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~ t ~ d u c t i o n  

In human p l ~ m a ,  thymidine (TdR)§ is present at  low but detectable leveL. I t  is 
incorporated in the triphosphate form into D N A  (24). High concent~fions of T d R  have 
long been used in tissue c u h u ~  tostudy call synchronization (6, 17, 30, 84, 114), and short- 
term exp~ure  to 10-4 or 10-3 M TdR_ r ~ u l ~  in accumulation ofcells in early S phase b o ~  
in vitro and in rq~o (17, 30, 64). However, when exposure is maintained for long p e r i l s ,  T d R  
is also cytotoxic (30). 

T d R  has been used for a number  of yea~  in the tHtiated form for cytoldnetie and 
pharmacokinedc studies in m2ro as well ~ in human  subjec~ without noticeable toxicity 
(91). In the early fifti~ T d R  w ~  i n t r o d u e ~  as a therapeutic agent for the treatment of 
megaloblasfic anemias, based on the assumption that  in vitamin Bl2 defidency the 
conversion of d U M P  to d T M P  was impaired (59, 99). The  r ~ u | ~  o b t a i n ~  with low dos~  
ofTd R administered intramuscularly were contradictor c, but  in 1964 Ki l lman d ~ c ~ b e d  
the revc~al 0 fmega lob l~ t i c  changes in pernicious anemia following 48-72-h infusions of 
T d R  in doses up to 14 g (59). This kind of therapy  became obsolete when puHfied ~ t a m i n  
Bl~ preparations were made available. 

Recendy interest in T d R  h ~  grown due to preclinical and clinical evidence that  T d R  
can modulate the toxicity and therapeutic efficacy ofan dmetabolites such as me~otrexate ;  
5-fluorouracil' and l-fl-D-arabinofiaranosylcytosine (ara-C) (2 l ,  24, ~ ,  85; 112, 115). The  
use of T d R  as an anticadcer agent  has also generated a greatdeaI  ofintere~t (I5, 68). In 
this review article the relevant e x ~ m e n t a I  and CliniCal data of T d R  as an antleancer 
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drug, the pha~ acoM ne t i c s  of T d R  and dxe role of T d R  in the metabolic m ~ u l a d o n  of 
other antimetabolites wlU be reviewed together with our own experience. 

d ine  a s  a n  a n d n e o p l a s t i e  a g e n t  

I t  has been shown in se.,eraI in mlro studies that a high concentration of T d R  causes a 
reversible suppression ofcell growth (69, 77, 78, 85). This phenomenon h ~  been attr ibuted 
to the inhibition offibonueleoside diphosphate reductase by in intracellular pools of 
the trlphosphate metabolite o fTdR,  d . High d ~ P  pools lead in turn to depletion of 
dGTP pools (69, 77, 78, 114). Recently, i t  was shown that  high concentrations of T d g  are 
more lethal in vitro to some classes of  tumour cells than to normal cells (12, 66, 105). 
I nc rea s~  sensitivity of  leukemic T lymphoeytes for instance has been correlated widh 
diminished activity of catabolic enzymes such as thymidine phosphorylase and 5'- 
nucleotidase, favouring the elevation o f d ~ P  pools following exposure to T d R  (12, 22, 27, 
62, 87, 113). Another d e t e ~ i n a n t  in sensitivity to T d R  appears to be the level o fdGTP.  
Le~ sensitive cells contain more d ~ P  than do highly sensitive cells (90, 93). This  i~us with 
the observations of Morris and FiScher (77) and Xeros (114) d~at cell growth inhibition by 
T d R  in vitro.couM be reve~ed by concomitant addidon o f d C T P .  R~is tance  to T d R  h ~  
also been attributed to a lack of thymidine kinase, the enzyme responsible for the 
conversion of T d R  to d ~ P ,  and a decrease in T d R  uptake (118). Howell et al. found that  
the sensltbAty of n o d a l  human T cells was dependent on their proliferative state prior to 
exposure to T d R  (49). T cells in GO at  the start ofexposure remained viable in vitro in the 
presence of 10 -3 M TdR,  whereas T cells already profiferating in response to phytohemag- 
glutinin at the start of  T d R  exposure were killed. Grindey et aL recently s ted another  
mechanism by which d ~ P  might  block DNA synth~is  (34). They found that  high 
concentrations of deoxyribonucleoside triphosphates could inhibit calf-thymus DNA- 
polyme~ase 0c, which means that the high intracellular ~ P  levels induced ,~ th  high-dose 
T d R  therapy could directly inhibit synthesis. In  cont r~ t ,  Fox et aL reported that  the 
growth inhibition ofcultured human leukemic T-lymphocytes by T d R  could be completely 
reversed by exogenous deoxycyfidine (dCyd) wA~ only minimal reduction of the markedly 
elevated d ~ P  and d G T P  pools, su ting that  an  excess o f d ~ P  and  d G T P  was not 
direcdy inhibitory to DNA replication (28)- Most recendy Akman et aL reported in teresdng 
data on growth inhibition ofleu k e ~ c  cells and normal human myeloid progenitor cells by 
T d R  (1). They  found that  normal myeloid colony £ormafion was 10 times more sensitive to 
TdR fl~an was colony formation of i lL-60,  a human acute progranulocytic leukemia cell 
fine. HL-60 growth in liquid sus~ns ion  culture could be totally inhibited by 5-0 mM TdR,  
and r~cued completely by concomitant addition of dCyd.  However, the reduction in 
cloning potential of IlL-G0 camed by T d R  could not be completely reversed by dCyd,  and 
normal myeloid cloning could not be r e s cu~  at  all from T d R  inhibition (1)- Al though/n 
mtro reve~al of T d R  toxicity by dCyd is most c~nsistent with d ~ P - d e p l e t i o n  as the 
p r i m a ~  cause of inhibidon o fDNA synth~is ,  recent data  ( i ,  34) suggest that T d R  affects 
more d'mn just  deoxyribonueleotide synthesis. 

In 1977Lee et aL published their observations on the effect of high-dose Td R (HD-TdR) 
o n t h e  growth of human melanoma x e n ~ r a f ~  transplanted in athymic nude mice (67). 
They found that high doses of TdR'  could s u p p r ~  the growth of melanoma cells and 
prolong the survival of treated mice compared to non-treated controls. However, growth 
inhibition only lasted for the duration of the treatment. Recently, they reported 
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compa~ble  results ~ several other human xen in nude mice ( ~ ) .  In 19 out o f ~  
treated animals, ~ ta l  tumor re on was obtained with i n t e ~ i t t e n t  subeu T d R  
infusion after 150 days, and 3 of these l i v ~  more than 300 days. Com#e te  re on 
occu~ed only in v e ~  rapidly ~owing  t u m o r .  Reiter also reported an incre~ed ~ e  span of  
EL 4 tumor*bearing mice treated with HD-TdR corn m non-treated contrMs (88). 
~ t h o u g h  EL 4 tumor cel~ are among the m ~ t  sensitive to TdR  in oitro only 3 of 10 treated 
mice survived more than 60 days. Howell a aL, examining the activity- o f H D - T d R  agMnst 
4 human tumor xenograi%s in nude mice, found a significant growthdnbJbidng effect, 
which was  cytostafic rather than cytotoxic only in melanoma (46). E~,'en when the 
melanomas wet% very small, there were no complete regressions and tumor growth at the 
same rate ~ eontro~ r e s u m ~  when TclR treatment was st . ToxAcity in the f o ~  of  
myelosuppression w ~  significant. They concluded that the the~peuf ic  ~ t i o  in humans 
would probably not be high due to myelosuppression ( ~ ) .  

Kufe el aL invesfi~ted the cytokinedc effec~ of qLdR on rapidly proliferating cell 
populadons in dye (63). T d R  was given ~ a continuous intrusion to normal W~tar]Furth 
rats to mMntain'serum levels of  I 0 " 4  10 ~ z or 10-2 M over 24, 48 and 72 h. At se~am T d R  
levels of 10-* M the growth of bone marrow and intestinal mucosa cells w ~  arrested in S 
p h ~ e  of the cell cycle, ~ shown by flow-cytometc¢ and azP-labeling studio.  On release 
after T d R  exposure a partial synchronization of these cell populations was observed. T d R  
exposure to 10 -3 M for more than 24 h was ated with bone marrow hy~cd lu la f i ty ,  
while at levels of 10 -2 M the nudeoside killed all animals a~er 48 h. The  ~ o w t h  kinefi~ of  
subcutaneously transplanted m y e l o b l ~ t o m ~  in similar ra~ v¢~ not ~tered by 10 -a  
TdR.  However, at 10-z M a transient arrest ofcellular growth yeas obse~ed  similar to that 
in n o ~ a !  cell ~pu ladons .  

O l i n i c ~  s t , a ~ e s  w i t h  os-e ~ i d i a e  

Prompted by the data o fLee  et aL, cfinical Phase I and II trials were ir~tiated in several 
institutes. In this section the available clinical and toxicological data, including our own 
(unpublished) experience with HD-TdR will ~ discussed. 

At the National Cancer Institute in Baltimore, 12 patients were treated by Chiuten et al. 
with coiltinuous Lv. infusions for at  l e~ t  5 days, using a daily dose of 75 g/m 2 (15). A minor 
tumor response, consisting o fmimmal  shrinkage of s.c. nodules, was obse~ed  in 1 patient 
with metastatic melanoma. In 3 patients with acute leukemia (2 ALL, 1 A~NLL) peripheral 
white blood coun~ fell and 1 ALL patient showed m a r k ~  marrow hypoeellulafity. Upon 
marrow recovery, however, there was no improvement over pre t rea t~ent  marrow status. 
Myelosuppression appeared to be the dose-limiting toxidty and non-hematological side- 
effects cons~ted ofanorexia, nausea, vomiting, diarrhoea, alopecia, somnolence, headache, 
visual hallucinations and memory i m p a i ~ e n L  Comparable clinical results werereported 
by Kufe et aL (62)- Eleven patients with acute leukemia (3 ALL, 4 ANLL) and malignant 
lymphoma were treated with TdR  as a continuous infusion at 75 g]m2/day. Courses varied 
in duration from 2 to 14 days, with the majority ofcourses being 5 days or longer. In 5"ofthe 
7 patients (3 T ceil leukemia, 2 ANLL)there  w ~  sug e~dence  ofandtumor  acu',¢ity, 
in the form of a sharp decline in  peripheral blast coun~ du~ng  TdR  infusions; 1 .T-dell 
leukemia patient also showed resolution ofhepatosplenomegaly. Another pa t ientwi th  T- 
cell l e u k e ~ a  experienced part iai 'c l~fing of the blasts L,a the bone marrow, but inthis  and 
all the other the.blasts returned to pretreatment n u m b e ~  or beyond the e n d o f  Line 
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T d R  infusion. With flow-cytometrie analysis of bone marrow and peripheral b l o ~  TdR  
infusion r~uhed  in an increase in the proportion ofcells in S phase in 9 of 10 courses (62). 
Kufe and coworkers also m e ~ u r e d  the levels of thymidine kinase and thymidine 
ph~phorylase in an at tempt to correlate the intracellular metabolism of TdR  with cellular 
sensitivity to HD-TdR.  They found that AML and T-cell leukemia preparations had up to 
10-fold higher levels of  thymidine kinase and up to 30 rimes lower levels of thymidine 
phospho~lase compared to leukemic B cells. Thus, when comparing the ratio of thymidine 
kinase to thymidine phosphor / l~e ,  which provides an indirect measure for predicting the 
c~nversion of TdR  to d ' I~P ,  there appears to be a more than I00-fold differential between 
t h e e  two leukemia types. Three paden~  (1 AML, 2 T-cell ALL) had high intracellular 
ratios of thymidine kinase to phosphorylase, and these pat ien~ all responded with sharp 
declines in blast count, in contrast with 2 patients with B-cell ALL who had low ~nase to 
phosphorylase rados and who failed to demonstrate any eytoreducfion after HD-TdR.  

Recently, Kufe et aL (64)reported that HD-TdR elicited an anti tumor effect in patients 
with mycosis fungoids ,  another T-cell disorder. T h e e  patients with mycosis fungoids ,  
who were resistant to conventional t r~ tmen t ,  responded to HD-TdR (75 g/m2/day for 4-7 
days) with partial clearing of skin lesions in 2 patients and some regression of  nodulo- 
ulcerative lesions and lymphadenopathy in the third patient. The  responses however, were 
short term and the skin lesions recurred within several weeks followii'~g therapy. The  
toxicity observed in these two groups of  patients was similar to that r e ~ r t e d  by Chiuten et 
aL (15). In t h e e  studies millimolar concentrations of T d R  were maintained in p i n n a  

~e entire period ofinfiasion. 
Memorial Sloan-Kettef ing Cancer Center a Phase II study of H D - T d R  w ~  

p e r f o ~ e d  with I0 acute leukemia patients (2 ALL, 8 ANLL).  Seventeen continuous i.v. 
infusions of T d R  were W e n  with a duration r a n ~ n g  from 5 to 24 days at dose levels of  

Although a 2~0-fold reduction of peripheral b lo t s  occurred in 16 
ian plasma TdR  concentration was 1.14 raM), no patient achieved 
Like Kufe etal. (62) this group observed an accumulation ofblasts in 
FdR ini~asion and both groups suggested that  H D - T d R  fo l low~ by 

S agen~ such as ara-C might improve therapeutic results (5, 62, 63). Howell 
et ctokinetic and biochemical studies in a 5-year old T-cell ALL patient, who 
re Say course of TdR  g/mS]day followed by an B-day infusion B days later at 
the same dase (43). Both courses were associated with a rapid fall in peripheral lymphoblast 
count during infusion, followed by an extremely rapid recovery of blasts 2-4  days aRer the 
end of T d R  exposure. This indicates that T d R  caused little lasting damage to the surviving 
cells. The  number  of marrow blasts was not reduced. Enzymatic analysis of  the T 
l y m p h o b I ~  revealed low levels o f f f ~ P  catabolic enzym~ but  also low thymidine kinase 
activity° T d R  caused an initial accumulation of peripheral blood cells in S phase and a 
decrease ofcells in G I fo l low~ by a rapid reversal of this pattern, indicating a block in late 
G1 and/or early S phase, which is in agreement with the in oivo experimental data ofKufe et 
aL (63). The pharmacoldnedc data from this study (43) will be discuss~ in the next section. 

M c C o ~ i c k  et aL studied immunological parameters in 16 patients with solid tumors, 
who were treated with H D - T d R  (75). T d R  at a daily dose of 90 g/m 2 was administered by 
continuous i.v. imqasion for4  days; the interval between the cycles was 5 days. rendal 
T- and B'cell counts in ~ r iphe ra l  blood were performed before and after t reatment  and 
whole blood cultures were used  to lymphocyte response to phytohemagglutinin: 
concanavalin . A, pokeweed mitogen and streptokinase-streptodornase. They found no 
difference in the percentage distribution of  T.  and B.Iymphoeytes  compared with pre, 
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treatment values, and also no in~bi t ion of functional acdvity of the patients' lymphocytes 
following H D - T d R  infiasion. In  their report they made no mention of tumor  r~ponse (75). 

Our  own ~pe r i ence  (unpublished d a ~ )  with H D - T d R  in I0 paf ien~ is in accordance 
with the above data. The  characteristics of the pafien~ are shown in Table 1. Doses ranged 
from 3 ~ 7 5  g/mZ/day and i.v. int~asions were administered for 3 of 5 days. One  patient 
showed ~3me regression of her recurrent melanoma of the soft palate following the fi~t 
c o u p :  o f  TdR,  but  when due for the second course she apF~ared to have rapidly p ire 
pulmonary metastases+ There  was no sugg~tion of tumor response in any of  the other 
patient+ Toxicity was similar to that d~cf ibed  by o the~  (I5, 62). One  patient with 
extensbce liver m e t a s t ~  from melanoma, however, developed severe hyponatremia  on the 
third day of the T d R  in~nsion, which was followed by fatal acute renal and cardiac failure. 
She had disturbed renal function tes~ before treatment.  At autopsy the cause of death 
could not be established. The  liver met~tases  did not seem to have been affected by the 
T d R  infusion. 

In s u m m a ~ ,  in 53 patients r e p o r t ~  in the literature with a variety o fcance~ ,  who have 
been treated with H D - T d R  as wall ~ in our  own group of I0 pa t i en t ,  no complete or 
partial remission has been achieved with dMly infusions of 3~%9 g/m 2 over 3-24 days° A 
further increase in dose levels for the treatment of solid tumor~ or Iymphomas does not seem 
appropriate because of the incre~ed severity of mydoshppre~ion.  Moreover,  13.~rther d ~ e  
incremen~ would require larger vo lum~  of administration due to the ~ r  solubility of  
TdR,  The fiature clinical role of TdR will probably be in combination c h e m o ~ e r a p y  based 
on the potential of T d R  to modulate the biochemical activity of a n f i r n e t a ~ I i ~  such a~ 5- 
fluorouracil, ara-C and methot |xxate (2I, 24, 44, 85, 112, I I5). 

P h ~ m a c o k i n e t i c s  o f  t h y m i d l n e  

T d R  is endogenously present in human  plasma in concentrations of  0 . 1 9 ~ . 3 5 / ~  (24, 96). 
After rapid injection of tracer dose_s of  3H-labeled T d R  to human  subjects, a v e ~  rapid 
plasma clearance has been reported with a T~a of 1-2 rain and ~ ofapproximately 25 rain 
(91). Nlost of the  injected T d R  appeared to be metabolized to thymine, which was further 
broken down in the liver to fl-aminoisobutyfic acid and COz (26). Between 30 and 80% of 
the radioactivity was recovered from the urine as ~H-water with only a small amount  of 
aH-fl-aminoisobutyric acid (91). Within one min of  injection, 3H-TdR appeared to be 
incorporated into newly formed DNA ofprol l feradng cells (91). 

Ensminger and Frei r e ~ r t e d  dhat the serum clearartce of T d R  after an i.v. 2 g/m z pulse 
dose was 8-20 rain (24). T d R  concentrations were measured by ~ d i o i m m u n o ~ a y .  When 
T d R  was administered as a continuous infusion over 3 d a ~  at  a daily d ~ e  o rb  g/m2, an 
8-fold rise in T d R  serum levels was obtained. After c ~ a d o n  of the i nFasion the T d R  levels 
dropped with a pretreatment  levels by 45 thin. Less than 2% of 
the ~dministero as such in the urine. CSF TdRqevels appeared 
to equal the serum levels throughout the infusion period (24). 

During infiJsion of 24 g/m2/day, T d R  plasma levels of 200 tiM w e ~  found, a l ~ - f o l d  
higher than plasma levels obtained with infusion of  8 g/m2/day, s ing that  the 
elimination of  T d R  ~ a saturation point (96). Furthermore,  hepatic extraction of  
TdR was reported to be high with an extraction ratio (hepatic artery, level : hepatic vein 
level) of 0.64-0.95 at dose ~ t ~  up to 16 g]m2]day of  T d R  (25). The  ratio de 
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prcgr~s ivdy  when doses of 1~128  g/m2/day were administered i.v. or directly into the 
hepatic artery, suggesting that  the capacity of the liver to remove and catabolize the drug 
was saturated somewhere around this dose level. The  ~ c ~  T d R  w ~  ~ e n  eliminated from 
the plasma by exu-ahepatic s, such as renal clearance and uptake by rating 
tissue, accounting for the removal of 20-80% of the administered dose (I 7, 25). 

Pharmacokinedc s tud i~  of H D - T d R  infusions have shown that  in man T d R  plasma 
levels, which are 10,000 f im~ higher than those endogenously present, can be achieved and 
m a i n t a i a ~  for more than 5 days vAthout major  toxicity (15, l 16, 117)~ At  dose leve~ of 75 
g/m2]day, T d R  is eliminated mainly by the kidneys, as a re~su! t ofsaturadon ofboth hepatic 
and extrahepafic metabolic elimination ( 116, 117). In  contrast to the 2% ofT\dR which is 
excreted by the kidneys at  micromolar concentrations (24) renal c l ea~nce  o f T d R  ra 
from 41 to 67% of total ~ M y  clearance when millimolar p I ~ m a  concentrations were 
achieved (62, 116). This indicates that  the body can metabolize ~ %  of these doses, 
which is supported by the observation that  fihymine plasma concentrations were 
maintained for some time after T d R  infiasion was stopped, s dng that  this major 
catabolite of T d R  was sdH bring proMuced ~ T d R  Ievds were ~ p i d l y  declining (I 16). 
After cessation of H D - T d R  inflations a TLa of 8 ~ 1 0 0  rain ,.-v~ found in contrast toa  Tl~ of 
10 rain at  low plasma levels (l 16, I 17). Howell et aL reported a somewhat shorter T d R  ,T~ 
of 48 rain in their 5-year-old patient (43). ThAs d i ~ r e n c e  is at tr ibuted to the higher 
proportion of T d R  being metabolized in the child c o m p a ~  to a d u l t .  In  all s tud i~  the 
half-life of thymine appeared to be much longer than that of TdR,  but  could not be 
accurately determined ~ c a u s e  it did not l%llow fi~t-order ~ n e t i ~  (43, 62, 116). 

In  the monkey, the concentration of  T d R  in the GSF during H D - T d R  i n was 
found to be. 10 f im~ lower than p l ~ m a  concentrations in the mi l l imol~  range (l  17). At 
steady state millimolar plasma levels in humans, CSF concentrations of T d R  were 
approximately one - th i~  of  the p l ~ m a  concentrations (I 5, 43, I 17), in c o n t r ~ t  w i ~  ~ u a !  
T d R  levels in CSF and p l ~ m a  at micromolar concentrations (24). This  s ~ that 
transport of T d R  from p l ~ m a  to CSF is also saturable. During H R inbasion CSF 
concentrations of thymine, which is le~ polar than TdR,  appearozt to be consistently higher 
than of T d R  (43, 116). 

i d m e  a n d  5 - f t u o r o e r a c i l  

5-Fluorouracil (5FU) is an  effective antineoplastic agent in the palliative treatment of  
carcinomas of the breast, ovary, gastrointestinal tract and skin (13). 5FU is rapidly 
converted in the cell to the nucleotide derivates F d U M P  and F U M P  ~Figu~ 1). 

F d U M P  is a potent inhibitor of the enzyme thymidylate synthetase, which is involved in 
the conversion of d U M P  to dTMP,  which is further phosphorylated to d ~ P  and 
incoPporated into DNA. Thus,  F d U M P  indirectly inhibits DNA synthesis by blocking the 
supply o f d ~ P  (40). F U M P  can be either i n c o r p o r a t e d ~  F U T P  into R N A  instead of the 
natural  pyrimidine uracil or conve r t~  to F d U M P  by the enzyme fibonucleofide 
reductase. The  effect on D N A  synthesis via inhibition ofthe thymidylate synthetase step has 
generally been considered as the pr imary mechanism of cytostatic action ( ~ ) .  Recendy, 
however, the importance of the incorporation of  F U T P  into RNA,  altering RNA synthesis 
and fimcdon as well as ribosomal sta st (18, 73, 98). 

In the early sixties, Burchenal et a/. q e toxicity of 5-fluorourid to 
LI210 leukemia in vitro and in v i ~  could be ted by uridine but not by in 
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Figure 1 Metah~lic pathwa)~s for activation ofS-fluorouraciL 5FU ~ ~fluorou~cil; FUdR, FdUM P and FdUDP 
are fluom~eoxyuridine and i~ mon~ and diphosphate; FUR, FUMP, FUDP and FUTP are ~uomuddine 
and i~ mono-, di- and t~ph~phatc; dR-I-P~deoxyrib~e-l*phosplmte; R- l -P=r i~e - l -ph~pha te ;  
PRPP ~ ph~pho6bosylpy~phosphate, 1 ~ thymldlne ph~phory}~2; 2 ~ p h ~ p h o 6 ~ y !  t ~ f c r ~ e ;  

3 ~ uHdlne kinase; 4 = thymldine kin~se; 5 = H~nucleotide reduct~e; 6 ~ thymidylate synthe|ase~ 

cont ras t  to 5~-fluorodeoxyuridine ( F U d R ) ,  t he  in vitro toxici ty o f  which  was b locked  by T d R  
bu t  no t  by  u r id ine .  T h e  toxicity o f  SFU a n d  F U d R  to L1210 in vivo was affected by ne i the r  
T d R  no r  u r i d i n e  (11).  "Fen years la ter  it was  r epo r t ed  tha t  mi to t ic  inh ib i t ion  i n d u c e d  by 
F U d R  in ~tro cou ld  be reversed by T d R  (42) a n d  t ha t  in vivo the  response  to F U d R  
corre la ted  i n v e ~ e l y  wi th  the level o f  t h y m i d i n e  kinase (58). F r o m  this obse~ ,a t ion  i t  was 
suggested tha t  co -admin i s t r a t i on  o f  T d R  w o u l d  o v e r c o m e  5 F U  cytotoxic i ty  (58). Recen t ly ,  
po t en t i a t i on  o f  5 F U  cytotoxic i ty  by T d R  aga ins t  l eukemia  cells and  rou t i ne  breas t  
c a r c i n o m a  m vivo w ~  d e ~ r i b e d  (71, 94).  

Santel l i  a n d  V a | e H o t e  inves t igated  w h e t h e r  large doses o f  T d R  could  reverse 5 F U  
cytotoxic i ty  in a mouse  mode l  (94, 95).  O n  the  con t r a ry ,  they  observed  e n h a n c e d  hos t  
toxicity, a l ong  wi th  increased cy to toxic i ty  o f  the  T d R - 5 F U  c o m b i n a t i o n  to A K R  
leukemia ,  N o  c h a n g e  was seen w h e n  L1210  l e u k e m i a  was used (95).  T h e  obse rved  
difference in sensi t iv i ty  to T d R - 5 F . t J  be tween  A K R  an~ L I2 I0 l eukemia  w ~  i n t e r p r e t e d  
as a difference in 5 F U  metabol i sm;  A K R  m a y  be m o r e  sensit ive to a n  isola ted R N A  effect o f  

FU,  as sugges ted  by  M a r t i n  and  Stolfi (71).  M a r t i n  et aL a t t r ibu ted  the  i m p r o v e m e n t  o f  
Ehe a n t i t u m o r  ac t iv i ty  o f  the c o m b i n a t i o n  to m o d u l a t i o n  o f  5 F U  m e t a ~ l i s m  by T d R .  
Thus .  i n c r e ~ e d  incorpora t ion  of  5FU in to  R N A  and  reversal  o f  the  inh ib i t ion  o f  D N A  
synthesis m a y  follow T d R  exposure  (71, 73, 98).  A n  add i t i ona l  subs tance  w h i c h  is invo lved  
in the  p o t e n t i a t i o n  o f  5 F U  by T d R  is t h y m i n e .  Th is  base, wh ich  is the  maj  or  me tabo l l t e  o f  
] ' d R .  comp,  e t e s 'w i th  5FU for the s a m e  d e g r a d a t i o n  enzymes ,  hence  it reduces  the  rate o f  
5FU ca tabo l i sm (95, 981. Th is  f inding  h ~  been  s u p p o r t e d  by the  observa t ions  o f  o t he r  
invest igators  (29, 79); w h o  d id  no t  see e n h a n c e d  a n t i t u m o r  activi ty o f  t he  T d R - 5 F U  
c o m b i n a t i o n  in ~tro, i f  not  a c c o m p a n i e d  by ca t abo l i sm o f  5FU.  

By a p p l y i n g  c o n t i n u o u s  infusion of  d rugs  via the tail vein o f u n r ~ t r a i n e d  Balb]Cl mice  
bea r ing  a chemica l ly  induced  colon t u m o r ,  D a n h a u s e r  a n d  R u s t u m  e x a m i n e d  the  
a n t i t u m o r  effect o f  5 F U  alone and  in c o m b i n a t i o n  wi th  T d R  (20, 92).  T h e y  observed  a 
h ighe r  t h e r a p e u t i c  i ndex  for the  c o m b i n a t i o n  o f  the  two d rugs  c o m p a r e d  to t he  s ingle  a g e n t  
5 F U  (92). T h e  s a m e  results were  ach ieved  in C57BL]6  mice  and  F ischer  ( C D F )  rats 
b e a d a g  colon t u m o r .  T h e  T d R - 5 F U  c o m b i n a t i o n  resul ted in an  increased overa l l  host  
tox ic i ty . inc lud ing  several  toxic dea ths  (921- 
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The  fi~t experience with the T d R - 5 F U  combination in man was r e ~ r t e d  by Mart in  
a al. (70). These investigators admin~tered TdR  (15 g) as a rapid infusion 60 rain prior to a 
7.5 mg/kg i.v. bolus of 5FU. This schedule, which :w~ repeated every 4 weeks, invoked an 
anti tumor effect in patients with colon cancer ~ s t a n t  to 5FU alone. Myelosuppresfion 
was the m ~ o r  toxicity in this Phase I study'(70). Since t~en, three other Phase I clinical 
trials with TdR-SFU have been reported. Vogel et al. treated 12 patients with advanced 

~V colorectal cancer (108). T d R  (8 g]m2/day) was W e n  as a continuous ~. ~ infnsion for 5~ 
days, simuhaneously with a 5-day infusion of 5FU (5-20 mg/kg/day).  Mye losuppr~ ion  
was the dose-limiting toxicity, being mild at 5FU d o ~  of 5:2~7.5 mg/kg/day. Severe 
myelosuppression occurred at doses of 10-20 mg/kg/day r~ul t ing  in 4 drug-related deaths. 
Gastrointestinal toxicity was only rarely observed. Due to the small number  of'patients, no 
conclusions could ~ made  r e g a l i n g  the anti tumor effect (108). 

At the Sidney Farber Cancer Institute 7 patients with a variety of neopl~t ic  d i ~ a s ~  
were treated with a T d R - S F U  comoma on and 5FU pharmacokinet i~,  the effect of 5FU 
on bone m a ~ w  cytokineti~ and clinical toxicology of the combination were reported 
(61). Patients were initially treated with 5FU (460-525 mg/m2/day) for 5 d a ~  as an i.v. 
bolus. T d R  was administered by continuous infusions for 120 h, commencing 2 h before the 
initial dose of5FU. The  au tho~  observed that continuous infusion ~ T d R  increased the 
toxicity of  5FU in all respect .  T d R  infusion did not reverse ~ e  inhibition ofDNA synth~is 
in ~ n e  marrow cells, as determined by flow-cytometw and nucleoside inco~ora t ion  
studies, nor did it increase the inhibition of RNA synthesis by 5FU. Pharmaco~net ic  
studies revealed a significant prolongation of the 5FU half-life in both components of the 
decay curve. Dose-limiting mucositis, myelosuppr~.~sion and gastrointestinal t o , c i t y  were 
observed with I ca~  of fatal toxicity in a patient ~ t h  poor bone marrow reserve due to 
previous i r~dia t ion  (61). 

A large Phase I study, including pharmacology, on 53 patients with a variety of cancers 
was reported by Woodcock et al. (112). Six different schedules of the T d R - 5 F U  
combination were employed; TdK doses ranged from 3 to 45 g and were infused in either 15 
or90  ~ n .  5FU (7.5 or 10 mg/kg) was W e n  as an Lv. bolus injection 60 rain after the start of  
the T d R  int:dsion. With the combination of 45 g TdR  and 7.5 mg/kg 5FU, a 35% ~duct ion  
ofplasma 5FU levels was observed after 10 rain. T ~  reduction pe~isted for more than 2 h 
and was believed t ~ . . . . . . . .  reaction between T d R  and FUdR,  with 
thymine, 5FU and the shared intermediates. FUdR was not 
detected in the plasma or urine ofpatients who received 5FU alone or in combination with 
3 g TdR.  Clearance of 5FU from plasma was very fast with a n; ~ or fl phases could 
not be distinguished. With prior T d R  treatment, however, # values of SFU were 
33, 135, 188 and i ~  rain respectively, due to blocked oxddative degradation by excess 
thymine. Increased hematolo~eal  t o ,  city was observed, and was a ~ 6 b e d  to an increased 
concentration × dine gactor (C x t) for 5FU. And tumor  effects were insuffi~ent to 
establish superiority of  the combination over 5FU alone. In 5 of 53 patients a neurologic 
syndrome ~cur red ,  characterized by lethargy, con|hsion, disorientation including nystag- 
mus and dysmetria in 2 c ~ .  The o~gin of  the syndrome has not been clarified (I 12). 

In a Phase II study of T d R  plus 5FU r e , f r e d  by Ohnuma  et aL, 10 pafien~ with 
advanced sofid tumo~ were given 24 coupes of  T d R - 5 F U  (83). The  m~ov  pharmaco- 
logical effect of TdR was protracted plasma elimination of 5FU, which was more pro- 
nounced when TdR (8 g / m 2 ) w a s  give n a s  a rapid 2 ~ h  infusion than as a slow 
24-h infusion; Myelosuppres~sion w ~  the major toxicity. None  of  the patients responded 
with more than 50 Yo r e g ~ i o n  o|" measurable tumor (83). 
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In summary,  the combination of T d R  and 5FU appea~  to increase the toxicity of 5FU to 
the host, and does not seem to be superior to 5FU alone in terms ofnet  ant i tumor action. An 
enhanced ant i tumor effi2ct of the combination, however~ may be masked by the conve~ion 
of 5FU to FUdR,  due to an exce~s ofdeoxyribose-l-p:~sphate released from T d R  under Lhe 
influence of thymidine phosphorylase. F U d R  would not be growth inhibi tow in m'tro in the 
pr.~ence o f T d R  ( 10, 42). The  conversion of SFU to F U d R  in the presence of T d R  has been 
observed in ~.itro by Murgo et aL (79), and in viuo by Woodcock et aL (112). 

There is insufficient evidence that  the increased toxicity of the combination is c a u s ~  by 
channdl ing  of 5FU selecfivdy into RNA.  It is more likely, that  the m ~ u l a t i o n  of 5FU 
metabolism by T d R  and the resultant increased C × t factor for 5FU ~ res~ns ib le  for the 
aggravated toxicity. An additional con t fbu t ing  factor may be the enhanced inhibition of 
thymidylate synthetase by 5FU when T d R  is co-administered (109). 

One preliminary report on combination chemothe~py  of T d R  with ftorafiar, a 5FU 
analog which was developed in the So~e t  Union,  s u g ~ s ~  an inc~.ased andtumor  effect of 
ftorafur against P388 leukemia without  significant increase in host toxicity (35). 

Further s tudi~  off differential t~<icity to host and tumor ti~ues are nee~Jed before the 
combination of T d R  with one of the fluo~nated pyrimidines en te~  Phase II  trials. 

T ~  ~ i  n ~ ! a  n e  and r e v e ~ a l  OF metLhotrexate toxicity 

The antifblate methotrexate (MTX)  is widely used in the treatment of human cancer (4). 
M T X  binds tightly but not irreversibly to dihydroGgIate reductase, thus inactivating the 
enzyme. This leads to a depletion of tetrahydrofolates (FH4), essential cofactors in the 
conversion o f d U M P  to dTb.~P and in the de novo synthesis o f p u r i n ~  and some amino acids 
(Figure 2). M T X  also inhibi~  thymidylate  synthetase and this is regarded as the most 
important  a s s e t  o f M T X  cytotoxicity in man (41, 74). 

Folinic acid (5 . fo~yhetrahydro£olate)  bypasses the metabolic b l ~ k  caused by M T X  
and supplies the reduced folat~s needed for synthesis o fdTMP,  p u r i n ~  and amino acids; its 

UdR ~ . , ~  T d R  -= ~ ONA 

5.10-methy|¢ne FH 4 g~y¢~n¢ FH 2 
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~:g,~e 2. The mcchan~m ~ acdon of methotrexace~ F == folic acid; FH2 and FH~ are dihydrofolie acid and 
tct~hydrofollc ad d r~ctlvely; H× =~ hy~xanthinc; IMP = inosinc monophosphatc; PRPP = phosph~ 
~y!p;¢~phosphat¢;  TdR ~ thymidinc a ~  dTMP ~ d UMP arc 
d~xyu,~dlac a n d ~  monophc~phate rcs~ctlvc|y~" l *~d l~  yn thc t~ .  
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use thus allows tile safe administration ofhigh dos~ of MTX (3, 31 ). Tqae reve~al of MTX 
toxicity with folinic acid was extensively investigated in the early fifti~ by Goldin et aL (31). 
T h e e  experimenas have I ~  to the concept  of"rescue", which refer~ to the utilization of a 
drug antidote which selectively salvages n o d a l  tissues. Toxicity of MTX in vitro can be 
reve~ed by TdR plus a purine. This w ~  tint shown by Hakala, who found that growth 
inhibition of Sareoma-lBO calls by 3 × 10 -4 M MTX was completely reve~ed by TdR and 
hypoxanthine (Hyp) at a concentration of 3 × 10 -3 ~ (36, 37). Partial protection w ~  
attained in certain calls with Hyp alone ar,,d in other ceils with TdR alone. These 
observations were later confirmed by Boron and Whitmore (7) and by Tatte~ail et aL (104), 
who demonstrated Gnat in certain cell lines the cytostatie effec~ of MTX could be pardally 
reve~ed by the addition of TdR to the culture medium, while in other cell l in~ both TdR 
and Hyp were ~quired. H~niuk  studied the mechanism ofactlon of  MTX in L5178Y cells 
in vitro and found that MTX causes rapid depletion o f r ~ u c e d  folates, ~us  producing a 
pudneless and thymineless state (51, 52). Tfiis effect could be partially reversed by 
exogenous Hyp..With continuous exposure to R~TX, the cells died a predominandy 
thymineless death, not rc~scued by Hyp. The purindess state may contribute initially to cell 
MII, but is revemible spontaneously after several houm of treaument, probably due to 
disintegration of nucleic acids, which replenishes the purine pools (53). 

Grindey and Moran reported that allopu~nol, a xandhine oxid~e inhibitor, could 
reduce the therapeutic emeacy of MTX in vivo against L1210 leukemia but not against 
P388, without alte~ng the to .c i ty  o fMTX to n o d a l  mice (32). This sugges~ that to some 
cel~ MTX exerts i~ toxic effects through inhibition of thymidylate synthesis while in other 
cells the cytotoxlcity is determined by depletion of the pufine lz~ots. 

Jackson and Weber found that MTX toxicity to rapidly growing hepatoma cells in vitro 
was due to an anfipu~ne effect, ~ these cells could not be protected against MTX by TdR 
alone, while more slowly ~ w i n g  hepatoma cells maintained grow~ f-or 48 h in the 
presence of when 200 ~M Tdl/. was added to the culture medium (56). The 
requirement for such large amoun~ of TdR indicated that the latter cells had retained the 
capadty ofnormal liver to catabo4ize TdR~ 

Pinedo a al. reported that, in vitro, in a culture system with ~ a l ~ e d  fetM c ~ r u m  (FCS) 
and dialyzed L-cell supernatant, MTX cytotoxi~ty to the mouse myeloid precu~or calls 
(CFU-Q) could he prevented by the pr~ence of  10 - s  M ~ TdR with 1073 M aden~ine,  
inosine or hypoxandfine but not guan~ine (85). When using whole medium, t hee  autho~ 
were unable to block the proliferation of  CFU-C with MTX, suggesting Gnat salvage 
substances may be present in FCS. The~e findin~ indicate Chat the mydoid p~cursor cell 
has the ~pac i ty  to utilize both the de no~ and s~vage pathways £~r s y n ~ i s  ofnucleotid~ 
(85). 

Attemp~ have been made to correlate fibonucleoside (NTP) and deoxyfi~nude~oside 
tfiphosphate (dNTP) pe<fls w i~  inhibition of cell growth by MTX and M T X + T d R  
(~-55 ,  60, 104). Ex~sure  o f c u h u ~  cells to MTX a lonew~  consistendy foil by a 
fall in dTFP  pools, while ~ p o n s e  of~bonucleotide ~ q s  to MTX ~,~ied acco~ing to the 
call lines studied (5~55,  60, I04). 

In all cases dATP and dC~P levels were either incre~ed or not significandy altered. In 
Ll2i0,  Yoshida sarcoma and CCRF-CE~A calls, the dGTP levels w e ~  unchanged or 
slightly~incre~ed by M T X  (60, 104), while in NIS1 hepatoma, L and L5178Y cells the 
dGTP p~ols were gready reduced (53,~55, I04), compatible ~ t h  an anfipufine activity of 
MTX in those cell l in~.  When both and TdR were a d d ~  to the culture medium, a 
rise in d ~ P  levels -¢¢~ observed in combination With a fall in other dNTP levels (60, 104). 
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This in~ca ted  that MTX exeru a predominantly andpu~ne effect in b e  presence of execs 
TdR. 

In t e~ t ing ly ,  Kinahan a aL found, that in Ll210 leukemia cells the d T r P  pc, ols w e n  
depleted by M~rX even in the presence of TdR  (60). The d ~ P  levels were also reduced, 
but the punne  dNTP p ~  s r e m m n ~  unaffected, showing clearly that  mammalian celh can 
respond in a diffe~ntial fashion to metabolic perturbations, which in turn may play a role 
in determining drug selectivity (60). Jackson found that TdR reve~ed only the 
antiuhymidylate effect of MTX to NI S1 hepatoma cells in vitro when TdR w~s # y e n  after 
M T X  (55). Pretreatment with TdR,  however, appeared to antagonize both the ant ipudne 
and andthymidylate effect of M T X  by diminishing cellular dUMP pools via inhibition of 
deoxycytidylate deaminadon and ribonucleotide r~uc t ion .  The explanation for this 
observation w ~  that the d ~ r e ~ e  in dUMP pool may have had the effect o f s~ tch ing  off 
thymidylate synthetase and thus maintaining FH4 cofactor leve~ and purine b i o s y n t h ~  
in the presence of M T X  (55). This has been ~ e  out by the data of Moran a al., who 
found d'xat when de novo ~ y m l d ~ a t e  synth~is w ~  blocked by 5-fluorodeoxyufidine (3 ~ust), 
a much higher degree of inhibition of dihydmfolate ~ u c t a s e  in dtro could be endured 
without damage to the cell (76). These au tho~ Mso observ~ that folinic acid-induced 
reve~al of  M T X  in vitro w ~  much more effecdve in the presence of S-fluorc.~6oxyuddine 
and TdR than in their absence (76)° 

The  observations that M T X  cytotoxicity to n o d a l  mouse CFU-C could be reve~ed 
with exogenous TdR  and/or one or more pur ina ,  while in other s tudi~ M T X  cytoto~city 
to some tumor cells could not be reve~ed, has ted to the speculation that combining M T X  
with TdR  and/or one or m o ~  pufines might improve the therapeutic selectivity of the 
antifolate. 

Nederbragt el al. reported that optimal reversal of MTXqnduced  inhibition of colony 
growth of L 1210 leukemia cells in vitro (concentrations up to 10-4 M) r~u i r ed  10-5 M T d R  
and 3 × 10 -4 M inosine (81). With the same inosine concentra~on but lower TdR 
concentrations (10 "6 M) colony formation of  DBA/2 mouse bone marrow cells in the 
presence of t0 -6 M MTX w ~  more than 60% of control, whereas this T d R - p u ~ n e  
combination did not salvage L I 2 t 0 cells. These au tho~  suggest~ that in a routine in rqvo 
system the combination of high concentrations of purines and tow concentrations of T d R  
might lead to selective protection from ~¢/TX toxicity ofmyeloid precu~or cells over L 12 l0 
cells (8 I). 

Tat tc~alI  el al. reported that in L 1210-beating BDFi mice, TdR injected i.p. 3 times/day 
for 3 or 4 days could prevent M T X  cytotoxicity to normal host t i~u~  without affecting the 
andtumor  acdon (L02). In ~es,e e x ~ m e n u  a ~ I u s  of M T X  was given i.p. at a dose that 
was lethal to 13116 animals when TdR w ~  not c~-administered. The fact that TdR  was 
given in repeated Lp. bolus injections of 5 ~  mg]kg 3 times/day could theoretically have 
conu"ibuted t o  fi'~e obse~ed anti tumor effect, because by this. m ~ e  of administration 
mil~molar (growth inhibitory) plasma concentrations of T d R  would be o b t a i n ~  (67, 88)~ 
With only a 4-fi:~ld higher dose of TdR,  injected i.p., Retter h o w ~  an l m p r o v ~  s u ~ I  al of 
C57B1/6 mice with EL-4 tumors (88). However, the EL-4 tumor is ~por ted  to ~ among 
the most sensidv6 to TdR  in ~itro (90). 

' r Semon and Gnndey r e ~  ted an increased the ra~u t i c  index for M T X  against LI210 
leukemia in DBA/~J and C57B1/6 mice when T d R  w ~  co-administered (97). M T X  and 
T d R  were # y e n  ~ a continuous l.v. mfi~sion, in o der to obtain steady state p I~ma  levels 
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M T X  even in the presence of T d R ,  and also -with G~ndey  and Moran  (32) who c l a i ro~  
that  allopurinol, injected i.p. p~o r  to , could protect L1210 leukemia cells but  not the 
normal (DBA[2) mouse ti~ues against . I t  should be strewed that  the increased 
therapeutic e-fleet reported by Semon and Gfindey w ~  observed only when low do~es (5 
g/kg[day) o f T d R  w e ~  administered, which did not completely protect the n o d a l  t ~ u ~  
of the mouse. Using higher doses (15 g/kg/day) of T d R  they found that  the toxicity of  M T X  
was almost completely reversed but  also that  the and tumor  effect was nullified (97). 

Straw d aL were not  able to p ~ t e c t  non-tumor-beating mace ~{C57BI × DBA/2}FI and 
G57B1/6) from the acute toxici~ of M ~  ~ t h  T d R  alone: b o ~  T d R  and H y p  ,,,,.ere 
r ~ u i r e d  (I00). However~ in tumor-bearing mic_e (~c idc  L1210 leukemia) T d R  rescue in 
the absence of Hyp  was suc 1, probably ~ a result ofinc pudne  availability from 
MTX-induced tumor cell lysis. Drugs were W e n  ~ i.p. bolus injections° In agreement with 
Hryniuk's  observations (52, 53) these a u t h o ~  observed the existence ofa  pudne  deficiency, 
which was apparent  earlier in the gut than in the bone marrow (I00). Similar results were 
reported by Har rap  et aL from the same insfituve (38). authors confirmed in L1210 
tumor-bearing mice (DBA[2 and DBA/2 × G57BI hybrid) that a combination of pu~ne 
and T d R  gives protection from toxicity while maintaining ant i tumor effect. In this 
study a combination o f H ) ~ ,  Mlopudnol and TdR,  ~ v e n  as i.p. injections following M T X  
(300 mg/kg i.p.), appeared to be superior to M T X  and folinic acid rescue in terms of 
ant i tumor e ~ c t  (38). 

GHndey and coworkers found that  -when inosine (4 g/kg/day) was infused concurrently 
with M T X  or with M T X  + T d R  (5 g/kg/day),  both the toxicity to n o d a l  6ssu~ and the 
anfitumor a c d d t y  of were completely reversed (33, 97). However, wh~'a T d R  + 
inosine in the samme : , they were ~ effective as folinic 
acid in rescuing mi e of anfituroor effect. The  concurrent 
infusion of M T X  4 ~e much m o ~  effective than the two 
former regimens (33). 

C l i n i c a l  s t u ~ e s  ~ m e t h o t r e x a t e  a n d  ~ a l n e  

Concurrent infilsion of  M T X  and T d R  is referred to as "prevent ion"  or "protect ion",  
while delayed administration of T d R  has been t e ~ e d  "'rescue". The  first clinical study 
investigating the first of the two concepts h ~  been reported by Ensminger and Frei from the 
Sidney Father  Cancer  Institute (24). M T X  (v~ administered in p r o ~ i v e l y  increasing 
doses up to 2 g]m2/day for 72 h while T d R  8 g/m2/day w~s simultaneously infused for96 h. 
Three of 5 patients treated with the highest doses had mucositis and myelosuppression, 
which was reversible in 2 patients. With lower dose levels o f M T X  ~80-1300 mg/mZin 24 h 
and 130~3000 mg[m 2 in 48 h infusion) combined with T d R  (8 g/m2]day for 72 h) no 
toxicity w ~  observed in patients with normal M T X  clearance. T d R  infusions resulted in 
increased plasma T d R  levels from 0.19 to 1.5 tiM. There  was some evidence of ant i tumor 
activity in 4 of 12 patients treated (24). We have confirmed these findings in I0 patients 
with head and neck cancer,  who received ( M T X  0.6 g/m 2 iia 24 h) with concurrent or 
delayed infusion of T d R  (8 g/m2/day) (96). We found no effect of T d R  on M ~ X  
pharmacokinefics. With  a dose o f  8 g/m2/day continuous infiasion, plasma T d R  levels 
reached 2 × 10-6M, which were sumcient to protect bone roarrow and gastroint~t inal  
mucosa. 
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~ C ~ T d R  res ue of h igh-r i se  M T X  was initially d~ef ibed by Howell et at. ( ~ ) .  In that 
particular study M T X  was given ~ a 2 ~ h  infusion at doses up to 8.5 g/m2 followed by T d R  
infusion of 8 g/m2/day until plasma M T X  levels were below 5 x I0 -a  M. T h e e  
inv~tigators  also showed ~ a t  p l ~ m a  M T X  concent~dons  of 1.5 × 10 - s  M could be 
m a i n t a i n ~  for up to 4-0 h if £ollowed by T d R  8 g/mZ/day until plasma was sufficiendy 
cleared of M T X .  P|asma T d R  levels incre~ed from 1.5 x I0 -7 M pretreatment to 

toxlcitt~ ~ ere mucosltts and myelosuppres- 1.0 × 10 - rMdur ingTdRin f i a s ion .Themajo r  " "" v "" 
sion, which were not l i~-threatening. Two of 16 evaluable pat ien~ achieved partial 
respons~ ( ~ ) .  Cytokinetie comparison of human b o ~  marrow exposed in vivo to either 
M T X  followed by folinic acid or M T X  ~llowed by "IMR revealed that recoveq¢ of D N A  
synthesis was more rapid and more complete with T d R  than with any dose offi~linic acid 
(47). A striking ohser~¢ation in th~ study was that T d R  could initiate DNA synthesis in 
human marrow celIs in the presence of l x I0 -4 M M T X  consistent with the separate non- 
competitive membrane transport for both drugs (47). This is also consistent with earlier in 
vitro obse~¢adons (7, 85); Evidently, T d R  is more reliable and effective than folinic acid for 
rescuing patients who develop acute renal failure with pe~istent  high plasma M T X  levels. 

The  rapid marrow recover>, with T d R  would allow more frequent administration and 
higher doses of M T X  (47). This was shown by Bruno et aL, who inl3ased M T Y  2 g/mZ[day 

t' for 2-7 days continuously, with protec ion by concurrent infiJsion o f T d R  8 g/mZ/day plus 
folinic acid 1 "mglm2lday up to 2 days beyond the end of the M T X  infusion (9). Toxicity 
i n c l u d ~  muc~i t i s  in 15 of 22 cours~ and reversible myelosuppression in 5]22 courses. An 
anti tumor effect was noted in 5 of 10 patients (9). 

Recendy, a Phase I clinical trial was conducted by Howell et aL (45), which 
demonstrated that the minimal requirements of T d R  for rescue are in the range of I 
g/m2lday, approximately one-eighth of the d~es  used in initial clinical studies (9, 24, 44, 
47, 96). With a daily d ~ e  of I g/m 2 ~ l e ~  than 2-fold incre~e  in T d R  p l ~ m a  levels 
compared to the mean pretreatment level of 2 x I0 -7 M appeared to provide effective 
rescue for most patients, indicating a very s[eep dos~response relationship for T d R  rescue 
of marrow (45). Subsequently, Howell and Tamerius described the ong 
duration M T X  exposure with concurrent T d R  infusion at a dose of 2 ¢ith 
T d R  p l ~ m a  levels ofonly  5 × I0 -7 M during the intrusion, 72-h ex~ .s ~ 

tissue rese~oirs. None of the pat ien~ in the study, however, had any effusions whAch could 
fi.mction ~ a third space. The  authoR'  hypothesis is that M T X  may  be stored in the 1 ~  of  
po lyg lu tamat~  wbAch can be synthesized in liver, kidneys and red blood cells~ Fur ther  
studies are required to ex-amine this theory. Despite the low dose of T d R ,  no anfi tumor 
effect v¢~ observed. 

The  same pha~macoMnetic changes were obse~ed by Creaven a aL, who rnMntained 
M T X  plasma l eve l  of 4.4 × 10 -3 ~ for up to 7 days with T d R  and folinic acid protection 
(9, 19). A~rt~ cessation o f  a triphasic dedine  of M T X  " , ~  found in all patients 
receiving 7-day infusions, The  ~ # + ~  were 5, 20-30 and 40 to more than 180 h respectively. 
C h ~ m a t ~ g r a p h y  of plasma from I patient showed trace, amoun~  of 7 - O H - M T X  (19). 
This is surprising and seems to ~ in-contrast with data from Lankelma e t aL, who reported a 
stepwise rise in plasma concentrations of T-OI-/-MTX dur ing 3 sequential M T X  infusions 
(65). 

In  a current Phase II  study of head and neck cancer paden~  who were treated with 0.6 
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g/m 2 MTX in a 2 ~ h  infiasion with concurrent or delayed low-do~se TdR ( 1.5 g/m2/day for 
72 h), we observc-d only minor rr_spons~ in 3 of 12 pat ient ,  while toxicity w ~  minimal. 
Further details of this study will be published ~parately. Thus it seems that in humans 
NITX + T d R  do,~ not offer any thera.~udc advan over + folinic acid r~cue 
and in fact it may even ~ in~rior. 

Howell et aL have inv:~tigated the minimal requiremen~ of TdR and Hyp for the 
protection agMnst for normal and malignant human cel~ in vitro (48). They found 
that all the human cell typ~ tested in their study required ~ TdR and Hyp for 
protection against MTX; although for the promotion of marrow CFU-C 5-7-fold lower 
concentrations of TdR were required than for the protection of the m a l i ~ a n t  cells studied 
in vitro. This difference ;*'as ~gardod to be small due to the wide variability o fp l~ma  TdR 
concentrations in vivo. These autho~ also measured Hyp co~icentrations in 14 freshly 
aspirated bone marrow samples from patients undergoing orthopedic procedures and 
cancer patien~ with no marrow involvement and found a mean level of I I VM, while Hyp 
levels in plasma reeve 0.5 p i  for normal subjecm and 0.9 gM for cancer pat ient .  They also 
g~und that in vitro 10 ~ t  Hyp was su~cient to allow CFU-C fo~a t ion ,  dependent only on 
the availability o f T d R  (49). This disparity between marrow and plasma explains why 
TdR alone has shown a go~l rescue effect to marrow in man. Data on differences in Hyp 
concent~tions between mouse bone marrow and plasma have not been reported. 
However, die ,  fences in pyfirnidine and pufine concentrations in p l~ma ofdifferent speei~ 
have been shown (82) (A. Levva, pets. comm.). Endogenous TdK levels in mouse p l~ma 
were found to be much higher than in human plao~ma. (2.8 and 0.5 #M respectively). In 
contrast, plasma Hyp in the mou~ was much lower than in man, which can be explalnc~ 
by the high levels ofxanthine oxid~e that have been found in mouse plasma (2, 80). T~ri~ 
intersped~ differenc~ in circulating puHne and TdR levels may explain why 
cytotoxicity to the mouse is mainly the result of a pufineless state, where~ in man 
thymineless state seerns to be the predominant mechanism ofantifi~late toxicity.However, 
those differences do not completely explain why an imp~ved antitumor effect of MTX plus 
TdR has been observ~ in the mouse and not in man. It  must be s t r e s S ,  however, that in 
all the in vivo expefimen~ that showed improvement of andtumor effect, when TdR 
w~  co-administered, LI210 leukemia cells have been used (33, 38, 97, 100, 102). 

KAnahan et aL have found a goc~r=l correlation between the size of the d ~ P  intracellular 
pool and growth rate inhibition in vitro (60). These authors also observed an MTX-induced 
depletion o f d ~ P  pools in LI210 cells even in the presence of exogenous ~:clR. This may 
well explain the improvement of therapeutic index for MTX + TdR that has been observed 
in the LI210 leukemia studies. Thus, the d~crepancy between animal data and clizfical 
resul~ of the MT2Z-TdR combination may be related to unique properties of a tumor cell 
rather than to intenpeci~ di~rences in endogenous purine and pyfimidine p l~ma  
concentrations. 

Th~idin~e and l-~-D-arabLnofur~osy|cytoslne 

The role of l-fi-D-arabinofuranosylcytosine (ara~C) in the treatment of acute leukemia is 
well ~tablisl~cxt (I6). I~  cytostatic ac~on has been attdbuted to i~ tfiphosphate, a r a - ~ P ,  

The c0nve~ion of a ~ - C  to a r a - ~ P  is mediated by d~xycyfidine kinase (14), The~: ~ 
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evidence that dCTP inhibi~ the intracellular fo~a f ion  ofara-C~P probably by inhibiting 
deoxycyddine kinase (86)+ H r, most offhe growth-inhibitory e-lTect ofara-C depends 
on the amount ofint~cellular  ara-CTP in ~lation to the cellular content o fdCTP (103, 
39)+ As TdR inhibits dC~TP formation by inhibition of Hbonudeodde reductase (54), a 
combination o fTdR ~ t h  ara-C might theoreti~lly enhance the sensitivity ofthe+.celts for 
the latter d~g .  Following this hypothe~,  Harris a aL could show an increased sensitivity of 
2 lymphoid cell l in~ to a ~ - C  in vitro when combined with 10 ~ ~ TdR (39)+ T h e e  f indin~ 
have been confirmed by other invesfigato~ (8, 2l,  89, I01)+ 

Another aspect of ara-C action is i~ inhibition of repair of single-strand DNA brea~ 
induced by ultraviolet irradiation, which has been shown by Johnson and Collins and by 
Dunn and Regan (23, 57)+ 

Woodcock et aL have presented evidence that ara-C can induce re.initiation of DNA 
synth~is in D N A  segmen~ which had been replicated easier in the same S phase (110, 
111)+ Thus, under the influence of ara-C under ~ r t a in  conditions some DNA s e ~ e n t s  
undergo double replication during a single S phase. This is probably the direct cause of 
a~ -C  induced chromosome abe~atlon and it may also have a role in the cytotoxicity of 
a~ -C  (110, I l l ) .  

Breitman and Keene reported syne~sm of TdR and ara+C in the treatment of 
melanom~ and leukemia in vitro (8) and Reiter found incre~ed sensitivity of TdR sensitive 
tumor cells to the combination TdR.ara-G in vitro (89)+ Combinations with ara-C, TdR 
and hydroxyurea, also an inhibitor ofribonudeotide reductase, appeared to have greater 
synergistic effect in v~;:ro than any of the 2-drug combinations (I01)+ 

Martin a aL inv~tigated the in vivo ~ e c t  of a combination of ara-C with TdR and 
N-(phosphonoa~eetyl)-L-a.spa~ate (PALA.), an inhibitor o f  de no~  pyfimidine synthesis (72). 
Thus by modulating the acridly of ara-C with two agen~ which deplete d ~ P ,  these 
autho~ found improved activity of the combination in CD8FI mice bearing bre~t  tumors. 

Danhauser and Rustum showed that following a 24-h infusion of TdR in ra~, but not 
after Lv+ ~olus, the concentration ofci~ulafing dCyd dropped from 2I+8 to 4-4/a~ (21). 
They ~so observed an enhanced intracellular activation of ara-G to a r a + ~ P  following 
infusion with TdR (21). A clinical P h ~ e  lI trial with TdR + ara-C h ~  been p e r f o ~  in 
20 pafien~ with relapsed acu~ leukemia (I07)+ Sim~taneous Lv. infiasion of TdR 8 
g/mZ/day with doses of ara+C escalating from 100 to 250 mg/m2/day appeared to have 
activity even in patien~ refi~ctory to ara.C alone. T\oxidty consisted of vo~'nifing, 
mucosifis, diarrhoea, s~n rash and hyperbilirubinemia in addition to bone marrow 
hypopl~ia (I07)+ More recently the same group reported the results of a Phase I I I  trial in 
which ara-C (250 mg]m2]day) and TdR (8 g/m2/day) were W e n  simultaneously ~ a 
continuous infusion until bone marrow aplasia occurred (usually 7-12 days) (I06). 

te and partial r were obtained in patients w i ~  ANLL (47%) and in 1 
patient with biot ic  CML but not in ALL+ Two patien~ developed sewere enteritis with I 
the~py+related death (I06)+ Them data warrant further studies of the combination of TdR 
and a ~ - C  in acuteJeukemia+ 

D~pite a large amount of published data, there is as yet no defined role for TdR in 
anticancer treatment~ TdR alone appea~ to be largely cytostadc, rather than cytotoxic (5, 
15, ~ ,  62+ 79)~ In clinical teals HD-TdR was shown to a~est tumor growth, but did not 
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lead to pardal or complete remissions (5, 1~ 62). One may conclude that  tingle agent T d R  
has no role ~ an ant ineopl~fic  agent. 

The  use of T d R  in m ~ u i a f i n g  the m ~ e  of action or ~ e  pharmacokined~ of  other 
antimetabolites is more promising. #although the cqinicM r ~ u l ~  of  5 g were 
disappointing (61, 83, t08, 112), further studies ofcombinadons with T d R  and one of the 
fluo~nated pyrimidlnes may sdli he warranted. The observation t~hat T d R  altered ~ e  
pharmacokinet i~ of 5FU (61, 83, 112} has once more shown the limitations o f  in vitro 
systems~ 

The  reve~al of M T X  cytotoxicity with T d R  h ~  generated coo~derable interest. 
Relatively low doses o f T d R  a p ~ a r e d  to afford Mmost complete protection against M T X  
cytotoxici~ in man. However, the therapeutic ratio of  M T X  was ~,e  C ~ p r o v ~  by T d R  
(48, 50). An increased anfitumor acfi.Mty of M T X + T d R  h ~  be¢~:~ ~hown in L1210- 
bea~ng mice (33, 38, 97, I00, I02) and this difference in and tumor  effect between animM 
and human studies ha~ been attributed to inte~pecies differenc~ with regard to circulating 
pu~ne  and T d R  levels (48). However, it seems more a p p , # a t e  to relate it with p roperd~  
of the LI210 cells, in which the d ' [ ~ P  pools are uniquely depleted by even in the 
presence of exogenous T d R  (53-55, 60, 104). 

The  revc~M of M T X  toxicity to human bone marrow was shown to be non-competitive 
and superior to folinic acid (9, 47), which m a k ~  T d R  a useful drug for sa|vage ofpa t ien~ 
w h o  develop acute renal fMlure during high-dose treatment.  The  combina6on of  
T d R  with ara-C in ~ e  treatment of acute l e u k ~ a  is promising (I 06, 107) and may be also 
applied to the treaument of solid tumors (72). 
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