al., 1980; Courtoy et al., 1982) and biochemical (cell 

fractionation) (Courtoy et al., 1982) evidence for the existence of a 

distinctive intermediate endosome or pre!ysosomal'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 

provides a means by which surface membrane constituents such as LDL 

(Goldstein et al., 1982) and asialoglycoprotein (Schwartz et al., 

1982) receptors can recycle directly back to the cell surface and 

" escape lysosomal digestion 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 its receptor in 
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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 (Tycko 

and Maxfield, 1982; Maxfield, 1982) that this intermediate compartment 

(which lacks lysosomal enzymes) has* a low pH (approx. 5.0). The low 

pH would facilitate dissociation of many ligands from their receptor 

because a,number of ligands [e.g. LDL (Goldstein et al., 1982; 

'Anderson et al., 1982), asialoglycoproteins (Wall et al., 1980; 

Schwartz et al., 1982), epidermal growth factor (EGF) (Haigler et al.) 

1980) and insulin (Posner et al., 1981)] undergo rapid dissociation, 

from their receptors when the pH drops below 5.5. Thus, the 

intermediate endosome compartment may serve as an "acid wash" (Palade, 

1982) which promotes ligand-receptor dissociation and at the same time 

cleanses internalized plasma membrane of extraneous molecules taken up 

from the extracellular environment nonspecifically (e.g. by 

' electrostatic interaction) before it is recycled back to the cell 

surface, "ft has recently been shown (Galloway et al., 1983) that the 

membrane of endosomes, like that of lysosomes (Ohkuma et al., 1982; 

Schneider, 1981), contains an ATP-driven proton pump believed to be 

responsible for maintaining the low pH. 

H. MECHANISMS OF PROTEIN DEGRADATION IN CULTURED CELLS 

At least two separate mechanisms have been implicated in protein 

turnover occurring in cultures of mammalian 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 cellular 

environment and to inhibitors of proteolysis. For example, the A 

-mechanism is immediately stimulated when cultured cells ar« placed in 

a.sserum-deficient medium (Knowles and Ballard, 1976f Hershko and 

Tomfcins 1971; Poole and Wibo,*1973; Amenta et a l . , 1977a; Hershko and 

Ciechanover, 1982; Amenta and„Brocher~, 1981) and in turn, this induced 

cellular proteolysis can be rapidly inhibited by cycloheximide, 

(Hershko and Tomkins, 1971; Amenta et al , , 1977a; Auncehio et a l . , 

1969; Amenta et a l . , 1977b), insulin (Knowles and Ballard, 1976; 

Amenta et a l . , 1977a; Auteri et a l . , 1983) and microtubular poisons 

(Amenta et al.,,1977b; Amenta et a l . , 1976; Seglen, 1983>. In 

contrast, these agent's in short-term experiments have little,, or no 

effect on the 8 mechanism. Studies on isolated liver cells (Seglen, 

1975; Seglen, 1976; Seglen, 1977; Seglen and Iteith, 1976) have 

demonstrated that NHi+Cl and the salts of organic bases are potent 

inhibitors of proteolysis in the A system. A similar inhibition has . 

been observed in cultured fibroblasts (Amenta et a l . , 1977a; Wibd̂ and 

Poole, 1974; Glimelius et al . , 1977; Amenta et a l . , 1978). Detailed 

studies by Ohkuma and Poole (1978) indicate that these latter 

inhibitors are concentrated in the acidic lysosome and effect an 

increase in the pH sufficient to inhibit the action of the atfid 

proteases within the vacuole, suggesting that a common mechanism of 

action is involved for this group of agfrits. These studies suggest 

that the variable A pathway represents protein degradation occurring 

in the lysosomal system. 

9 . 
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While it is reasonably clear that the autophagic mechanism can, 

under appropriate conditions, be activated in 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 activated state. The cells being studied should be maintained 

in fresh growth medium containing an adequate amount of serum to 

suppress proteolysis and also, .Agents such as insylimor vinblastine, 

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

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

be most difficult to achieve in organ perfusion experiments as well as 

experiments on direct isolates of cells, where the initial preparatory 

steps always activate lysosomal proteolysis, carefully controlled 

experiments with monolayer cultures offer/ a reasonable possibility of 

attaining a controlled level of basal proteolysis in these cells. 

Studies on rat fibroblasts carefully maintained under basal conditions 

showed no suppression of proteolysis-with either insulin or-
' * " 4 

vinblastine, yet a 22% inhibition when chloroquine was added to the 

culture (Amenta et a l . , 1977a). NHttCl also produced 10-30% inhibition 

of basal proteolysis in this system (Amenta et a l . , 1978a;. Amenta and 

Brother, 1980a; Amenta and Brocher, 1980b),. Thiis small but 

significant inhibition of basa] proteolysis affected by these salts of 

weak" bases suggested that these "agents not only completely block any 

1 ^ 
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induced proteolysis (autophagic»mechanism)5 but also concurrently 

suppress a small component of basal proteolysis. Poole and co-workers 

(1978b)0 observing a similar differential inhibition of proteolysis in 
o i' 

macrophages and rat fibroblasts^ treated with chloroquine5 have also 

concluded that t w differential lysosomal pool-s are involved,, one in 

the basal degradation of cellular proteinsa and a second involving 
V 

degradation of proteins entering the lysosomal system via autophagy. 

That a" lysosomal mechanism complements basal protein degradation 

can also be demonstrated by inhibiting protein degradation in cell 
\ 

cultures with cycloheximide. When exposed to this agent alones 

fibroblasts in growth 'medium show a 15-20E decrease in the basal 

degradation rate of cell protein (Amenta et-al .9 1977b; ftnenta'et a l . s 

1978), When the cells were exposed concurrently to both cycloheximide 

and NHtjCls the NĤ Cl contributed 1/ery l i t t l e to the inhibition already 

caused by cycloheximide., suggesting that both agents were affecting 

the compjeraentary lysosomal mechanism. If Has-been suggested that the 

inhibitory effect of cycloheximide ontproteolysis is not related to 

i t s inhibition of protein synthesis (Rez et" al.9 1976; Guhh9 1978). 

Thus, It4appears that basal proteolysis involves at least two 

'mechanismsD one involving acid proteases in lysosomes, and another 

involving neutral proteases probably located in the cytoplasm. Neff 

et al .9 (1979) have proposed that slow-turnover proteins are degraded 

by the lysosomal acid proteases and the fast turn-over proteins are _ 

degraded by hautral .proteases. 
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I. DEGRADATION OF IgG BY CELLS AND CELL EXTRACTS 

In view of the reports that tumor cell extracts have extensive 

proteolytic 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 lysosomal enzymes were detected in the 
* 

extracellular f l u i d ' o f various types of tumors, attempts have been 

made to determine i f tumor ce)ls are capable of degrading the IgG 

molecule. Engers and Unanue (1973) complexed [ 1 2 5 I ] rabbit IgG 

antimouse immunoglobulin to the surface-bound immunoglobulin of B 

lymphocytes and investigated i t s fate in culture. They observed that 

early during culture a small amount of-antn'mmunoglobul in with a 

sedimentation constant greater than IgG was released into the culture 

supernatants. Most of the remaining immunoglobulin was catabolized. 

Examinations of .cul ture medium and cel l supernatants ident i f ied the 

1 2 5 I bound to amino acids or to small- protein fragments. This 
A * 

metabolism of the rabbit IgG against mouse immunoglobulins was 

temperature-dependent and also specific for that f ract ion of the 

rabbit IgG capable of interacting with the surface immunoglobulin 

present on mouse B lymphocytes. They therefore concluded that B 

lymphocyte sheds a small percentage of the immune complex and 

internalizes and ef fect ively degrades the remainder. A similar 

conclusion was reached by Fish et a l . , (1974) and Keisari and Witz 

(1978, 1979) after observing that TA3 and EL4 tumor ce l l s , 

respectively, could degrade the i r surface membrane bound antibodies to 

dialyzable products which could-not be precipitated with ammonium 

sul fate. In an ear l ier report, Keisari and Witz (1973) noted that -r 
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lysosomal extracts -derived frgm .various mouse* tumors degraded mouse 

immunoglobulins upon in v i t ro incubation at pH 3.6 or at pH 3.8. IgGĵ  

was more sensitive than IgG2 to the proteolyt ic activi-ty of th is 

lysosomal,extract.> This agrees with the results obtained by others 

showing differences in suscept ib i l i ty of various immunoglobulin 

subclasses to proteolyt ic digestion (Vire l la and Parkhouse, 1971; 

Gergely et a l . , 1972). Along these l ines, Motas and Ghetie (1969), 

Ghetie and Motas (1971) as well as/Lo Spalluto et a l . , (1971) have 

found that lysosomal fractions r ich in jrathe'psin ac t i v i t y par t ia l l y 

degrade IgG, yielding Fab' and Fc fragments. While the Fc fragment 

was easily degraded to smaller fragments, the"Fab' moiety was 

resistant to degradation. The results of Sobczak and lie Vaux Cyr •' 

(1971) which showed that they were able to elute Fab' and Tc 

fragments, in addition to intact IgG2 molecules from in vivo.grown 

SVno induced hamster tumors imply that immunoglobulin degrading 

cathepsins of tumor or ig in function in vivo. 

. In a more detailed study, Schneider et a l . , (1981) incubated 

cultured rat f ibroblasts with JgG doubly labeled by 3H-acetylatioh?"and 

conjugation with fluorescein (FAC-IgG). The f ibroblasts took up the 

FAC-IgG continuously for at least 72 hr. They returned the major part 

of the internalized IgG back "to the medium in the form of breakdown 

products of very low MW. Gel f i l t r a t i o n and immunological -analysis of 

cel ls and medium at various times indicated that essential ly a l l the 

FAC-IgG molecules taken up; underwent digestion of the i r Fc moiety but 

that the Fab moteties of only about 75% of the molecules was 
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degraded. The rest remained stored intracellularly in the form of 

F(ab')2-type fragments that slowly dissociated into Fab'-type 

fragments. When FAC-IgG was incubated in Vitro in the presence of a 

hepatic lysosomal extract, complete digestion of the Fc part likewise 

occurred, but .the Fab' part of most if not all the molecules proved 

resistant to breakdown, and remained as Fab'-type fragments. Cell 

fractionation experiments demonstrated that the compartment in which 
-4 

FAC-IgG and i ts digestion-residues was store'd: (a) showed a density 

distribution pattern in a-sucrose gradient identical to that of the 

lysosomal marker N-acetyl-P-glucosaminidase and clearly dissociated 

"from that of the GoTgi marker galactosyltransferase, and (b) 

accompanied the lysosomal marker in i ts density shift induced 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 inability of the lysosomal enzymes to completely 

digest the FAC-IgG taken up. 

The mechanism and site of IgG degradation in vivo, is not well 
I O C 

understood, but after injecting [ I]IgG2a 1«v into rats, Fukumoto 

and Brandon (1981) showed a close relationship between'the binding of 

IgG2a to the liver, spleen and lymph nodes and its catabolism. 

Intermediate products and metabolites of IgG2a were also found 

intracellularly in the spleen and lymph nodes. 



. -55-

\ 

J. OBJECTIVES * - J 

Robinson et al.,(1973) had shown that MTX linked to anti L1210 

cell IgG by the carbodiimide method prolonged the survival of mice 

inoculated intraperitoneally with L12I0 cells m o v than those given 

unlinked antibody and MTX. Cbu and Whiteley (1977), however, 
* • - v 

demonstrated that MTX linked to bovine serurfr--albumin (BSA) was as 

effective as free MTX in prolonging the survival ,of mice inoculated 

intraperitoneal^ with L1210 Cells. Kulkarni ,et al., (1981) have 

compared the ability of free MTX, MTX linked to normal rabbit IgG 

(NRG), AELG alone, AELG mixed with free MTX and AELG linked to MTX by 

the active ester intermediate method, in prolonging the survival of 

mice inoculated intraperitoneally with EL4 cells. They found that 

even though MTX linked to NRG prolonged the survival of mice more than 

free drug, MTX-AELG was much more effective in prolonging the survival 

of mice. This finding by Kulkarni et al., clearly established the 

superiority 6f MTX-antibody conjugate in inhibiting tumor growth in 

vivo; however, its mechanism of ^ i o n has not been established. 

The objective of this thesis is te determine the factors that 

contribute to the superior effectiveness of the specific antibody-MTX 

conjugate in inhibiting tumor growth in vivo. For example, the 

superior therapeutic effectiveness could be due to (a) greater 

delivery of the MTX-antibody conjugate to the tumor cell and/or (b) 

longer plasma half life of the conjugate, thereby acting as a depot 

from which more drug is continuously delivered to the tumor. Using 

the EL4 lymphoma and Human melanoma M21 cells, these have been 

investigated by comparing the in vitro and in vivo uptake and level of 
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accumulation of (a) free MTX, (b) MTX-NRG conjugates (c) MTX-antitumoV 

:jG Conjugates. The rate of efflux of free or conjugated MTX from thjj 

calls in an environment depleted of drug as well as the ability of the 

ceils to'*telease free MTX or active MTX-containing fragments that can 

inhibit DHFR tiave also been examined. 

- I 
\ 
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MATERIALS AND METHODS 

A. MATERIALS 

' Freund's complete adjuvant was obtained from DifcotLabor atones, 

Detroi t , MI, USA. DEAE-cellulose DE52 and DE32 were purchased from 

Whatman, England. Sephadex G2O0 was the product of Pharmacia Fine 

Chemicals'. Uppsala, Sweden. Fluoresce!n-conjugated antibody against 

mouse o'r rabbii^7S globul in was obtained from Hyl and Laboratories, Los 

Angeles CA, USA. ^^tin^abeled MTX» Sodium dodecyl su l fa te, Chloroquine, 

Leupeptin, Bovine Liver] DHFR, NADPH, Dihydrofolic»acid, Antipain, N 

a-p-to rsyl-L-lysine dhlorbraethyl ketone and Pepstatin were purchased 

from Sigma Chemical Co., St. Lbwis, MO. K USA. [3H]MTX, Aquasol-2 and 

0xifluor-H20 were the products onJtew England Nuclear, Boston, MA, , 

USA. *Di methyl formamide and N-hjdroxysuccimmide were obtained from 

Aldrich Chemical Co., Milwaukee', WI, USA." Dicyclohexylcarbodn'mide 

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

Biogel P100,, High pur i ty acrylamide, Bis-acrylamide, Ammonium , 
V * 

persulfate and Bovine plasma album-in were the products qf Bio-Rad 

Laboratories, Richmond, CA, USA. "RPMI 164*0 and Fetal catr serum were 

obtained from Flow LaboratoHes, McLean, VA, USA. Th*& Coulter counter 

Model "Z"f was purchased from Coultercelectronics, Inc . , Hialeah, 

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

Interbechnique, Pans, France. Cellulose coated th in layer, 

chromatography glass plates were obtained from Brinkman Instruments 

f n c , Westbury, NY, USA. " V 

Al l other chemicals and solvents used were reagent grade or t he * 

"•sw**** ^ , 



0 
-58-

highest available qua l i ty . ' 

B. MICE, TUMORS AND METHODS OF TRANSPLANTATION 

( i ) EL4 LYMPHOMA 

The murine EL4%lymphoma was obtained from the Chester Beatty 

Research Ins t i tu te , London, U.K. and maintained by serial 

intraperitoneal passage in syngeneic female C57BL/6J mice purchased 

from the Jackson Laboratory, Bar Harbor, ME, USA. The mice were 

housed in groups of 5 in plast ic cages in an air-conditioned room 
\ 

maintained .between 20 and 25"C. The diet consisted of Purina 

Laboratory Chow (Ralston Purina of Canada LTD, Woodstock, Ont.) and 

tap water, ad l i b . 

( i i ) HUMAN MELANOMA M21 CELL LINE 

* The human melanoma M21 ce l l l ine was obtained from the Scrips 

Research Ins t i tu te , "ta Jo l la , CA, USA and maintained by serial 

subcutaneous transplantation in the flank of nude mice of BALB/c 

background (Harlan Sprague-Dawley Inc., Madison, WI, USA). A few 

passages in vivo stabi l ized the l ine in th is nude mouse'host so that 

now transplanting 2 x 106 M21 cel ls into 8-week-old mice always leads 

to the formation of a palpable tumor between the 7th and 10th day 

followed by steady progressive growth which does not vary 

.s igni f icant ly from mouse to mouse. The nude mice "were kept in 

isolat ion cages in ,a room under positive pressure with f i l t e red a i r 

and given ad l i b s te r i l e water and autoclaved PuriJia Laboratory Chow. 

The M21 ce l l l ine is also maintained in v i t r o , *by weekly passage 

of 106 cel ls into t issue-culture flasks containing RPM'I 1640 

' • * * 
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supplemented with 10% fetal calf serum. 

C. HARVESTING OF TUMORS 

(l) EL4 LYMPHOMA 

Harvesting of EL4 lymphoma from passage mice was performed as 

follows: 

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

cleaned with 70% ethyl alcohol, and a sterile 18-gauge 

needle was inserted into the peritoneal cavity. 

(b) Ascites fluid dripping from the.free end of the needle was 

collected in sterile centrifuge tubes containing about 20 ml 

of sterile PBS. 

(c) The total volume of the cell suspension was measured and â » 

total cell count was performed. 

(d) The cell suspension was centrifuged at 300g for 15 to 20 

' minutes. 

(e) Tumor cells were resuspended in sterile PBS or RPMI 1640 at 

desired concentratipns. 

(ii) HUMAN MELANOMA M21 CELL LINE 
v. 

% • Harvesting*of M21 -cells from passage nude mice was performed by 

removing--the tumor under sterile conditions, then dissociating ii 

mechanicalty by passage through a wire mesh (400 holes/cm2). 

Nonviable "cells were removerkby differential flotation on 

Ficoll-Hypaque and after washing, resuspended" in PBS or RPMI 1640 at 

the*desired concentration. 

Tumor cells in tissue culture were harvested after incubation 
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with a calcium and magnesium free EDTA solution, washed twice, 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 in distilled water diluted 10 times with 0.9% (w/v) 

saline. 

E. PRODUCTION OF RABBIT ANTI EL4 LYMPHOMA ANTIBODY (AELG) 

Six rabbits at a time were each injected i.m. in both flanks and 

both shoulders with a total of 4 x 108 freshly obtained EL4 cells, 

which had been washed 3 .times with PBS at 4°C (>98% trypan blue 

impermeable). For injection, the cells werse suspended in 4 ml of PBS 

jind mixed with an equal volume of Freund's complete adjuvant. The 

' injections were repeated after 1 week. Beginning 1 week after this 

second set of injections, the rabbits were injected l.m. twice a week 

with 108 cells/rabbit with no adjuvant. Three days after the tenth 

such injection, 5 ml of blood were obtained from the ear vein of each 

rabbit (test bleeding). The resulting test sera were separately 

absorbed with homogenates of normal mouse tissues and*assayed 

thereafter by immunofluorescence for the presence of specific anti EL4 

antibody, âs described below. Rabbits showing titers of 1:64 or 

greater were exsanguinated. The pooled sera were inactivated at 56°C 

for 30 min and then successively absorbed with washed homogenates of 

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

m 
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Absorption with each homogenate (homogenate: serum ra t io , 1:3 by 

volume) was earned out with gentle shaking "for 4 hr at 37°C followed 

by another 8 hr period at 4*C. Sera were separated from homogenates 

by centnfugation (20,000 x g) for 2 hr at 4°C. Absorptions were 

repeated (usually twice with liver, lung and kidney and 3 to 4 times 

with spleen homogenate) until the serum reacted on immunofluorescence 

assay with EL4 cel ls only and not with either^sryostat sections of 

normal C57BL/6J mouse tissues or suspensions or' smears of C57BL/6J 

lymphoid cells derived from lymph nodes, spleen and thymus; Bl6 

melanoma ce l l s ; 2 lines of AKR/J lymphoma ce l l s ; and Ehrlich ascites 

tunor cells maintained in BALB/CJ mice. " 

F. PRODUCTION OF RABBIT ANTIMELANOMA. M21 ANTIBODIES (AHMG) 

For production of rabbit antimelanoma M21 antisera, washed, 

trypan blue impermeabi* M21 melanoma cells were mixed foth 2 ml of 

Freund's complete adjuvant and injected i.m. into adult New Zealand 

white rabbits (4 x 108 ce l l s / rabbi t ) . Starting one week la ter , 11 

injections^were given without adjuvant over a period of 4 weeks. 

Three days after the final injection, animals were test-bled and after ' 

serial absorptions as described below, the resulting sera*were'tested 

by immunofluorescence for specific melanoma activi ty. Animals whose 

sera showed a t i t e r of 1:64 or greater were bled to obtain a maximum 

quantity of immune sera. The serum was then heat inactivated^ and 

repeatedly absorbed with group AB, RH+ red ce l l s , and homogenates of 

normal human l iver , lung, kidney and spleen.' The absorptions were 

repeated until .the sera would react only with the immunizing melanoma 

' *'^».'«i#*rt«..< . a . i 
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^cells and not with normal human skin fibroblasts, human peripheral 

blood lymphocytes or other normal adult human t issues. The 

specificity and reactivi ty of the antihuman melanoma sera were 

determined according to the methods outlined by Ghose et a l . * (1975)f 

In some experiments, as indicated, the rabbit anti M21 sera were used 

after absorptions with only AB, RH+ red ce l l s . The objective was to 

provide additional antigenic s i tes for binding of conjugates. ° 

G. MONOCLONAL ANTIBODY 225.28S TO A HIGH MOLECULAR WEIGHT MELANOMA 

ASSOCIATED ANTIGEN (MAB). 

"Aj* This monoclonal antibody was kindly supplied by Dr. Soldano 

Ferrone (Dept. of Microbiology and Immunology, New York Medical 

College, Valhalla, NY 10595). I ts preparation and the serological and 

immunochemical characterization of i t s specificity have been described 

(Imai et a l . , 1981; Wjlson et a l . , 1981). The MAA to which the MAB is 

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 i t s 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 

225.28S was purified from ascites fluid by seqi 

chromatography and gel f i l t ra t ion . 

luflBal ion exchange 
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H. FRACTIONATION OF SERA 

All sera and MAB preparations were brought to 33% saturation by 

adding saturated aqueous ammoniun sulfate. The precipitate of MAB 

225.28S, AELG, AHMGR, AHMGR+T or of NRG was dissolved in PBS and 

the ammoniLin sulfate was removed by-repeated dialysis against PBS. 

I . MEMBRANE IMMUNOFLUORESCENCE ASSAY 

Membrane immunofluorescence assay of tumor cel ls and other 

-control preparations were performed by the sandwich method a s ^ 

described by Ghose et a l . , ,(1977), using fluoresceinated goat antibody 

against mouse or rabbit 7S globul in. The end point.of the t i t r e is 

taken as,visible staining of 50% of the cel ls exposed to the" antibody 
* 

or i t s conjugate. 

J. PREPARATION OF MTX-IMMUNOGLOBULIN'CONJUGATES 

MTX was conjugated to IgG by an active ester intermediate method 

described by Kulkarni et a l . \ (1981). 0.1 mmol of unlabeled MTX VIM 

mixed with [ HjVTtf to give a specif ic ac t i v i t y of 5 mCi/mmol and 

dissolved in 1.0 ml of dimethylformamide. 0.1 mmpl of 
« • i 

N-hydroxysucctntmide in 0.5 ml of DMF was added with s t i r r i n g , # » 

followed-by 0.1 mmol of dicyclohexylcarbodiimide in 0.5 ml of DMF. 

The reaction mixture was s t i r red 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 

i 
supernatant was <a$ded to a reaction mixture consisting of 16.0 mg IgG, 

0.8 ml -DMF and 4*0 ml of PBS. The mixture was st i r red for 4 hr in the 

dark at 4"C and centrifuged at" 9,500 x g for 20 min. Free MTX was 
a 

J> 
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«' ', . ' '• ' " ; ^r\ . 
separated from the MTX-IgG conjugate by column chromatography on 

Biogel P100 and then by dialysis overnight against ll l i t r e of PBS. * 

The average incorporation of MTX was 5 to 6 moles of |MTX per mole of 
* . . \ " " 1 ' 

" IgG. Repeat chromatography of thefconjugates after they had been 

stored for. 1 wee's afe 4°C and pH 7.1 gave a s-jng-le peafe of 

radioactivity that elVted„at ti\e" position.of the conjugates 'in the 

.initial"chromatography^ This/jfrelult shows that -there was no**\ • 

dissociation of label "frbm/MTX or of the labeled ..MTX'frlpra the 

conjugate. . ~u ' 
K . • SODIUM DODEdVL S U L F A T e \ P O C Y A C R Y t A M I D E GEL E L E C T R O P H O R E S I S 

- SI ab-gel®1 polyacryl amide- gel .electrophoresis (PAGE) was-carried 

out essentially^according to Laemmli (1970) with»a BioRad\vertical 
• a \ ', - - , r. \ 

Slab gel apparatus, model 220. Slab gels were composed of] a stacking" 
* 1 i 

r gel of 3% (w/v) acryl amide, iieight^2.5 cm, and a running gel of 7.S& 

/ (w/v) aery"! amide, .height 3.5 cm. The gels were L5 mm in thickness. ' 

The electrophoresis buffer" was 25*mM Tris, pH 8.6, containing 192 mM 

glycine and 0 4 $ (w/v) SDS. Electrophoresis was carried out with tap „ 

water (approximately-15°C) circulated through the inner chamber as, a 

coolant. A constant current of 40 mA was applied per two slab gels 

" until the samples containing bromophenol blue tracking*dye reached the 
" \ 

running gel. "Hie current was then increased to 80 mA and 
O i 

electrophoresis was continued fdr about 2 hr. The ge0ls were then-
•. • < » , , 

fixed and stained for protein with Coomassie Blue. 

v L. IfelTRG UPTAKE STUDIES • •" . 

(i) UPTAKE OF MTX AND'ITS CONJUGATES BY EL4" CELLS" 

' Female C57Bl//6Atnice (ZS-30g) were inoculated i.p with 10 EL4 

/ • " . 
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:ells. On the 7th day after inoculation when the ascites fluid rarely 

contains red .blood cells, (Guclu, 1975)D the ascites" fluid containing 

•EL4 cells was harvested and the tumor'cells were washed three times 

with RPMI 1640 mediun without serum atm4tC. In .35 x 10 mm tissue 

culture dishes 107 EL4 cells/ml were incubated with 10 pl-1 [3H]MTX 

(either free or conjugated to MRS or AElHsi} in a' final volume .of 2 ml 

RPMI 1640 for various times at 37°C and paratfel aliquots of celts 

were incubated*at 0°Cfl a temperature at which uptake of MTX is 

reported not to take place, (fioldmao et <al„, 1^68; Henderson and 

Zevely, 1980)% /tlso, capping and endocytosis of cell-surf-ace-bound 

antibody do not take place at 0°C (Suclu et al.9-1978; "Unanue et a l . , 

1973). For determination of Km and Vmax values rfer MTX uptake, the 

cells< were incubated with" 2 ml of MTX solution of concentrations 

between 0.1 nM and 10 \M for. 3 rain at 37°C. At the end of incubation, 

the -cells were .collected by centrifligation at 600 x g for 3 rain and 

were processed for determination of cell-assodiated radioactivity as 

described below. 
° ° ' 
,(i?i), EFFLUX OF FREE MTX FROM EL4 CELLS 

7 ° 

. EL4 cells (10 /ml) were incubated for 1 hr in serum-free RPMI" 

1640 with either 1 \tV( [3H]MTX (1.0 Ci/rraiiolf or 10 \M [3H]MTX (0.16 

Ci/nrool) in 35 x 10 mm tissue culture dishes at 37°C. The cells were 

then washed 6 tiroes with 10 ml of cold PBS, after which they were' 

incubated. at"37pC in'2 ml of medium jwltftout MTX., At various times,, 

the cells we;re washed once with 10 ml of cold PBS then processed for 

determination of celTkas sedated radioactivity as described below. 



( m ) UPT/KE OF MTX AND ITS CONJUGATES BY M21 CELLS 

For determination of the kinetics of uptake of free and 

conjugated MTXa by M21 cells, single cell suspensions were plated at a. 

concentration of 106 cells per 35 x 10 mm tissue culture dish. At 72 

hr, the cells were washed 3 times with 1 ml of RPMI 1640 mediun 

without serum at 4'C and then 1 ml of 10 nM [3H]MTX, free or 

conjugated, was added and allowed to incubate at 37*C and 0*C. For 

obtaining a larger quantity of cells, the initial plating was 3 x 

106cells in 60 x 15 mm dishes, initial washing was with 3 ml of medium 

and incubation was with 3 ml of medium containing 10 pM [3H]MTX 

conjugate. At various times, cells were harvested and processed for 

determination of cell-associated radioactivity as described below. 

For determination of Km and Vmax values for MTX uptake, 1 ml of 

MTX solution of concentrations between 0.1 ^ and 10 MtHJasadded to 

the dish and incubated for 3 min at 37"C.V For determining the effect 

of thevfree carrier on uptake of conjugate, M21 cells (3 x 106 per 60 

x 15 mm dish) were washed at 72 hr with RPMI 1640 without serum and 

incubated with 3 ml of 10 nM [3H]MTX-AHMGR together with a ten fold 

molar excess of either, unlabeled MTX, free AHMGR or MTX mixed with 

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

radioactivity as described below. " • i 

(iv) EFFLUX OF MTX AND CATABOLITES OF MTX-AHMGR CONJUGATE FROM M21 

CELLS ' * • 

For efflux studies with free MTX, 106 washed cells per dish were 

loaded by incubation for 1 hr at 37*C with MTX at a concentration of 1 

or 10 IAM. At the end" of the incubation period, the cells were washed 



10 times with 5 ml of cold PBS after which they were allowed to 

reincubate in 2ml of medium without serum at 37°C. For.efflux 

studies with MTX-AHMGR, single cell suspensions were plated .iji 60 x 

15 mm tissue culture dish at a concentration of 3 x 106 ce l ls per 

dish. At 72 hr, the cells were washed 3 times with 3 ml of RPMI 1640 

without serum at-4°C, then 3 ml of 10 u-M [3H]MTX-AHM8R 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, then 3 ml of RPMI 1640 medium without 

serum was added and the cel ls reincubated at 37*,€. In a parallel 

efflux experiment, 100 uM chloroquine or leupeptin was present in tlte 

medium throughout the period df efflux. At the indicated times, the 

ce l l s were harvested and cell-associated radioactivity determined as 

described below, 

{v)„ DETERMINATION OF CELL-ASSOCIATED RADIOACTIVITY" 

At the end of incubation, the cel ls were washed six times .(once . 

for efflux experiments) with 10 ml of cold PBS by centrifugfng them at 

600 x g for 3 min and then dissolved as described by Johnson 0et a l . , 

(1978) in 2 ml of 0.01M Tris-HCl,pH 7.4 containing 0.1M NaCl, 0.001M 

EDTA and 0.5% sodium dodecyl sulfate. The cell-associated 

radioactivity in 1 ml of the lysate to which had been added 10 ml 

Aquasol-2 was determined in a Beckman Model LS 7000.scintillation 

counter. a \ 

(vi) PROTEIN DETERMINATION 

The protein content of. the cell lysate was determined by the 

method of Lowry et a l . , (1951),° with bovine plasma albumin used as 
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*****•*, 

> 

* standard. 

(vii) CALCULATION OF ENDOCYTOSIS OF CONJUGATES 

For accurate determination Of endocytosed antibody, the cell 

surface-associated immunoglobulin must be subtracted from the total 

cell-associated immunoglobulin. Ihisrequires that aliquots of cells 

be incubated at 0-4*£ with the antibody preparation and subsequently 

processed at this temperature for analysis of cell surface-associated 

immunoglobulin (Willingham and Pastan, 1983), At higher temperatures 

endocytosis and catabolic elution of bound antibody could take place 

(Willingham and Pastan, 1983). If the cell-surface-associated 

radioactivity measured for each specific incubation time at 0*C were 

assumed to.be the amount not endocytosed at 37"C, the net uptake would ; 

be calculated by subtracting each 0*C value from the corresponding 

37*C v.alue. However, a more precise determination of the amount 

•endocytosed at 37*C may be obtained by subtracting the amount of 

antibody conjugate that, is bound at the beginning of incubation at 

• 37*C;,15 pmol/mg,protein for MTX-AELG,'30 pmol/mg protein for 
' *' . * * \ * 

1 MTX-AHMGR+T, 40 pmol/mg protein for MTX-AHMGR and 80 pmol/mg 

protein for. MTX-MAB. Results of both calculations are presented* 

(vili) CATABOLISM OF CONJUGATES BY M21 CELLS . » " " 

dlTs, preloaded with conjugate for 7.5.hr as above, were,allowed 

fro4 efflux a£ 37/C-for 9.5 hr, then separated from the incubation 

\med-iumby centrifug«ation. A Homogenate was made by first exposing 
* „. * .* 

.v . * . -

0> ^cell's to 40 mM KCl containing 10 mM EDTA pH 7,-Of then disrupting them 

* .' 

•* * 

http://to.be
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mi" * 

in a Douncetwrnogemzei* with a "tight-fitting pestle (80 strokes), The 

homogenate was cehtrifuged at 9,500 x g for 20 mfn and 1 ml of the 

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

The incubation medium used for efflux was lyophilized and taken up in 

10 ml of PBS. .After centrifuging at 9,500 x g for 20 min, 1 ml of the 

supernatant was passed through a'column (1 x 20 cm) of Biogel P100.l 

In both cases fractions of 1 ml were collected'and counted for 

radioactivity. * , * ^ 

(ix) DIHYDROFOLATE REDUCTASE (DHFR) ASSAY 

The assay method of Peterson et al . , . (1975b) was used to 

determine inhibition of DHFR by MTX and"the low molecular weight 

radioactivity-containing fractiofs from the cell extract and'efflux 

mediuti. Reaction, fixtures contained-0.5M sodium acetate buffer, pH ^ 

'6.0, 0,6 M KCl, 50 nM NADPH, 33 mM dihydrofolate and'0-15 pmole of MTX 

or corresponding amounts of test fractions in a total volume of,3 ml. 

(xj IN VITRO INHIBITION OF, GROWTH OF EL4 AND M21 CELLS .* * 

EL4 cells obtained from the ascites fluid.of C57BL/6J mice were 

kept in culture for 48 hrt iri RPMI 1640 medium supplemented^!th 10%, 

fetal calf serum\ At 48 hr, the cells were plated at a concentration 

of 0.5 x 105 cells per ml in 35 x 10 mm. tissue culture dishes. M21 

Cells from in vitro passage were similarly plated in 35 x 10 mm tissue 

culture dishes at a concentration of 0>5**x 105 cells* per ml in JLPMI * 
? . • _ * • 

. " {_ ' • ' 

1646 mediun-s'upplemetTted with \0% fetal»'calf serum;- MTX in the free' r 

' . or conjugated forms.at'various concentrations was added to the EL"4 and 

M21 ce'Hs 24"hr after plating and incubated for a-further 72 hr, after 
t • #** J* . f v - v / 

™ * * % n m •» *"* 

« 
# , * ' ' ."• V 
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which they were harvested and counted in triplicate in a Coulter 

« counter to determine the inhibition of.growth. * The IC50 is the 

concentration for 5056 inhibition of growth. 

M. IN VIVO UPTAKE STUDIES , 

(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/kg" of 

[3H]*j$X either free, conjugated to AELG or conjugated to NRG-, in a 

total volume of I'm! of PBS. At various times thereafter tumors were 
t 

drained from the peritoneal cavity with a needle, the animals were 

killed by decapitation,, and their blood was collected and tissues 

removed. Tumor cells were separated from ascites fluid by 

centrifugation at 600 x̂  g for 3 min,, and, after being washed 5 times 

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

fluid was air-dried in Spectrapor dialysis tubing. Collected blood 

was allowed to clot at 37*C, and then centrifuged; the resulting serun 

was air-dried. Tissues were dried to constant weight at 60*C. 

x For counting of"radioactivity, samples were oxidized in an Oxymat 

sample oxidizer. The isotopic recovery after bxi'dation. was_>95X with * 

a memory of "vO.05%. Blanks were oxidized between samples to eliminate 
#"" , 

this memory effect., 3H was counted as 3H20 in an 0xifluor-H20 
' „ ••' * » 
scint i l lat ion cockta.il in a Beckman LS 7000 sc int i l la t ion counter witb * 

* • * . » 

an efficiency of 37.5%. , 
a » » . / 

/!' 

• . . . w 

* 

. / 
' • * ^ • ' 
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(11) UPTAKE OF MTX AND ITS CONJUGATES BY TUMOR AND NORMAL TISSUES IN 

. HUMAN MELANOMA M21 BEARING NUDE MICE 
* 

Female BALB/c nude mice (20-25g) were inoculated subcutaneously 

with 2 x 106 M21 ce l ls in the r ight f lank. Three weeks, 

post inoculation when the tumor volume .averaged 874 rnn3,**e mice were 

• injected i .v . "thraug'h the t a i l vejn with 5 mg/kg of[3H]MTX ei ther 

f ree, conjugated to AHMGR+J or conjugated to NRG m a tota l volume 

of 0.4 ml PBS. At various times thereafter, the. mice were k i l l ed by 

decapitation, the i r blood was col lected, and tissues were removed. 

The tissues were dried to constant weight at 60"C pr ior to oxidation 

in the Oxymat sample oxidizer. Collected blood was allowed to c lo t -a t 
*. " „ 

37°C and oxidized. s ' 

F i f ty -mi t | ro l i t re aliquots of sera from mice k i l l ed at the, 

d i f ferent time intervals were precipitated-with 950 nl of lO* TCA.and 
i ** 

after centr i fugat ion, the supernatant and precipi tate were counted 

after addition of 10 ml of Aquasol-2 sc in t i lTa t lon cockta i l . 

N. PREPARATION OF HOMOGENATES OF L l M AND Ei4 CELLS 

Freshly removed l i ve r (2.2 g,. wet-weight) from'an adult female 

,C57BL/6J mouse was homogenized in I0;ml of O.IM sodiJn acetate buffer 

pH 4^6, using a Potter-El vehjem homogenizer (10 passes at 2,000 rpm),. 

Ah EL4 ce l l homogenate, was'obtMne^Tby homogenizing 108.'EL4 ce l ls 

under the same-conditions, as for the mouse l i ve r except that 80 passes' , 
* • * ' " 

at 2,000 rpm were made. A typical .protein concentration i n the 
homogenate was 7 to 8 mg/ml. , < ' , v -

k 
/ 
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0. DETERMINATION AND CHARACTERIZATION OF HYDROLYTIC ACTIVITY OF 

LIVER HOMOGENATES ON THE MTX-NRG CONJUGATE. 
I 

For determination of the hydrolytic activity of liver 

homogenates, a typical reaction mixture consisted of: 0.5 ml MTX-NRG 
* 

< ,* * * . ° ' 

conjugate, 0.5 nil l i ve r homogenate, and 1%2 ml of 0.1 M acetate buffer 
» •• . 

pH-4.6 in a total.volume of 2.2 m"U 

To determine the effect of various agents on the hydrolyt ic . 
• > A 

* * ' - - E 

ac t i v i t y , reaction mixtures contained one of the fol lowing: 9.4 x.10 

M antipain, 8.6 x 10J*M N 4-p-tosyl-L-lysine chloromethyl ketone, 0.64 

x 10j3M EDTA, 0.64 x 10"3 M DTT, 9.2 x 10"5 M leupeptin, 9.2 x 10"5 M 

" pepstatin, 0.64 x 1013 M calciim chloride and p.64 x lO" 3 M 

iodoacetate. The reaction mixtures were incubated at 378C for 12 to 

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

10,000 x"g fo r 20 min and 1 ml of the supernatant was passed through'a \ 

Biogel, P100 column (1 x 20 cm) and eluted with O.IM acetate buffer pH 
» ' » . . 

*• 4.6. Fractions, of 1 ml were collected and counted for rad ioact iv i ty . 

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

The incubation conditions and assay for rad ioact iv i ty were the 

same as that for l i ve r homogenates above. , * 

Q DEAE-CELLULOSE CHROMATOGRAPHY . * . 

The' low, molecular weight fragment pbtained from the eff lux medium ., 
<- • * • / . . i . • , - • . " 

' of M21 cel ls previously 1'ncubated withMTX-AHMGR and from the 

9 MTX'-NRG conjugate incubated with . l iver homogenate was further pur i f ied 

by adsorbing on a cplumn (1.2 x.30 cm)'of DEAE-cellulose equil ibrated 

with 5 mM phosphate buffer pH 7.0 and eluted with-a l inear gradient, of 

'«» 

A 

) 
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1 isitre of 5 mM phosphate- buffer in the mixing chamber and 1 l i t r e of 

0.5 M JNaCI in the same buffer in the reservoir. Fractions of 19 ml 

were collected (Baugh et a l . , 1973). 

R*. THIN LAYER CHROMATOGRAPHY 

Thin layer^romatographic analysis was performed on 

cellulose-coated glass plates with O.IM glycine containing 2% EDTA pH 

9.0 as the solvent system (Silber eC a l . , 1963). 

* 

A: 

x.. 
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RESULTS . 
"S fit 

A. PROPERTIES OF THE MTX-ANTIBODY CONJUGATES 

(i) MOLAR INCORPORATION AND RETENTION OF DRUG ACTIVITY 

An average of 5 to 6-moles of MTX per mole of IgG was usually ob

tained after conjugation. This incorporation ratio*ensures retention 

of antibody activity. The retention of MTX activity in conjugates was 

determined by comparingHhe inhibition of DHFR by equimolar amounts of 

MTX either* free or incorporated in conjugates. This comparison always 

showed that approximately twice the amount of conjugated MTX was 

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

'(ii) RETENTION OF ANTIBODY ACTIVITY 

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

• mg/ml of MTX-AELG,'failed to reveal any decrease in membrane immuno-

fluorescence titre (25 ^g/ml) compared to'the parent AELG. A similar 

dilution assay of 106 melanoma cells/ml, starting with 1 mg/ml of 

MTX-antibody preparation gave titres of 1.56, 12.5 and 25 (Jtg/ml for 
• * 

MTX-MAB, MTX-AHMGR and MTX-AHMGR+T respectively. A comparable 

immunofluorescence t i t r e was observed'for the respective unconjugated 

antibody preparations, confirming that the conjugated antibody s t i l l * 
% * 

retains essentially i t s f u l l capacity to bind to i t s antigen. 

Conjugation was done with IgG obtained by precipitat ion at 40% 

saturation with (NHi+hSO)* foUawed by re-precipi tat ion at 33% 

saturation. I ts pur i ty was superior to IgG precipitated only with 40% 
» » * ' • 

saturated (NHOa^K and comparable to ,IgG pur i f ied by a f f i n i t y 
•f.. . ( . 

chromatography or* pirdtein A Sepharase as shown by SDS-PAGE and agar 
gel Immunoelectrophoresis ( f igure 4 ) . 
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Figure 4: PURITY OF IgG AS DETERMINED BY AGAR GEL 

IMMUNOELECTROPHORESIS 
o v 

Agar gel Immunoelectrophoresis of; 

-o« 

#fe 
A: Upper "well - rabbit serum 

Lower well - protein A purified*rabbit„Ig6 

Centre trough --goat antirabbit whole serum. •**? 

B: Upper well - AHMGR precipitated' with 33% (NHi»)̂ SOi» "' 

Lower well r MTX-AMHGR precipitated with 33% (NHiO*S(K 

Centre trough -* goat antirabbit Whole serum. \ -

C: Upper wel.l - AHMGf} precipitated with 33% (NH ĥSOi* 

Lower well - MTX-AHMGR precipitated with 33% (NHnhSO* 

Centre trough - goat antirabbit 7S globulin. 
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B. IN VITRO UPTAKE STUDIES WITH EL4 CELLS 

(i) .UPTAKE OF FREE MTX 
c > 

.The uptake of free MTX by EL4 cells incubated at 0° and 37 C was 

carried out with an external MTX concentration of 10 ̂  Jrre> ̂ -— 

cell-associated radioactivity of cells incubated with free MTX at 0*C 

was not different from the background activity after completion of 

washing. The uptake of free MTX, by cells incubated at 37*C was rapid 
and leveled off after 30 min,; at 30 pmo'l/mg protein (Figure 5). The * 

Eadie-4"ofstee plot for the uptake of free MTX at various extracellular 

concentrations between 0.1-and 10 nM gave a Vmax of 1.8 pmol . 

MTX/min/mg protein and a Km of 6.4 nM (Figure 6). 
* -4* 

(ii) UPTAKE QF MTX-NRG * 

When EL4 cells were incubated at 0°C with [3H]MTX-NRG at an 

external drug concentration Of 10 nM, l i t t l e tritium wa£ observed to 

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

incubation at 37*C led to ay progressive increase in cell-associated 

MTX (Figure 7), but the rat« of uptake of the NRG-ebrVjugate gradual^ 

decreased so that there was a "leveling off at 24 pmol/mg protein a t . 

the end of tfhe observation,period, 

( i i i) UPTAKE OF MTX-AELG 

In contrast to the cells incubated with MTX-NRG at 0*C, whenJ"iL4 

cells were incubated with MTX-AELG at the same temperature (i .e. 0*C) 

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

5 hr at approximately 15 pmol MTX/mg protein, suggesting that AELG 

reached equilibrium with the available binding sites (Figure f$; this 

"i 
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level corresponds to the amount that in i t ia l l y 'bound to these cel ls at 

374^, where equi l ibrat ion would occur much'more rapid ly. Incubation^ 

at 37°C led to a progressive increase in cell-associated MTX with the 

AELG conjugate and i t s rate of uptake remained steady at approximately 

lO'pmol/mg protein per hr for at least 6 hr when the observations 

ceased because the proportion of trypan blue permeable ( r .e . 

nonviable) cel ls started to increase. 

Figure 7 inset, shows' the net uptafc/of MTX at 37*C calculated.by 

< subtracting, from the tota l •amount bound at'37°C at specified times,", 

either the amount bound after 5 hr at O'C'or the amount bound at each 

time in te rva l . The resul t shows that at 6 hr ceMs incubated with 

MTX-AELG endocytosed more MTX (40 pmol/mg protein) than did ceTTs 

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

( iv) EFFLUX OF MTX FROM EL4 CELLS PRELOADED WITH MTX 

When MTX ^ias allowed to eff lux from MTX-loaded EL4 ce l ls by 

incubating them in MTX-free medium, the concentration of in t race l lu la r 

MTX declined rapid ly , level ing o f f .a t 5 pmol per mg proteiri wi thin 40 

min (Figure 9 inset ) . This measurement- of residual firmly-bound MTX 

providesV" estimate of the in t race l lu lar level of DHFR based on i t s 

high a f f i n i t y stoichiometric binding of MTX (Sirotnak, 1980). 

C. IN VIVO UPTAKE STUDIES IN EL4, LYMRHOMA BEARING MICE 

Figure 8 shows how free-BTX, MTX-AELG and MTX-NRG ^ere 

distr ibuted at various-times after administration, in EL4 ce l l s , 

~ l i ve r , lungs, kidneys, bra in, spleen, serum and ascites f l u i d of 

tumor-bearing mice. 
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' 

Figure 5: .UPTAKE OF-FREE [3H] MTX'BY EL4 LYMPHOMA CELLS. 

.Cel ls (10y per culture dish) "were incubated at 37°C-with 10 nM 

MTX in a tota l volume of 2 ml. At the times indicated, ce l ls were 

washed s ix times with 10 ml PBS at 0°C. The in t race l lu lar MTX, 

determined after the ce l ls were dissolved in SDS'-contaimng buffer, 

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

mg" of protein i s equivalent to 1.73 x i d 7 ce l l s . Each point 
* 

represents the mean of three determinations. 

: ? 

4 
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Figure 6: UPTAKE OF MTX AT VARIOUS CONCENTRATIONS BY EL4 LYMPHOMA 

CELLS' * . 
> f _ . -

Cells (107 per culture dish) were incubated at 37°C for 3 mfn 
/ 

* with [3HJfi:X at the concentrations indicated in a tota l volume of 2 

ml. After incubation, ceTls wer»e washed, were dissolved" in 

SDS-containing buffer and their rad ioact iv i ty were measured as 

described in Materials and Methods. Inset: Eadie-Hofstee plot to 

obtain the maxima'l rate of uptake (Vmax) and the MTX concentration 

giving half maximal uptake'(Km). / . ' 
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Figure 7: UPTAKE OF [3H]MTX-AELG AND [3H]MTX-N'RG, BYl^LYMPHOMA 

CELLS i "* 

5. BY 1 ^ ) 

* 
Cells (107 per ;culture dish) were incubated at 3?"C and O'C with 

[3H]MTX-AELG or [3H]MTX-NRGfto give ,* concentration of 10 nM MTX in a 

total volume of 2 ml. At the times indicated cel ls were washed six * 

times with 10 ml PBS at O'C. The intracellular.MTX was cfeter'mined 
i . 

after dissolving the cells in SDS-containijig buffer. Each point 
'" s"~~~ ' * * 

represents the mean of three determinations. 

Inset:1 .Net .uptake of MTX at 37"C calculated by subtracting, from the 

,tot'al amount bound at 371C at specified times, either the ambunt bound 

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

interval (broken line'). . A and A, AELG; 6, NRG. ' 
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( l ) TISSUE DISTRIBUTION OF FREE MTX ** . . '' ' 

The uptake of MTX reached peak levels i n ' a l l tissues including 

serun at between 30 and 60 min. peak--levels vfere qreatest m l iver 

and kidney (18-20% of administered radioadt-ivity per g.dry, weight). . 

Lung, spleen and tunor took up lesser amounts (8.5, 5.5 and 4% » 

respectively) and the lowest uptake was 4n brain (0.25%). Tunor cel ls 
V 

retained a substantial portion of the MTX taken up; approximately 45% 

*
f * * 

f the peak value remained at 24h>.*N!$TX4n ascites f l u i d declined 

steadi ly, reaching 0.8% of the administered dose per ml-at 3 hr.and 

• 0.01% at 24 hr. 'After reaching i t s peak at 1 hr,-the level in serum 

declined tOi,0.3%-per ml at 3 hr andj|03% per°ml at 24 hr. In , l ive ly 

spleen, 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 

level, of* uptake of MTX in brain was much lower than in tumor* ce l ls j 

i t s rate of clearance (judged-by comparing* radioact iv i t ies expressed 

as percentages of the peak act iv i t ies) was sltiwer than from any other 

rformal tissue and wa^similar to that from EL'4 ce-lls, declin-ing from 

0/25% of the administered dose per g dry weight to 0,12% by 3 hr and 

remaining at that level at 24 hr. * 

( i i ) TISSUE DISTRIBUTION OF MTX-AELG AND MTX-NRG CONJUGATES . 

The most s t r ik ing f inding was the difference in uptake between 

MTX-AELG and MTX-NRG by**tumor cells." The amount of radioact iv i ty1 in 

tunor cel ls from animals given the AELG conjugate.increased 

progressively unt i l 3Ihr after administration, tho'se cel ls contained >. 

15% of the administered dose per g dry weight. This level was 

ri i 
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sustained for the rest of the 24 nr observation period. In contrast, 

'the uptake of the MTX.-NRG conjugate leveled »ff, at 1 hr, at 6% bf the 

administered "dose-per g dry,weight.. When the uptake of MTX-AELG, .** 

MTX-NR"G jand free MT.X were compared 3 hr after administration „ 
. > - / ' . « . • 

l i . e . after reaching, pi ateau levels), the level of>'MTX administered'as 

the A£LG conjugate was 2.5 times that of MTX admiifistered as the NRG*" 

conjugate and 6 times that of MTX awi,nistered free. , -

In ascites fluid substantial levels,of both conjugates persisted 

in contrast to the^aftid clearance of"free MTX .(7-9% *of the 

administered dose per*m"l compared to 0.01%\̂ t 24 hr jfor free MTX). Up 

to 3 hr, the proportion of the administered dose of MTX-AELG that 

remained in ascites fluid.-mas slightly greater than that of .MTX-NRG. 
' . - " *" ' - . - ) 

Se'rutt levels-of both conjugatesn-ose rapidly during the first hour, as 

did that &f free >4TX. As was true of the ascites-fluid levels, 

"throughout the 24.h.r period of observations, the serum levels,of mice* 

"that received one of" the conjugates werevhigher than" those of mice 
" " . * . , ' ' 

that received free MTX. 
In contrast to the difference in the uptake of MTX-AELG and ' 

it 

MTX-NRG by tunor, eel Is, the pattertf«f .uptate of the two conjugates* (i 

was similar in aTi^the other tissues studied,1 with the possible f 

exception of bram. Brains* of mice given MTX-AELG, showed a somewhat 

higher MTX uptake at 24 hr'than those of mice given MTX-NRG, but thist-

tis'sue took up much lower levels of MTX, free or. conjugated, than any 

other tissue analyzed. The rate of uptake of conjugated MTX by liver, 

k.idney and lungs'*was slower than that .of free MTX, and-thf extent of 



' u 
* ^ 

uptake was less than the peak value attained by free MTX at 1 hr. In * 

all tissues, conjugated MT/ persisted throughout the 24 hr observation 

period,'unlike free MTX wn*ich was cleared very quickly (except perhaps 

in braun). In spleen and"brain, the extent of uptake of conjugal^ 
1 * r 

exceeded that of free MTX and these'^higher levels al.so persisted. 
» • " • * ' ' * 

.When the results of uptake of the three agents were expressed as 

pmol of MTX per jflg of EL4 ce l l protein, i t is obvious that a l l uptake 

. levels exceeded int racel lu lar DHFR (Ficjure"}).* -
a 

* Q. CATABQLISM OF MTX-NRG CONJUGATE Bf EL4 CELL HOMOGENATE 

To determine the ab i l i t y of EL4 lymphoma cel ls to catabolize 

MTX-IgG conjugates,-MTX-NRG was incubated with a homogenate of EL4 1 • - c e l l s at pH 4.6/to favour lysosomal ac t i v i t y . Biogel P100 

chromatography, of the incubation mixture then showed the appearance of 

a second radioactive peak elut ing at"a position s l igh t l y "ahead of that 

for free [3H]MTX (Figure 10). 
» 

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

<l) UPTAKE OF EREE^MTX 

-„ The„uptake of free MTX by M21 cells incubated at 0° and 37"C was 

measur.ed using an external MTX concentration of 10 nM, -As with the 

EL4 cells, the cell-associated radioactivity of M21 cells incubated 

with free MTX at 0°C was not different from the background activity 

% after completion of washing. The uptake of free MTX by cells 

incubated at 37"C was also rapid, reaching a plateau within 60 min of 

approximately 16 pmol/mg protein (Figure 11B). The Eadie-Hofstee plot 

for "the uptake of free MTX at various extracellular concentrations 
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* 

Fi.gure 8 : UPTAKE AND CLEARANCE OF FREE MTX, MTX-AELG AND„MTX-NRG I N * 
* 

ASCITES P1UID, SERUM' AND/ TISSUES OF EL4-LYMPHOMA-BEARING MICE 
* 

Mice were inoculated i .p . with 107 EL4 ce l ls and, 6 days la ter , 

were ifi jected i .p . with ,a 5 mg/kg dose'of either free [3H]MTX ( • ) , 

[3H]MTX-AELG (A) , 'o r [3H]MTX-NRG <A), in a / to ta l " volume of 1 ml of , 

PBS. At the times indicated, t issue samples were obtained and were 

counted for H rad ioact iv i ty as described in Materials and.Methods. 

Tissue-associated radio-act iv i ty is expressed as the precentage of the 

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

f l u i d and serum per ml (%/ml). -Each Value is' the mean "of -
t • " * * 

determinations on 3 samples from di f ferent animals. 
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Figure 9 : . UPTAKE OF FREE MTX (•) , MTX-ftELG (A) AND MTX-NRG (̂̂ ) 8Y^ 

TUMOR CELLS IN EL4-LYMPH0MA-BEARING MICE. „V* . 

The experimental conditions were as Specified in Figure*8 bJjfc&ie 

results of determinatitfh of*cell*-associated: radioactivity are J ' < 

expresses as pmol of MTX "per^g protein. 'The dottedOine shows the -' 

DHFR leve'l in these cells,,estimated from the data for efflux shown in , " 

the inset. 
^ ' *• , «• * 

Inset, efflux of MTX from EL4 lymphoma cells in vitro. Cells "-. 
——— / ,, , 
(lO'/ml) in serum-free RPMI medium were incubat>ed for-1 hr with 

v 
*. . 

"̂ 3H]MTX at a concentration of either 1 |iM (t) or 10 JIM (A), after , . 
*• -» ._ . * ' 

which'they were washed and transferred to MTX-free mediurti. At the • 
. *> 

indicated times, radioactivity remaining associated with the cell's was'* 
' * ) 

determined as described in Materials and Methods. 

"N 
• k 
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.Figure 10: BIO-GEL P100 ELUTION PROFILE OF [3H]MTX-NRG BEFORE AND 

AFTER INCUBATION WITH EL4 LYMPHOMA HOMOGENATE 

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

conjugate, 0.5 ml l i ve r homogenate, and 1.2 ml of 0.1 M acetate buffer 

pH 4.6 in a tota l volume of 2.2 ml. 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 Biogel P100 column (1 x 20 cm) and 

eluted with 0.1 M acetate buffer pH 4.6. Fractions of 1 ml were 

.col lected and counted for rad ioact iv i ty . , Note that a l l 3H-act iv i ty of 

the untreated conjugate emerge'd in one high-molecular-we-ight peak, 

whereas after incubation a second, low-molecular-weight peak emerged 

s l igh t l y ahead of the posit ion for a sample of free [3H]MTX passed 

through the same column. 

• 

# 
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y between 0.1 and 10 p.M gave a Vmax of 3.3 pmol MTX/min/mg protein and a 

\ Km of 5.3 u.M (Figure 11A inset) . • 
0 

( i i ) UPTAKE OF MTX-NRG " >, -' 

The uptake of MTX-NRG by M21 ceTls incubated at 0° 'and 37*C was 

measured also using an external"drug concentration of 10 nM. 

b I n i t i a l l y , , l i t t l e t r i t ium,(8-10 pmol MTX/mg protein) bound to the M21 * 

* cel ls irrespective of temperature, followed by a slow progressive 

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

, - the difference between ce l l bound ac t i v i t y at 0°C and 37*C more than 5 

pmol/mg (Figure 12). 

( i i ) UPTAKE OF MTX-AHMGR, MTX-AHMGR*T AND MTX-MAB 

Using an"^ex.terna^ drug concentration of 10 |iM, the uptake at 0" 

' and 37°C of MTX conjugated yrfms^, AHMGR+J and MAB was measured 

(Figure 12). When cel ls were incubated with MTX-AHMGR+J at 0°C 
0 there was a progressive increase in binding start ing at 17 pmol/mg, 

and leveling off around 4 hr at approximately 36 pmol/mg protein. 

This la t te r level was s^4|ht,ly above\the amount (30 pmol/mg) that 

i n i t i a l l y bound to cel ls a£sa7"C. Incubatiop«with MTX-AHMGR+T at 

37°C led ' to a progressive increase in cell-associated MTX, start ing at 

30 pmol/mg and leveling off at approximately 80 pmol/mg at 6 hr when 

observations ceased. 

When cel ls were incubated with MTX-AHMGR at-O'C there was a -

progressive increase in binding start ing at 40 pmol/mg protein, which 
i 

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

MTX-AHMGR at 37°C also gave an i n i t i a l value of cell-assoicated MTX ^ 
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of 40 pmol/mg protein. There was a rapid increase during the next 

hour followed by a leveling off to approximately 140 pmol/mg protein 

at 6 hr. ^ The amount of cell-bound radioactivity during incubation 

with MTX-AHMGR was .higher than with*MTX-AHMGR+j at all observation 

times whether comparison was made from data at 0"C or at 37°C*. Both 

binding,at 0°C and uptake of.MTX-MAB'far exceeded that for the 
A \ 

polyclonal antibody conjugates. Ini t ial binding measured at 0°C or 

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

MTX-AHMGR. Unlike MTX-AHMGR, uptake of MTX-MAB at 37°C was linear 

throughout the observation period reaching 540 pmol/mg protein at 6 

hr. • , , , "* 

Figure 13 shows the net uptake of MTX-MAB, MTX-AHMGR and 

MTX-AHMGR+J calculated by subtracting from the total amount bound at 

37°C at specified times either the amount bound at onejminute at 37"C 

(right) 'or the amount bound/ at each time at 0°C ( le f t ) . Those 

calculated by the former procedure showed that net uptake was highest 

at all times for MTX-MAB followed by MTX-AHMGR and MTX-AHMGR+T, in 
« 

that order. At 6 hr the ratios of net uptake were 9,.4:2:1 for 

MTX-MAB:MTX-AHMG R;MV)WWMGR+T. -The same order of net uptake was 

evident at 2 hr and beyond when estimation was based on thd second 

procedure. 

Incubation of M2l cells with MTX-AHMGR in the presence of a ten 

fold excess of AHMGR decreased ensuing 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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of.uptake was s l igh t ly increased, and uptake continued at a/ 

substantial rate a f ter .1 hr in contrast to the control (Figure 14). 

( i v ) . EFFLUX OF MTXJROM M21 CELLS PRELOADED WITH MTX 

M21 cel ls were preloaded.by incubation with free MTX, washed and 

reincubated in drug-free mediim. -Cell-associated radioact iv i ty after 

preloading with 10 nM free MTX declined from 1-6 pmol/mg .to .' 
to 

approximately 1.8 pmol/mg within 40 min and remained at that level 

(Figure 15 inset) . Cells preloaded with 1 nM MTX also retained almost 

that same amount at 40 min and 60 min. 

(v) EFFLUX OF MTX-CONTAINING FRACTIONS FROM M21 CELLS- PRELOADED WITH 
t. < 

MTX-AMHGR * 

. M21 eells that had been preloaded to a drug content of 112 

pmol/mg protein by incubation with 10 nM MTX conjugated to#AHMGR, 

retained amounts of MTX greatly in excess of its DHFR level (1.8 

pmol/mg) after incubation 'in conjugate free medium, ie, 65 pmol/mg 

protein remaining at 12 hr (Figure. 15). 

F. IN VIVO UPTAKE STUDIES IN HUMAN MELANOMA M2i BEARING NUDE MICE 

Figure 16 shows J^t free MTX, MTX-NRG and MTX-AHMGR+T were 

distr ibuted at various times after administration, in M21 melanoma 

ce l l s , l iver* lungs, kidneys, brain, spleen, intest ine and serum of 
tumor bearing nude mice. 

(i) TISSUE DISTRIBUTION OF'FREE MTX 

The uptake of MTX peaked in all Inssues including serum at 30 min 
( 

when the tissues were first sampled and declined steadily thereafter. 

Peak levels were greatest in intestine and liver (15.2% and 8% of the 

p-**"^. 

\ 
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Figure 11: UPTAKE OF FREE MTX BY M24 CELLS. 

HA. Cells (106 per culture dis j i , grown for 72 hr an'd washed) 

were incubated in RPMI without serum at 37"C for '3 min with [3H]MTX at 

the concentrations indicated in a to ta l volume of l 'm l . After 

incubation, cel ls were washed, were dissolved in SDS-contaimng buffer 

rand thery radioact iv i ty were measured as described in Materials and 

Methods. •, . ' 
t 

Inset: Eadie-Hofstee plot to obtain the maximal rate of uptake 

(Vmax)-And the MTX concentration giving half maximal uptake (Km). 

11B. Cells (prepared as above) were incubated at 37°C with 10 nM 

[3H]MTX and in t racel lu lar MTX was measured at various times* 1 mg of 

protein is equivalent to 7.01 „x 10 ce l ls . 
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F i g u r e 12: UPTAKE OF CONJUGATED MTX BY M21 CELLS 

Cells (3 x 106 per culture dish, grown for 72 hr and washed) were 

incubated in RPMI without serum at 0°C or 37°C with [3H]MTX-MAB, 

[3H]MTX-AHMGR, [3H]MTX-AHMGR+T and'[3H]MTX-NRG (MTX concentration,' 
K St I t~l 

10 (iM; total volume 3 ml). At the times indicated, cells were washed, 

were dissolved in° SDS-contaimng buffer, and cell-'associated 

radio-activity was measured as described in Materials and Methods. 

Points represent the mean of 3 determinations. 

Inset: Results 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 subtracting from the total amount bound .at 37°C at 

specified times either the amount bound at one minute at 37*C (right) 

or the amount bound at each time at 0°C ( l e f t ) . Data taken from 

Figure 12. 

( 
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Figure 14: INHIBITION OF THE UPTAKE OF MTX-AHMGR BY AHMGR OR MTX 

Cells (3 x 10b per culture dish, grown for 72 hr and washed) were 

incubated .in RPMI without serum at 37'C^/ith [3H]MTX-AHMGR in the 

presence of one of the following:* 100 nM* frlX, 3.45 mg AHMGR, 100 HM 

MTX + 3^45 mg AHMGR (MTX concentration, 10 HMj total volume 3-ml). 

At the times indicated, cel ls were washed, were dissolved in 

SDS-contaimng buffer,.and cell-associated radioactivity was measured 
4* ' — 

as described in Materials and Methods. Poinj^ represent the mean of 3, 

determinations. 

CONTROL, indicates cel ls incubated with 10 ufr MTX-AHMGR. . * 

I \ 

ti*\ 

*? 
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^ 

^ * 

Figure 15: EFFLUX FROM M21 CELLS PRELOADED WITH MTX-AHMGR. 

Cells (3 x 106 per culture dish,'brown for 72 hr and washed) were 

incubated for 7.5 hr at 37'C with [3H]MIX-AHMGR to 'give a . 

concentration of 10 nM MTX in a total volume of 3 ml of RPMI without 

serum. The loaded cel ls were washed and incubated in medium without 

conjugate. At the tim.es indicated, cells were washed again once, were 

dissolved in SDS-cpntaining buffer and cell-associated radioactivity 

was measured as described in Materials and Methods. Points represent 

the mean of 3 determinations. Inset: Efflux from cells loaded by 

incubation at 37"C for 1 hr in the presence'of f3H]MTX at 1 "(x) or 10 

(A) i*M. 

http://tim.es


• / ' 

> 

CELL-ASSOCIATED RA/foACTlVITY ( pmol MTX / mg protein ) 

o 

o 
I 

t 

Kl^^mm^0mi^'^4^^^^'-^' -"rt**-* -



-107-

admi.ni stered radioact iv i ty per g wet weight). Kidney, spleen, lung 

and tumor took up lesser amounts (2.05", 1/6%, 0.6% and-0.5%, 

respectively) and the lowest uptake was in brain (0.06%). Unlike the 

EL4 c e l l , the M21 cel l was unable to retain a substantial portion of 

the MTX taken up; at 24 hr, MTX had,declihed from i t s peak value of 

0.5% at 30 min to 0.06% of the administered radioact iv i ty per g wet 

weight. The level of MTX in the serum declined from its„peak value of 

1.4% per ml at 30 mm to 0.02% per ml at 24 hr. At a l l time intervals 

> 90% of radioact iv i ty was associated with the supernatant after 

precipitat ing with 10% TCA the sera of mice administered free MTX, In 

a l l t issues, the major part of the accumulated MTX was cleared-by 3 hr 

and 1% or less remained at 24 hr. Like the EL4 lymphoma bearing mice, 

the peak level of uptake of MTX in brain was much lower than in the 
i 

M21 tumor ce l l s , but in contrast to the EL4 ce l l s , i t s rate of 

clearance (judged by comparing radioact iv i t ies expressed as 

percentages of the peak act iv i t ies) was much slower than the M21 <ujior 

ce l l s , as well as a l l the other normal tissues studied (declining from 

0.06% of the administered dose per g wet weight to 0.03% by 3 hr arid 

remaining at that level at 24 h r ) . 

( i i ) TISSUE DISTRIBUTION OP'MTX-AMGR+J AND MTX-NRG , 

•The uptake of MTX-AHMGR+T and MTX-NRG conjugates by the M21 

cel ls was similar throughout the observation period of 24 hours. The 

amount of radioact iv i ty in tumor cel ls from animals given either r ^ 

MTX-AHMGR+J or MTX-NRG conjugate increased progressively unt i l 3 hr 

after administration, those cel ls contained about 1.1% of the 

} 
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admimstered dose per g wet weight. This level was sustained for the 

rest of the 24 hr observation peri-od. When the peak level of uptake 

of MTX, MTX-AHMGR'+T and MTX-NRG were compared, the level of MTX 

attained vfifen i t was administered as the conjugates was 2.5 t.imes that 

of MTX administered free* Serum levels of both conjugates declined 

rapid ly , however, throughout the 24 hr period of observations the 

serum levels of mice that/received one of the conjugates were.higher 

than those of mice that received free MTX. At a l l time intervals more 

than 90% of rad ioact iv i ty was associated with the precipi tate obtained 

after the sera of mice administered with either conjugate were 

•precipitated with 10% TCA. { ' / 

The patterns of uptake of the-two conjugates were also similar in 

a l l the other tissues studied, except that the MTX-NRG conjugate 

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

,.- conjugate.^In a l l t issues, except, the intest ine, conjugated MTX 

persisted throughout the 24 hr observation period, unlike free MTX 

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

except in the in test ine, the extent of uptake of the conjugates in a l l v / ^ 

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

persisted longer. " ^^^ 

When the results of uptake of tjiese three agerjts were expressed \ 
r*' ' \ \ 

as pmole of MTX per mg of M21 ce l l protein, a l l the uptake levels of ) 

the conjugates exceeded the in t race l lu lar DHFR whereas the uptake of 

MTX was equal to the in t race l lu lar DHFR leve l 'a t 24 hr (Figure 17). 

J P V 

\ 
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G. CATABOLISM OF'MTX-AHMGR BY M21 CELLS.' • -

When cel ls are preloaded with conjugate for 7.5 hr and then 

incubated'in"conjjjgate-free medium for 9.5 hr, gel chromatography 

revealed low-molecular-weight MTX-containing fragments both in the 

cel l homogenate and ef f lux medium (Figure 18). Fragments from both 

sources were capable of inh ib i t ing DHFR. F i f t y percent inh ib i tory 
• " > 

concentrations for the intact conjugate, ce l l homogenate f rac t ion , 

efflux mediim f rac t ion and free MTX were 6.3 pmol, 6.6 pmol, 5.7 pmol 

and 3.0 pmol, per 3 ml respectively (Table 2).' * v -

The low-molecular-weight f ract ion from the eff lux mediim was 

further resolved into 2 peaks by DEAE-cellulose chromatography (Figure 

19). vBoth peaks"migrated on th in layer chromatography with an Rf of 

0.2 whereas MTX exhibited an Rf of 0.63 and the conjugatre\rernained 

at the or ig in . The solvent system was 0.1 M glycine containir>g2% 

EDTA, pH 9.0. ' • \ 

To investigate the possible role of lysosomal enzymes in 

catabolism of drug-antibody conjugates, M21 cel ls were incubated with 

MTX-AHMGR with and without 100 ^M chloroquine or 100 HM leupeptin. 

At 7.5 hr, the cel ls iflcubated in the presence of chloroquine had 

taken up 148 pmol MTX/mg protein and those incubated Jin i t s absence 

had taken up 154 pmol MTX/mg protein. At 7.5 hr and in the presence 

of 100 nM leupeptin, the cel ls took up 152 pmol MTX/mg protein but i n 

i t s absence, they took up 177 pmol MTX/mg p r o t o n . When the cel ls in 

medium containing chloroquine were allowed to ef f lux for 9 hr, 127 

pmpl MTX/mg protein (86% of the i n i t i a l .value) remained" 

» 
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J 
V 

Figure 16: UPTAKE AND CLEARANCE OF FREE MTX, MTX-AHMGR+T AND 

MTX-NRG IN SERUM AND TISSUES OF M21 MELANOMA-BEARING NUDE MICE 

Mice were inoculated s.c. with 2 x 106 M21 cells and 21 days 

later, were injected i .v. with 5 mg/kg dose of either free [3H]MTX 

(•), [3H]MTX-AHMGR+T (A) 0 r [3H]MTX-NRG (A), in a" total .volume of 

0.4 ml of PBS. At the times indicated, tissue samples were obtained 

and were counted for 3H radioactivi ty as described in Materials and 

Methods. Tissue-associated radioactivi ty is expressed as the 

percentage of the administered dose per g wet weight of tissue (%/g) 

or for serim per ml (%/ml). Each value is the mean of'deterflrwwrtions 

on 3 samples from different animals. 

• \ 

\ 
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/ 

Figure 17: UPTAKE OF FREE MTX ( • ) , MTX-AHMGR+T (A) AND MTX-NRG (A) 

BY M21 MELANOMA-BEARING NUDE MICE 

The experimental conditions were as specified in Figure 16 but 

the r e su l t s of determination of ce l l -associa ted r ad ioac t iv i ty are 

expressed as pmol of MTX per mg-protein. The dotted l ine shows the 

DHFR level in these c e l l s , estimated from the data for efflux shown in 

Figure 15 in se t . 

i 
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Figure 1*8: GEL CHROMATOGRAPHY OF THE EFFLUX MEDIUM AND CELL "* 

HOMOGENATE AFTER LOADING M21 CELLS WITH [3H]MTX-AHMGR 

The experimental conditions for'loading and efflux were as 

specified in Figure 15. After 9.5 hr of efflux incubation in 

conjugate-free medium, cells were separated from mediim by 

centrifugation and were homogenized. The homogenate was centrifuged 

and 1 ml of the supernatant was passed through a Biogel PlOO column (1 

x 20 cm) equiJibrated with PBS; the medium used for efflux was 

lyophilized and was taken up in PBS, then a 1 ml sample was passed 

through the same column. Fractions oj*. 1 ml were collected and were 

analyzed for radioactivity as described in Materials and Methods. 

v 
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* 

Figure 19: DEAE-CELLULOSE CHROMATOGRAPHY OF LOW-MOLECULAR WEIGHT 

FRACTION FROM EFFLUX MEDIUM 

The low-molecular weight f ract ion obtained from the eff lux medium 

of M21 cel ls previously incubated with MTX-AHMGR was adsorbed on a 

column (1.2 x 30 cm) of DEAE-cellulose equil ibrated with 5 mM 

phosphate buffer pH 7.0 and eluted with a l inear gradient of 1 l i t r e 

of 5 mM phosphate buffer in the mixing chamber and 1 l i t r e of 0.5M 

t 
T 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 WEIGHT FRAGMENTS IN CELL 

EXTRACT AND EFFLUX MEDIUM 

The assay method of Peterson et al., was used to determine the 

inhibition 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 

KCl, 50 |iM NADPH, 33 mM DHF and 0-15 pmol of M*W or corresponding 

amounts of test fractions in a total volume of 3 ml. -* 

- ^ v 

t 

* 
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r 

• Table 2 

DHFR INHIBITION'BY LOW MOLECULAR WEIGHT FRAGMENTS IN CELL'EXTRACT AND 
EFFLUX MEDIUM 

Agent 

g 
W L 

MTX 

MTX-AHMGR -

Cell extract f ract ion 

Efflux median f ract ion 

w-»""T 

Coi 

. 

icentration for 50% inh ib i t ion of DHFR 
(pmole/3ml) 

«*« 
3.0 

6.3 

6.6 

5.7 

i? -

^.s 
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cell-associated, whereas, 92 pmol MTX/mg protein {60% of the in i t ia l 

value) remained inHhe cells that were preloaded and allowed to-efflux 
r 

in medium without chloroquine. With cells in mediim containing 

leupeptin, 83.5 pmol MTX/mg protein (55% of the initial value), 

remained cell-associated after efflux for 9 hr and 54 pmol MTX/.mg 

protein (31% of the initial value) remained in the cells that were 

preloaded and allowed to efflux in mediim without leupeptin (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 tested for 

their ability to catabolize the MTX-NRG conjugate, a low molecular 

weight radioactive p£ak eluting slightly ahead of that for free 

[3H]MTX was observed when the incubation mixture was passed through 

Biogel PlOO (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, peps'tatin, 

antipain, N a-p-tosyl-L-lysine chloromethyl ketone and iodoacetate 

(Table 4) , (Figure 21). Calcium chloride and EDTA had no effect on 

the activity (Table 4 ) . 

An attempt was made to further purify this low-molecular-weight 

fraction by adsorbing it on DEAE-cellulose and eluting with a linear 

gradient of 0-0.5 M NaCl in phosphate buffer. This resulted in the 

emergence of a peak that eluted at the same ionic strength as free MTX 

(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 
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fraction migrated with an Rf of-0.4'whfle MTX had an Rf of 0.6'3 

and the conjugate remained at the origin. 

I. IN VITRO INHIBITION OF GROWTH OF EL4 AND M21 CELLS 

When EL4 cells were incubated'with free MTX anckits conjugates 

for 72 hr, the following concentrations for 50% inhibition of growth 

was obtained: free MTX, 1.54 nM, MTX-AELG, 220 nM, MTX-NRG, 550 nM. 

With M21 cells, t$e corresponding concentrations were:,free MTX, 11.0 

nM, MTX-AHMGR, 220 nM,,MTX-NRG, 660 nM (Table 6). -Thus, MTX is a 

better inhibitor'of t\mor growth of both cell types in tissue'culture 

than its conjugates. „ - •$ 

.T,f*'" 

r 
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TABLE 3: RESIDUAL RADIOACTIVITY ASSOCIATED WITH M21 CELLS INCUBATED 

WITH MTX-AHMGR IN THE PRESENCE OF CHLOROQUINE OR LEUPEPTIN 

Cells were incubated with MTX-AHMGR and transferred to 

conjugate free mediim as described in Figure 15 except that 100 nM 

chloroquine or leupeptin was present both-on the preloading medium and 

the efflux mediun. Control cells were* incubated without chloroquine 

and Jeupeptin. 

< • t ^ 



T a b l e 3 

RESIDUAL RADIOACTIVITY ASSOCIATED WITH M21 CELLS INCUBATED WITH MTX-AHMGR IN THE 
PRESENCE OF CHLOROQUINE OR LEUPEPTIN 

Treatment of 
Cells 

Control" 
+ 100 \xM Chloroquine 

Control 
+ 100 nM Leupeptin 

I n i t i a l level Of 
Radioactivity* 

1 (pmol MTX/mg protein) 

153.6 
148.1 

> i77 .4 
152.1 

Residual Level of 
Radioactivity after 

efflux for 9 hr_ 
(pmol MTX/mg protein) 

92.4 
127.3 

54.4 
83.5 

% of 
radioact iv i ty 

, remaining in the 
cel ls after eff lux 

60 
86 

31 
55 ro 

CO 

*Level.of radioactivity in the'cells prior to efflux, j* 
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Figure 20: BREAKDOWN OF MTX-NRG CONJUGATE AFTER .INCUBATION WITH LIVER 

HqfjjteNATES " 

Freshly removed l iver ("2.2 g wet weight) from an adult female ' 

C57BL/6J mouse was homogenized in 10 ml of 0.1 M sodium acetate buffer 

pH 4.6 for determination of the hydrolytic ac t i v i t y of the l i ver 

homogenates. A typical j^action /mfxtjure\ujnsisted of ; 0.5 ml MTX-NRG 

conjugate, 0.5 ml 1ivetTromogenate, and 1.2 ml of 0.1 M acetate buffer 

pH 4.6 in a tota l 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 ml of the supernatant was passed through 

a Biogel PlOO column (1 x 20 cm) and eluted with O.IM acetate buffer 

pH 4.6. Fract-ions (1 ml) were collected and counted f o r 

rad ioact \v i ty . . ^ 
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Figure 211 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 in -

Figure 20 except that reaction mixtures contained 8.6 x 10-"*M 

N-a-p-tosyl-L-lysine chloromethyl ketone or 9.4 x 10-5M antipain. 

Control, indicates conjugate incubated with liver homogenate as in ** 

Figure 20! ' • 

i »"* t 
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TABLE 4 : EFFECT OF SEVERAL INHIBITORS AND AN ACTIVATOR OF LYSOSOMAL 

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 

fonomljng: leupeptin, pepstatm, antipain, Na-p-tosyl-L-lysine 

chloromethyl ketone, calcium chloride, iodoacetate, EDTA, EDTA + "DTT 

and DTT. 

' r+* 
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Table 4 

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

Inhibitors 

CONTROL 

LEUPEPTIN 
PEPSTATIN 
ANTIPAIN 
Na-P-TOSYL-L-
LYSINE CHLORO
METHYL 
KETONE 

CALCIUM CHLORIDE 
IODOACETATE 
EDTA 

EDTA + DITHIO
TREITOL 

DITHIOTREITOL 

Concentration 

-

9.2 x 10-* M 
'9.2 x 10-: M . 
9.4 x 10" M 

« 
„ 

8.6 x 10_1\M 
0.64 x 10" i M 
0.64 x I t ) , M 
0.64 x 10-d M 

0.64 x 10-? M 
0.64 x 10^ M 

* % of Original 
Radioactivity in 

low MW Peak 

49 

¥ 23 
34 

' 23 

20 
49 
33 
49 

62 
.59 

4 

% Inh ib i t ion 

-

53, 
3 1 * 

" 53 

59 
-. ' 
33 
-

27* 
20* 

•ACTIVATION 

% 

M 
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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 in 

Fig. 20 except that the reaction mixtures were^ incubated at 3 

different pH values. 
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Table 5. 

INFLUENCE OF pH ON THE BREAKDOWN OF MTX-NRG CONJUGATE BY LIVER 
HOMOGENATE . 

) . 

5.6 

4.6 

4.0 

% OF RADIOACTIVITY IN 
LOW M.W. PEAK 

51.2 

73.5 

74.6 

• 1 
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Figure 22: DEAE-CELLULOSE CHROMATOGRAPHY OF LOW MOLECULAR WEIGHT 

FRACTION FROM MTX-NRG INCUBATED WITH LIVER HOMOGENATES 

The low-molecular weight f ract ion obtained from MTX-NRG " 

incubated with l i ve r homogenates was adsorbed "on a column (-1.2 x 30 

cm) of DEAE-cellulose equil ibrated with 5 raM phosphate b u f W pH 7.0 

and eluted with a l inear gradient of 1 l i t r e of 5 mM phosphate buffer 

% in the mixing chamber and 1 l i t r e of 0.5 M NaCl *n the same buffer in 

the reservoir. Fractions of 19 ml were col lected. Arrow indicates 

the position that free MTX elutes. 

' 

* 
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TV\BLE 6: IN VITRO INHIBITION OF GROWTH OF EL4 AND M21 CELLS BY MTX', 

M\X-AE|IG, MTX-AHMGR, MTX-NRG 

EL4 ce l ls obtained from the ascites f l u i d of C57BL/6J mice were 

kept, in culture for 48 hr in RPMI 1640 medi'um supplemented with 10% 

feta l \ cal f serun. At 48 hr, the cel ls were plated at a concentration 

of 0.5\x 10 cel ls per ml in 35 x 10 mm tissjie culture dishes. M21 

cel ls from in v i t r o passage were s imi lar ly plated in 35 x 10mm tissue 

culture dishes at a concentration of 0.5 x 105 cel ls per ml in RPMI 
i 

1640 medium supplemented with 10% fetal calf serum. MTX in ±he 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. ^ 
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Table 6 * 

IN VITRO INHBITION OF .GROWTH OF EL4 a n d M21 CELLS BY MTX, MTX-AELG, 
MTX-AHMGR, MTX-NRG 

Agent 

MTX 
MTX-AELG 
MTX-AHMGR 
MTX-NRG 

Concentration f o r 50% i n h i b i t i o n of Growth ,(nM) 

EL4 Cel l 

1.54 
220 

550 

M21 Cel l 

1UO 

220 
660 , 

> } 

i 
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DISCUSSION 

The basis of the superior tumor inhibitory effect of 

drug-antitumor antibody conjugates has 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 each 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 

antitumor effect, I have investigated the role of drug uptake and 

serum clearance in detail by comparing the uptake of free and 

conjugated MTX by tumor cells in vitro and in vivo as well as the 

pharmacokinetics of free and conjugated MTX in tumor-bearing animals. 

x . In addition, I have also studied the catabolism of MTX-IgG conjugates 

bV tumor cells and liver homogenates and the capacity of the catabolic 

/ragments to inhibit DHFR, the target enzjme of MTX. The tumors used 

S"^ for these investigations were the murine EL4 lymphoma ascites tumor 

and the himan melanoma M21 solid tumor. The choice of the EL4 

lymphonfa was influenced by the observation of Kulkarni et a l . , (1981) 

that MTX-antiEL4 lymphoma antibody inhibits the growth of the tuno? in 

EL4 lymphoma bearing mice. Since the EL4 lymphoma is not a human 

tunor, i t was desirable to extend,the study to the human melanoma M21 

tumor which in contrast to the EL4 ascites tumor is also a solid 

tunor. Moreover the investigation with the EL4 lymphoma model was 

limited to the polyclonal antiEL4 antibody but the availability of the 

monoclonal antibody 225.28S against the melanoma cells afforded the 



-137-

opportunity to compare (and contrast) the carrier abilities of 

monoclonal and polyclonal antimelanoma antibodies. 

The polyclonal antiEL4 and antimelanoma M21 antibodies (obtained 

by immunization of rabbits with EL4 and M21 cells respectively) and 

the monoclonal antimelanoma antibody 225.28S were IgG molecules. The 

active ester intermediate method-was used for coupling MTX to the IgG 

molecules because of its better efficiency of linkage and protein 
» 

recovery compared to the more commonly used ECDI method, and the 

established antitumor effect of conjugates prepared by this method 

(Kulkafni et al., 1981). * * 

All the in vitro uptake studies were done witji an external MTX 

concentration, free or bound, of 10 \xM because this concentration is 
> 

.sufficiently high so that the uptake'of the conjugates by £he cells » 

can be clearly distinguished from background radioactivity. \Moreover, 

since this concentration of free MTtf did not saturate the MTX carrier 

transport sites'on the ce.lll, tfie contributiontb the uptake of free 

MTX by other mechanisms such as low-affinity carrier sites-or passive 

diffusion can be excluded (Goldman, .1982; Jolivet et 'al., 1983\. Both 

the EL4 cells and M21 cells rapidly took-up MTX from the medumf, as 

has been observed for several human melanoma lines (Kufe et al.,\l980; 

Gaukroger e£ al.-, 1983), and severalTm<?use lymphomas and other tumors 

(Goldman et a l . , 1968; Sirotnak and Donsbach, 1976). 

It has been shown that the factors that determine the uptake and 

intracellular steady-statqf level of free MTX include the availability 

of a transport system, the external" drug concentration, the membrane 

file:///Moreover
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s r 

potential (Goldman et a l . , 1968), and the ionic milieu (Henderson and . 

Zevely, 1980). The uptake and the level of*accumulation of MTX-IgG 

conjugates are unlikely to be subject to the same control mechanisms 

as is free MTX; in other words they will have different transport 

systems, e.g. endocytosis of AELG, following capping (Guclu et al . ; 

1975) or nonspecific uptake by pinocytosis, as is observed with 

various serum proteins, including IgG (Chu and Whiteley, 1980; Ghose 

et a l . , 1962). In'fact, Chu and Whiteley (198*0) have demonstrated 

that L1210 lymphoma cells take up'MTX linked to bovine serum albumin 

orsto non-tumor-specific immunoglobulins tn this way, and Shen and 

Ryser (1984) have shown jfhat the complex formed between a MTX-human 

•serum albumin conjugate (MTX-HSA) and antiHSA serum is taken \ip by 

Fc-receptor bearing- cells that aredefective in MTX transport, 

whereas Fc^receptof negative cells did not take up the complex 

significantly. 

Cells internalize macromolecules by fluid-phase or * 

receptor-mediated endocytosis; Light microscopy was used initially to . 

enumerate phase-lucent pinocytotic vesicles in mammalian cells" (Lewis, 

1931; Cohn, 1966). When electron microscopy first suggested that most 

cells contain submicroscopic pinocytotic'Vesicles (Palade 1956; 
r . * 

Bennett 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 extracellular medium. Th'e presence of" 



s 

-139-

these probes within vesicles confirmed their or ig in at the ce l l ' s 

surface and demonstrated further that incoming vesicles fuse-with 

independently labeled lysosomes both in v i t ro (Cohn et a l . , 1966; 

Gordon et a l . , 1965) and in vivo (Friend and Farquhar, 1967; Straus, 

1964). However, one d i f f i c u l t y with some of these probes is that they 

can adsorb to the cel l surface; labeling of an apparently 

Int racel lu lar pinocytotic vesfble in„a th in section may real ly 

represent extracel lular binding to a surface invagination, a fold or 

even an outgoing vesicle. Other problems with some of these probes, 

which l im i t thei r use for quarttitative work are (a) they are d i f f i c u l t 

to visualize (b) the to ta l amolint of cell-associated marker in a * 

typical culture is 1% or less of the administered load andr(c) the 

re lat ive amount of inter ior ized versus surface-bound label may be 

small. Therefore, a variety of radiolabeled markers have been used. 

They include [3H] sucrose (Wagner et a l . , 1971), [ 3 H] inu lm .(Bowers 

and Olszewski, 1972) and [1 2 5 I ]polyvinylpyrrol idone (Williams et a l . , 

1975). The interaction of horseradish peroxidase with cel ls in tissue-* 

culture i l lus t ra tes a l l the features of fluid-phase uptake (Steinman 

and Cohn, 1972; Steinman et a l . , 1974). The enzyme* does not bind to 

the ce l l s ' surface. I ts uptake is proportional to the concentration 

,of enzyme in the mediim, proceeds continuously with time, and is 

blocked at 40C. The endocytosed enzyme is visualized cytochemically 

in in t racel lu lar pinocytotic vesicles and lysosomes (steinman, 1976). 

Most ligands, "however, are internalized by receptor-mediated 

endocytosis.. The f i r s t step in th is multiphase process involves 
A 

y 

<* « . " * * < ' * , %* 
, * 
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binding of the" ligand to its receptor molecule functionally exposed at-

the cell surface. In most cases the'se receptors are distributed 

diffusely over the cell surface. This has been demonstrated by 
" 'it 

visual ization of fluorescent labeled ligands such as a2-macroglobulin, 

insul in , epidermal growth factor, t ransferr in and asialoglycoprotein 

(Maxfield et a l . , 1978; Sullivan et a l . , 1976; Geuze et a l . ; 1982). 

Receptor-mediated endocytosis can be determined by administering an 

independent marker to measure and/or visualize fluid-phase "uptake 

before and during administration of the ligand to determine i f ligand 

binding affects th is parameter. The internal izat ion process has 

generally been analyzed by ident i f icat ion of the ligand at an 

intracel lu lar s i te by various techniques. These techniques include 

electron microscopic ident i f ica t ion of ligands labeled with col loidal 

gold or horseradish peroxidase (Willingham and Pastan, 1983), 

autoradiography (Amsterdam et a l . , 1979; Unanue et a l . , 1972), 

subcellular fract ionation (Courtoy et a l . , 1982; Mellman, 1982) and by 

fluorescence microscopy with ligands conjugated to various fluorescent 

probes (Willingham and Pastan, 1983; Weitzman et a l . , 1979; Geisow et 

a l . , 1981; Sklar et a l . , 1982). 

Several methods have been used to distinguish between the amount 

of adsorbed versus internalized ligand. Usually,--the adsorbed ligand 

on the plasma membrane is selectively eluted by (a) adding some 

competingfagent e .g . , EGTA or EDTA; as shown by Tolleshaug (1981), 

Schwartzret a l . , (1982), Weigel and Oka (1984) that these reagents 

could elute of f asialoglycoprotein from i t s receptor; (b) proteolyt ic 
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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-cobalamin complex from the plasma membrane of human skin 

fibroblasts with trypsin, and Dickson et al., (1981) eluted off a2-

macroglobulin from the plasma membrane of fibroblasts with pepsin at 

pH 4; (c) low pH treatment e.g. human chorionic gonadotropin was 

dissociated from its receptor with Hanks' solution that had been 

adjusted with concentrated acetic acid to pH 3.9 (Ahmed 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 interaction was believed to represent an ionic binding of 

positively charged amino groups on the protein component 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 3.0.were unsuccessful. After incubating them for 30 min at 

4°C, 90% of the cells became permeable to trypan blue (i.e. nonviable) 

and they still reacted positively on immunofluorescence assay 

\ndicating. that the conjugates were still bound to the cells. Even 

though proteolytic enzymes have been used to degrade plasma membrane 

bound immunoglobulins, there are no reports on the integrity of the 

cell membrane after such treatment. Dissociating ligands from their 

receptors reversibly with heparin as in the case of receptor bound LDL 

or competing with EDTA as in the case of receptor bound 

asialoglycoprotein is attractive but equivalent applicable agents for 

• » • * * • M C M f e M M r S ' A l i M I S»»» 
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dissociating receptor bound IgG from Intact ce l ls are not available. 

Using the" fluid-phase uptake marker, horseradish peroxidase, 

Steinman and Cohn (1972) and Steinman et a l . , (1974) showed that i t is 

not adsorbed to the cel l surface and i t s uptake is not detectable at 

4°C whereas, at 37°C i t i s easily detected cytochemically in 

in t race l lu lar pinocytotic vesicles and lysosomes indicating that 

uptake by fluid-phase pinocytosis at 4°.C is ins ign i f icant . Ryser 

(1968) arrived at a similar conclusion for adsorptive pinocytosis 

after he observed that exposure of cel ls to [1 , 3 1 I ] album in at 2'Z for 

1 min or fo r 60*min gave identical results as a 1 min exposure at 37°G 

but as the time of exposure at 37°C increased the uptake of the 

albumin by the ce l ls increased. Various investigators (Willingham and 

Pastan, 1983; Goldstein et a l . , j£j?6; Youngdahl et a l . , 1979) have 

demonstrated that binding of liglmds occurs at 0°C without"endocytosis 

being detectable at th is temperature, whereas, at 37°C cel ls 

endocytose the bound ligands. -Therefore, in my in v i t r o uptake 

studies, plasma membrane bound conjugates were distinguished from 

internal ized ones by comparing cell-associated rad ioact iv i t ies of 

cel ls incubated at O'C with those incubated at 370C. 

With EL4 c e l l s , the uptake of MTX-AELG remained progressive while 

that of MTX-NRG and free MTX leveled o f f ; at 6 hr, cel ls incubated 

wi th MTX-AELG endocytosed more MTX (40 pmol/mg protein) than d4d cePls 

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

(24 pmol/mg prote in) . These results show that the uptake kinetics of 

MTX conjugates are d i f ferent from those of the free drug and therefore 
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it is unlikely that significant amounts of conjugates were bound or 

internalized by the»transport system for MTX., 

With M21 cells, net uptake of MTX when linked to any of the three 

specific antibodies (MAB, AHMGR, AHMGR+T) exceeded that obtained 

on incubation wfth equimolar amounts of free drug as early as within 

the first hour, whereas, the net uptake of MTX when linked to NRG 

barely exceeded-that of free MTX 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 antibody moiety and confirms that it is 

unlikely that substantial amounts of conjugates were bound or 

internalized by the transport system for MTX. The efflux studies show 

that conjugated MTX was retained longer than free MTX during 

incubation in drug or conjugate-free medium. This indicates that the 

specific antibodies against TAAs used in this study are capable of 

achieving and maintaining htgher intracellular concentrations of MTX 

than is possible with the free drug. 

Cell-association kinetics of the three specific MTX-antiM21 

antibody conjugates were bi-or multiphasic except for MTX-MAB which 

was linear at 37°C. Measurements of. cell-associated radioactivity at 

31'Q will include both binding and uptake but those at O'C should be 

of just binding since endocytosis does not occur at this temperature 

(Willingham and Pastan, 1983), At O'C, the binding phase completed 

prior to the first measurement at 1-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-MAB by the differential accessibility 

of the high-molecular-we,ight melanoma associated antigen, (MAA) 
1 epitope. In the case of MTX-AHMGR and MTX-AHMGR+J, additional 

factors would include diversity of antigens and polyclonality of 

4 antibodies in the preparations. Binding taking place relatively 

slowly at CC would be expected to proceed much faster at 37°C as*-

shown by MTX-AHMGR+j which bound approximately 40% more within 1 

minute at 37°C than at O'C. This value of 31 pmol MTX/mg, protein at 

37^*85 close to the plateau level of 36 pmol MTX/mg protein ^ 

observed after 4 hour 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 37°C but the 

initial binding §t 37"C was followed by a very rapid rate of increase 

in cell-associated conjugate, reaching in the next few minutes a value 

equal to that observed after 6 hours at 0*C, i .e. saturating binding 

sites. The further increase at 37"C must therefore be due to 

endocytosjs. It appears that at*least a proportion of the 

high-affinity-antibody populations (about 58%) in AHMGR which showed 

binding to M21 cells within i minute regardTess of temperature were 

lost during the absorption procedure for rendering AHMGR 

melanoma-speclfi-c. This is not surprising since approximately 90% of 

the IgG in AHMGR was usually removed during absorptions with normal 

human tissues to produce AHMGR+J. MTX-MAB showed approximately the 

»™*W,Wfc» W * ^ % , 4 
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same immediate binding at 0*C and 37* C, followed by rapid incpeales in 

cel l associated conjugate at either temperature during the f i r s t hour. 

The i n i t i a l rate of increase in tel l-associated radioact iv i ty at 0°C 

was somewhat slower than at 37°C-and declined to zero by 4 hours, but 

net uptake at 37°C continued l inear ly throughout the 6 hour 

observation period, in contrast to MTX-AHMGR and MTX-AHMGR+T, 

which approached a plateau after 4 hours. This difference in 

behaviour at 37'C may re f lec t differences in turnover of receptors for 

the di f ferent antibodies. 

The net amount of MTX that is cell-associated after incubation 

with a conjugate at 37"C w i l l depend upon a number of factors that 

include ( i ) specific binding of the conjugate to TAA or other antigens 
* ' 

Snd subsequent endocytosis (or shedding, i f any), ( i i ' ) nonspecific 

binding to the cel l surface and uptake by mechanisms independent of 

specific transport carr iers, e .g . , pinocytosis (Ghose et a l . , 1962; 

Chu and Whiteley, 1980), ( i i i ) eff lux of MTX-containing fragments 

produced by in t racel lu lar catabolism and ( iv) catabolic release of 

MTX-containing fragments mediated by proteolyt ic enzymes on the 

surface of tunor ce l l s . Thus, calculations for determining the net 

uptake^/f conjugates by subtracting the amount bound at 0*C or the 

amount bound i n i t i a l l y a t 37*C from the tota l cell-associated MTX at a 

given time are only approximations and w i l l neither distinguish 

nonspecific from specif ic uptake nor take into account the amount 

eff luxed. However, the negligible uptake of MTX-NRG by the M21 cel ls 

indicates that nonspecific pinocytosis was "not a major pathway in the 
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uptake of specific conjugates. This contrasts with the behaviour of-

EL4 cells which took up larger amounts of MTX-NRG than M21 cells did. 

It was interesting to observe that the net juptake at 37'C 

correlated with extent of high affinity, binding (measured at 1 min at 

0°C) and with immunofluorescence t i t re , the order being 

MTX-MAB>MTX-AHMGR>MTX-AHMGR+T. Further, when the high affinity 

binding at 1 mm was subtracted from the 0°C plateau value at 6 hours 

yielding the number of available binding sites with lower affinity, 

again the same^order was evident. Indeed, this was further supported 

by the initial (starting at 1 min) rates of binding at 0*6, their 
4 * 

1 

values expressed as pmol/flr/mg protein being 63 for MTX-MAB, 15 for 

MTX-AHMGR ajud 4.7 for MTX-AHMGR+T. Although the content of 
» 

specific antibody molecules differed for each conjugate, the 

concentration of specific antibody in each incubation greatly exceeded 

available cell surface binding sites because the incubations were 

performed with equal numbers of M21 cells and equal concentrations of 
••A 

conjugated MTX-which contained excess antibody, about 0.35 mg IgG, 

which is 74-, 9- and 5- fold higher than-the t i t re values of MTX-MAB,. 
* 

MTX-AHMGR and MTX-AHMGR+J respectively. Thus, the amount of 

conjugate bound at equilibrium would depend chiefly oh the_available 

binding sites and their total number on the cell surface should be 

indicated by pie plateau values of bindtng at 0*C. Fr.orn this i t can 

be concluded $hat net uptake at 37*C was directly correlated to the 

number of binding sites. 

The properties of the binding sites, especially their lateral 
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mobility and facility for internalization, may also be important in 

the uptake of conjugated 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 and*1.4 

forWx-MAB, MTX-AHMGR and MTX-AHMGR+T respectively. vThe ratio of 

2.1 fer the MAB conjugate demonstrates that twice the amount needed 

for saturating binding sites a't 0"C was endocytosed during 6 hours. 

Thus, the MAB appears to be a better carrier for MTX against M21 

melanoma cells because a larger number of cellular binding sites are 

present that are. intrinsically more effective in i ts internalization. 

AHMGR differed from AHMGR+T only in the lesser extent to which 

non-tumor-specifm antibodies were absorbed out arid thus had access to 

binding sites additional to the MAA which bound AHMGR+j. Greater 

blncHng of MTX-AHMGR at 0*C was in fact observed, as well as 

corespondlngly greater net uptake at 37*IC. MAB is distinct from the 

major antibody populations in AHMGR and AHMGR+J since i t continues 

to react with melanoma cells coated with conventional antisera (Ghose 

, et a l . , 1982). This indicates that the binding sites for MAB were 

more efficient 1n Internalizing the Ugand than the binding sites for 

AHMGR and AHMGR+T, ") 

These In vitro uptake studies have shown that both EL4 and M21 

"Jells take up more MTX when i t is conjugated'to the respective antiTAA* 

antibbdles than as the NRG conjugate or as the free*drug#after their 

exposure to these agents. Thus, th is 1ncreas«d uptake of the 
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MTX-antitumor antibody conjugates could partly account for their 

superior antitumor effectiveness. However, since the in vitro uptake 

of these agents by the tumor cells may not reflect the in vivo uptake 

pattern, these studies were extended to tumor-bearing animals. 

On administration of a 5 mg/kg dose of free or conjugated MTX 

i.p. to EL4 lymphoma-bearing mice, the EL4 cells took up the greatest 

amount of MTX when i t was injected in the form of i ts AELG conjugate. 

This finding confirms the in vitro investigations, in which EL4 cells 

were incubated with free MTX and MTX conjugates at 0°C and 37*C and 

showed that uptake was"greatest for the AELG-1inked drug. Also in 

keeping with the in vitro results, administration of MTX as the NRG 

conjugate to tumor-bearing animals led to less uptake 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 i ts 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 approximately 3 hr. 

Conjugates were cleared more slowly from ascites fluid than was free 

MTX: both exhibited slightly higher levels at 1 hr than at 30 min, 

-̂-whereas the free drug showed progressive clearance from the time of 

the first measurement. Since samples of ascites fluid were collected 

from the side of the abdomen opposite to the site of administration, 

diffusion of conjugates in this viscous fluid may have been slower 

than that of free MTX. 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 eithar 

on the EL4 ce l l surface or free in the ascites f l u i d , which would also 

explain the s l igh t l y lower levels of MTX-AELG in serum compared to, 
* « 

MTX-NRG. However', the higher level of MTX-AELG i f f EL4 ce l ls was n<*| 

due simply to i t s higher level in ascites f l u i d . The superior carrier 

ab i l i t y of AELG compared to NtfG could be seen, for example, from the 

data obtained at 3 hr showing that tumor cel ls took up 3 times as much 

MTX conjugated to AELG as MTX conjugated to NRG, even though the ra t io 

in the^sc i tes f l u i d was only 1.6. \̂  

In most tissues free MTX reached a peak by 1 hr, then declined 

steadily to low levels. This decline was most pronounced in l i ver and 

xidney, where the i n i t i a l peak had been almost 20% of the administered 

dose per g dry weight. In tumor cel ls the i n i t i a l peak was 4% of the 

adminis|fred dose per g dry weight, and the rate of decline was slower 

than in other tissues: at 1, 3 and 24 hr, tumor cel ls contained * 

approximately 1.2, 1.0 and 0.6 nmol MTX per g wet weight, 

respectively; the corresponding figures for ascites f l u i d were 21, 2.5 

and 0.04 nmol per ml and those for serun were 5.3, 1.1 and 0.1 nmol • 

per ml. Others have also reported that MTX-sensitive mouse tumors 

clear MTX ac t i v i t y more slowly than other tissues (Anderson et a l . , 

1970; Bischoff-et a l . , 1971; Dedrick et a l . , 1973; Henderson et a l . , 

1965a). 

Uptake of MTX linked to NRG by the E L | j ^ l l s can be attr ibuted to 

these ce l ls ' high pinocytotic ac t i v i t y (Chu and Whiteley, 1980; Ghose 

r 

) 
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et a l . , 1962), and pinocytosis could a\so play a role in uptake of the 

AELG conjugate. However, an additional, more important uptake 

mechanism for MTX-AELG is likely to be capping and endocytosis at 37°C 

subsequent to binding of the AELG conjugate to specific receptors on 

the cell suYface, as has been shown by in vitro experiments at 0*C and 

37°C with AELG-carrying chlorambucil (Guclu et a l . , 1975). The fact 

that the level of immunoglobulfri-1 inked MTX in ascites fluid and serum 

was persistently higher than the level of free MTX could also have*8 

contributed to higher initial uptarfr and persistence of high levels of 

MTX in the tumor cells. 

However, studies with free MTX have shown that cytotoxic action 

correlates with the excess of drug over the stoichiometric DHFR level 

and the duration of exposure (Goldman, 1975). Maintenance of such 

high levels is facilitated by formation of polyglutamates that are V 

retained better by the cell than is MTX itself (Fry et a l . , 1983; 

Goldman, 1975). The efflux studies gave a value for theDHFR level in 
v 

these tumor cells of approximately-0.3 nmoT per g wet weight; 
P 

therefore, administering 5 mg free MTX/kg could maintain cytotoxic 

amounts for at least 24 hr. The more effective tumor inhibitory 

action reported by Kulkarni e t . a l . , for both MTX-AELG and MTX-NRG at 

this dose Tevel may be due to the higher levels of intracellular^drug 

now demonstrated to persist during the observation period of 24 hr. . 

Another contributing factor could be sustained release of more potent 

free MTX by intracellular catabolism of the conjugate. Incubation of 

MTX-NRG with an EL4 homogenate produced a low molecular weight 
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[3H]MTX-containing fragment. Studies on this and other similar 

MTX-containing' cata"bo1ic prodjicts'derived from MTX-IgG conjugates have 

shown them to be not more effective inhibitors of DHFR in vitro than 

the parent conjugates which are themselves^approximately 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 

persisting in EL4 cells 24 hr after administration as a conjugate 

(e.g. 135 pmol MTX/mg protein in mice giveh MTX-AELG compared to 17 

pmol MTX/mg protein in mice given free MTX). Measurements beyond 24 

hr would have shown how long the excess (relative to the level of 

intracellular DHFR) producedby conjugate administration could be 

maintained in comparison with the level produced by Tree MTX 

administration. Unfortunately the EL4 lymphoma model has not allowed 

a longer period of observation. An interval 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 a l . , 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. 

Therefore, the general pattern of inhibition of tumor growth 

observed by Kulkarni et al . , (1981), i.e. MTX-AELG>MTX-NRG>MTX 

corresponds to the uptake of therse agents in vivo by the*EL4 cells!! 

In addition, the longer persistence of the MTX-IgGsHn ascites fluid*' 
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and serum ensures continued delivery of drug, to the tumor site thereby 

enhancing their therapeutic effectiveness compared to the free drug 

which was rapidly cleared from the circulation .including the ascites 

fluid. The longer persistence of conjugatecWlTX in, the circulation 

and in vital normal tissues may Explain the remarkable increase in the 

systemic toxicity of this drug when administered in the conjugated 

form. The i.p. LDio dose decreased from 15 mg/kg for free MTX to 5 

mg/kg for either the AELG or NRG conjugates. Thus, in this model, the 
* 

increase in antitumor effect of the MTX-NRG conjugate in vivo can be 
• * 

explained in part-on the basis of longer persistence of conjugated 

drug in the circulat ion (and ascites f lu id ) and i t s greater uptake and 

longer retention by the EL4 ce l ls . The superiority of MTX-AELG over 

MTX-NRG can be attr ibuted to greater binding and s t i l l higher uptake 

of MTX when 1 inked to AELG. 

A recent irtvestigati'on by Ghose et a l . , (1984) which showed that 

MTX-AHMGR+-r inhibited melanoma M21 tumor growth s ign i f icant ly 

whereas, MTX-NMG or free MTX did not suggests that the AHMGR+T 

conjugate could be taken up more by the M21 cel ls than the NMG 

conjugate or the free drug. This is especially interesting as the 

drugs were administered by the i .v. route and the tumor was 

xenografted subcutaneously. This contrasts with the in vivo uptake of 

free and conjugated MTX in EL4 lymphoma-bearing mice in which the 

drugs were injected d i rec t ly into the peritoneal cavity where the 

tunor cel ls were suspended in the ascites f l u i d , thus, favouring 

uptake, since the drugs and tumor cel ls were in direct contact. Since 



\ 

^ -153-
y * 

the AHMSR^conjugate .has been demonstrated to be taken up more tharj 

\either MTX-NRG or vthe free drug by M21 cells in vitr\o, the uptake 

^tternv of these agents in melanoma M21-bearing mice"was "investigate^ 

to determine if this same sequence of drug uptake by,th,e..eells wouli 

X 

be repeated in vivo. 
» , 

Thiŝ  study demonstrated that MTX-AHMGR+j and MTX-NRG 

cqnjugates, .when administered by the i.v. route, could be taken up by ' 

subcutaneous xenografts of human melanoma M21 cells. Though there was 

no difference in the uptake by the melanoma-cells of the MTX-AHMGR+T 

and MTX-NRG, the amount t̂akeV.up (approximately 55 pmol MTX per mg 
, , » . -

protein in 3 hr which remained constant up to 24 hr when observation *t 

* \ 1 
ceased) was far in excess'aft the DHFR content of the cell 
(approximately.2 pmol MTX'per mg*protein), whereas free MTX declined 

- - , i 

rapidly from its highest uptake of 24 pmol ,MTX per mg protein at 30 
- "' ' < • " . " " ' 

min to 3 pmol MTX per mg protein at 24 hr, just* above, the DHFR content 
ft , • 

of the cell. ' "• „-

Since tumors have impaired lymphatic drainage (Gho'se et a l . , ^ • 

1976; Hoffer and Gottschalk* 1976) the,MTX-NRG that reaches the • ' 

extracellular compartment of the .tumor might be trapped, thus 
* •>, • 

resulting in a high concentration of the conjugate' at the tumor site. ,, 
*• * " v * * 

Moreover, the uptake 6f the AHMGR+T conjugate could also be limited' A 
* * 

by its low content of melanoma specific antibody; tfTis'imposes a'limit* . 
• » V ' J " 

on the actual amount of melanoma specific antibody that diffuses to •' 

the tumor site." Thus, this conjugate preparation may have failed to 

differentiate specific uptake of MTX-AHMGR+j from nonspecific uptake 

file:///either


-154-

/ 
of MTX-NRG because of these technical difficulties. / 

' "- This result contrasts with the observations of Gljose et- a l . , 

(1984) which showed that MTX-AHMGR+T inhibited tunor growth 

significantly whereas, MTX-NMG or free MTX did not. However, in the 

study of the in vitro uptake of MTX and i ts conjugates by M21 melanoma 

cells, the oVder of drug taken up after exposure to these agents was 

MTX-MAB>MTX-AHMGft;tT>MTX=MTX-NRG, i.e. roughly the same as the order 

of tumor inhibition^ n vivo by these agents. The fact that these . 

cells took up less MT)S\as the NRG conjugate in vitro indicates that 

they have *a low pinocytot"icvactivity. Hence" the difference in the 

therapeutic responsiveness between MTX-AHMGR+j and MTX-NRG could be 

attributed to the higher internalization of the AHMGR+j conjugate at 

the tunor site. For the in vivo uptake studies mice were allowed to 

develop solid tumors with an average volume of 874 mm3.' Therefore, 

the MAAs in the tumor against which the AHMGR+j is directed are 

likely to be less^exposed to the MTX-AHMGR+j than when the cells are 

^ in the-form of, a monolayer as they appear in vitro. 'Iiaiother words, 

the uptake of the MTX-AHMGR+J bynM21 cells is greater in. vitro 

because the MAA epitopes are more accessible to the'.conjugate in vitro 

than in vivo. • "•„ 
** , 

• % It is" not surprising then,'that.the MTX-AHMGR+f *""!s more . 

effective in vivo ip inhibiting the growth of tunor than MTX-NRG. In 

• this study, mice were treated on days 1,4,7,10 and 14\ with a 5 mg/kg 

dose of MTX, free or linked, 24 hours after subcutaneous inoculation 

of 2 x 106 M21 melanoma*cells. The MTX-AHMGR+T was more effective 

in inhibiting tumor growth in the early days after tumor inoculation. 
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Its inhibitory effect decreased as the^ volume of %he tumor increased; 

' 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-AHMGR+j, i ts pattern of 

•inhibition was similar; i t inhibited tunor growth by 90% on day 14 and 

55% on day 50. The MTX-NMG had no inhibitory effect on tumor growth. 

These inhibitory effects correspond to the in vitro uptake studies and 

suggest a direct relationship between availability of binding sites 

and inhibition of growth. It also implies*'that as the tumor volume «. 

increases, fewer antigen binding sites are accessible to the 

antibodies resulting in less uptake and consequently less tumor 

' • inhibition. 

There was a large difference in the serun concentration of the. 

free and,conjugated drugs; while the highest concentration of the free 
/ 

,%"' , t K MTX was 1.4% of the administered dose per ml in 3Q"nnn, that of the 

conjugates were 27.4% per ml and 25.2% per ml for the AHMGR+j and 

NRG respectively. In addition to this initial large difference in 

serum concentration, there was a continuing rapid decrease in the 

serum concentration of free MTX and by the 24th hr, all the free drug 

had been eliminated, whereas,- the serum levels of the conjugates 

declined gradually. At 24 hr, the serun level of MTX-AHMGR+T was 

k twice that of the MTX-NRG. Thus, the high serum concentration 

attained by the conjugates (i .e. AHMGR+T and NRG) and which was 

maintained over a long time interval could ensure*that adequate 

amounts of drug are continuously delivered to the tlmor. 

rt*j-^. ^ A4MMM^Mbi.Uv 
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Greater than 90% of radioactivity was always associated with the 

precipitate obtained when sera from conjugate treated^mice were 

precipitated with 10% TCA; therefore, the decline in the serum level 

of the conjugates is probably due to complete or partial hydrolysis 

followed by rapid elimination. Since MTX is known* to bind to serun 

proteios (Henderson et al., 1965b; Steele et al., 1979b), [3H]MTX 
I 

released by hydrolysis of the conjugate could bind to these proteins 

thereby resulting in 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 

always gave radioactivity of less than 5%. 

High uptake of free MTXrwas observed in the liver and intestine. 

While the free MTX in the liver declined from its peak uptake level in 

30 min to a bare'ly detectable level in, 24 hr, the free MTX in the 

intestine declined from its highest uptake level in 30 min to its 

lowest level in 3 hr but remained unchanged at this level up to 24 

hr. This is consistent with the proposition that the bile could act as 

a reservoir for MTX which is being secreted and circulated in the 

enterohepatic route thereby resulting in the toxicity usually observed 

in liver and intestine (Bischoff et al., 1971; Calvert et al., 1977). 

Substantial uptake of free MTX was observed in spleen, kidney and lung 

with the brain having tfie lowest level of uptake. Similar 

observations have been made'by Anderson et al., (1970) and these also 

correspond with the results from the EL4-bearing mice. However, in 

aTl the tissues mentioned above, the free MTX declined very rapidly 

s 1 
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from its peak values in 30 min to barely detectable levels in 24 hr; 

indeed, by the third hour of observation all the MTX had been 

eliminated. In contrast, all the tissues showed consistently high 

uptake of the conjugates with the live/1 and kidney having the highest 

uptake and the brain the least. There was a gradual decline in the 

tissue content of MTX-AHMGR+j and MTX-NRG but at 24*hr substantial 

levels were still retained. In all, the tissues, including serun, the 

NRG conjugate was being eliminated faster than the AHMGR+-r 

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 response has 

been attributed partly to the increased in vivo formation of MTX's 

7-OH metabolite, which is two orders of magnitude less cytotoxic 

toward melanoma cells and competes with MTX for uptake (Gaukroger et 

al., 1983; Fabre et al., 1984). This study demonstrates that an 

additional factor 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 where 45% of the peak 

radioactivity remained associated with the cells at 24 hr, only 11.8% 

of the peak radioactivity remained associated with the melanoma cells 

at 24 hr? Hence, whereas in the EL4 lymphoma 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 inhibited state up to 24 hr. 

The in vivo uptake studies conducted with the murine- EL4 lymphoma 
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ascites tunor and the hunan melanoma M21 solid tunor 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 

longer in the circulation than the free drug. Therefore, greater 

delivery of the conjugated drug to the" tumors and its longer plasma 

half life appear to have a significant role in the therapeutic 

effectiveness of MTX-IgG conjugates. However, the 'fate of the 

conjugated drug after internalization is st i l l unknown. After 

internalization, the Conjugates could either inhibit SHFR directly, or 

be hydrolyzed to release active MTX containing catabolites which could 

then inhibit DHFR or both the intact conjugate and its catabolic 

products could equally inhibit the enzyme. An investigation by Chu 

and Whiteley (1980) has shown that MTX-BSA was not degraded on the 

cell membrane of L1210 lymphoma cells but was degraded 

intracellularly. Similar investigations by Shen and Ryser (1979) and 

Galivan et a l . , (1982) with MTX-poly-L-lysine conjugates have shown 

that the complex was degraded intracellularly by Chinese hamster ovary 

cells afid hepa t i t e ! I s in culture respectively and that'the 

degradation is sensitive to leupeptin and lysosomotropic/!nhibitors, 

thus implicating "lysosomes in the breakdown process*/ 

In this study the catabolic ability of M21 cells, EL4 cell 

homogenates and liver homogenates on MTX-IjgG were examined and i ts 

•degradation products partially characterized. Liver homogenates were 

used as a source of lysosomal enzymes and as a control against which 

the effects of different inhibitors <tf lysosomal enzymes on the 



/ 

breakdown or the MTX-IgG by the homogenates could be tested. 

After M21 ce l ls were loaded with [3H]MTX-AHMGR and incubated 

in conjugate-free mediun, MTX-containing low molecular-weight 

catabolites were detected in t race l lu la r l y and in the eff lux medium. 

This catabolic process was inhibi ted with chloroquine and leupeptin. 

Incubation of MTX-NRG with EL4 cel l homogenates or with adult C57BL/6J 

l i ver homogenates also produced a MTX containing catabo"Lite f ract ion 

with similar chromatographic behaviour on Biogel PlOO as that produced 

by M21 melanoma ce l l s . This catabolic process was inhibi ted by a l l 

the f i ve known inhib i tors of lysosomal enzymes tested and was 

increased at low pH. The low molecular-weight radioactive fragments 

obtained after the incubation of [3H]MTX-NRG conjugate with mouse 

l iver homogenates or from the extract of M21 ce l ls and the i r eff lux 

medium after incubation of M21 ce l ls preloaded/with [3H]MTX-AHMGR 

were as ef fect ive in inh ib i t ing DHFR in v i t r o as the parent conjugates 

which in turn were half as effect ive as MTX. This resul t is in 

agreement with the investigations of Rosowsky et a l . , (1984) who.fojlind 

that derivatives of MTX in which the a-carboxyl group is joined to the 

E-amino group of L-lysme, L-lysyl,-L-lysine or L- lysy l -L- lysy l -L-

lysine were 3-fold less ef fect ive in inh ib i t ing DHFR compared to MTX 

in a ce l l f ree assay system- . 

The*low-molecular-weight f ract ion from t b ^ e f f l u x medium of M21 

cel ls preloaded with MTX-AHMGR was further ra«PFved into 2 peaks by 

DEAE-cellulose chromatography. One of the peaks eluted at the same 

ionic strength as free MTX but the other eluted at a s l igh t l y high 
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ionic strength. This indicates that the efflux medium contained two 

differently charged catabolic products. The fraction that eluted at 

the higher ionic strength is not likely to be a polyglutamate 

derivative because it is two fold less effective in inhibiting DHFR . 

than free MTX; polyglutamates of MTX are as effective as free MTX in 

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 Rf of 0.2 

while free MTX had an Rf of 0.63 and the* original conjugate" remained 

at the origin. 

The low-molecular-weight fraction from MTX-NR£ incubated with 

liver homogenates was also farther purified using DEAE-cel.lulose 

J>&'<' 
chromatography. The"*frac^on thjj|,«e1 uted at approximately the same 

ionic strength as MTX was also two fold less effective in inhibiting , 

""4 
DHFR than free.fMTX but migrated with an Rf of 0.4 on TLC. These* 

charge differences in the catabolic products obtained from the 

.incubation of MTX-NRG with l i ver homogenates and f(rom the ef f lux 
» ' 

medium of W21 ce l ls preloaded with MTX-AHMGR might.be related to 
* 

differences in amino acids s t i l l attached to MTX. 

This study has established that the MTX-IgG conjugate 'is 

hydrolyzed In t race l lu la r ly to release MTX containing fragment that 

also inh ib i ts DHFR. Hence, reasons for the increase/ 1n cytotoxic 

potential 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 in t race l lu lar active derivatives ( I . e . intact 

http://might.be
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f) 

conjugate and i t s catabofites) 8at a level higher t-han jthat of 

DHFR, - ' t . • 

Since both EL4 and M21 ce l l s take up more MTX as the antiTAA 
\ . 

antibody conjugate than as the NRG conjugate or free MTIX it would 

be expected that the antiTAA antibody conjugate would bkmore 

Inhibitory to the growth of-these cells in culture. However,\ when 

their toxicities to these cells grown in RPMI 1640 medii 

supplemented with 10% fetal calf serum were tested, free iflTX was 

observed to be a more potent inhibitor of growth of EL4 and M21 

fells than when it was linked to either AELG, AHMGR+T or'NRG.' \ 
1 i 1 * k 

Similar observations have been made'by Chu'et a l . , (1981), p iu and 

Whiteley (1980) and Arnold et a l . a (1983). Howevef, the ben 

cytotoxicity assay may be to expose the ce'Hs to both free ahd „ 

bound MTX, for af suff icient time to allow uptake; then after 1 £ 

gashing off 'unbound drug, the cells areqgrown in soft agar. The 

advantage of this assay is that i t is comparable,to the in vivo 

situation vfhere free MTX is subject to a rapid efflux in the 

absence of, the drug-in-the environment. The higher cytotoxicity 

of free MTX to cells in v i t ro may be related to i t s conversion to 

MTX polyglutamates which are capable of inhibit ing ."other 

intracellular enzymes, as shown recently by Allegra et a l . , 

(1984). In'addition to inhibit ing DHFR, MTX polyglutamate^ also 

inhrfbited thymidylate synthetase, aminoiini'dazolecarboxamide 

nibonuc^eatide transformylase and methylene tetrahydrofolate 

reductase; free MTX did not inhib i t these other enzymes apart from 
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DNFR. It is not known, howgver, if MTX-IgG or fragments generated from 

it also inhibit these additional enzymes. 
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CONCLUSION 

In the EL4 lymphoma system more MTX was taken up both in vitro . 

and in vivo when MTX was conjugated 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 

linked 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 ,the1r tumor inhibiting effect in 

vivb. 

In EL4 lymphoma-bearing mice, the clearance from serum and tissue 

of MTX-IgG conjugates was slower than that of free drug. 

In EL4 lymphoma-bearing mtce, the tumor cel ls retained higher 

amounts of drug for a longer period when administered as the 

[antitumor IgG conjugate. In contrast, no significant difference 

tin clearance between MTX-»IRG and MTX-ant1tumor Igfi conjugates was 

observed in normal tissues examined. 

' Homogenates of EL4 cells could break down MTX-NRG conjugate into 

small drug-containing'fragments. r 

In the human melanoma system 1n vi t ro , more MTX was taken up when 

MTX was conjugated to antitumor IgG Wian when the tumor; eel Is 

. were.exposed to drug alone on drug linked to NRG. In this model 

there was a positive correlation between the riumber of available 

binding s i tes for antibody and the amount of drug taken up. 

However., in unlike-the EL4 system, there was no difference 1n the 
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uptake of MTX by M21 $el ls 1n vivo when the drug was conjugated 

to ei ther antitumor IgG or NRG. 

7. There was no difference in the uptake of MTX ei ther as the free 

drug or as the NRG conjugate by M21 ce l ls in v i t r o . 

8. The extent of drug uptake by M21 cel ls after exposure to the 

agents in v i t r o correlated with their tumor inh ib i tory Effect in 

vivo. * » 

9( i ) In M21 melanoma-bearincj nude mtce, the clearance from serum and 

tissue of MTX-IgG conjugates was s.lower than that o | free drug. 

( i i ) In M21 melanoma-bearing nude mice, the tumor ce l ls retained 

higher amounts of drug for a longer period when administered as 

the IgG conjugates. There was no s igni f icant difference in the 

clearance of the IgG conjugates from normal tissues except that 

tbe clearance of the NRG conjugate in serum was faster than that, 

of the antitumor IgG conjugate. - . . „ 

10. Efflux from tumor ce l ls of IgG-1Inked MTX was much slower than -

that of free MTX. , "*•"; 

11(1) M21 ce l ls could break down the conjugate Into small 

drug-containing fragments that could be detected botb 

in t race l lu la r l y and in the ef f lux medtum. This catabolic 

process was Inhibited with chloroquine and leupeptin, i .e . 

inhib i tors of lysosomal enzymes. ^ 4 

« 
(11) Incubation of MTX-NRG conjugate with adult C578L/6J f i ve r • * 

homogenates also produced a MTX containing fragment similar, to. 

that prodyced by M2.1 melanoma ce l l s . This catabolic process was 
* * 

f 

f . • • -
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inhibited by all tbe 5 known inhibitors of lyspsomal enzymes 

tested and was optimal at low pH. 

12. "The low molecular-weight radioactive fragments obtained after the 

incubation of [ H]MTX-NRG conjugate with mouse liver homogenates 
* _ 

or from the extract of M21 cells and their.efflux medium after 
incubation pf M21 cells preloaded with [3H]MTX-AHMGR were a s 

effective 1n inhibiting DHFR as the parent conjugates. 

"Therefore, reason* for the Increase in cytotoxic potential of • 

MTX-IgG conjugates in vivo would Include hlgheruptake of IgG-T1nked' 

MTX followed by slow sustained catabolism so that there 1s prolonged 

Maintenance of intracellular active derivatives at a level higher than 

that of DHFR. 

I .* '. 
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