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ABSTRACT

SR-2508, a less lipophilic and neurotoxic analogue of the nitroimida-

zole, misonidazole, has exhibited significant chemosensitization proper
ties in preclinical studies with alkylating agents. A phase I trial was
carried out to assess toxicity and possible pharmacological interactions
of the combination of short infusions of SR-2508 and cyclophosphamide

(CP). Patients were randomly assigned to receive either CP alone followed
in 3 wk by CP + SR-2508, or CP + SR-2508 followed by CP alone. All
additional courses were CP + SR-2508. The maximum tolerated dose of
the combination was determined by dose escalation of SR-2508 while the

dose of CP remained fixed, initially 1.0 u nr. and then a second maximum
tolerated dose was determined with CP at 1.6 g/m2. One hundred seven

teen Ã©valuablecourses were administered to 39 patients, the majority of
whom had received prior treatment. Somewhat unexpectedly, reversible
grade 4 granulocytopenia was the dose-limiting toxicity occurring in four
of five Ã©valuablefirst combination courses at level 6 (SR-2508, 11.3 g/
nr; CP, 1.0 g/m!), the initial maximum tolerated dose. SR-2508 enhanced

CP-induced myelosuppression as exhibited by the significant difference
(p < 0.001) between the 27 paired courses (CP versus CP + SR-2508)

for VVBC nadirs over levels 1 to 6. The neurotoxicity encountered was
similar to that seen in past clinical trials, being reversible, mild, and
usually peripheral in nature. There was one treatment-related death
(neutropenic sepsis) on study. No other significant toxicity was seen. SR-

2508 exhibited linear pharmacokinetics over the dose range studied. The
SR-2508 area under the concentration-time curve increased linearly with

dose (r = 0.858; p < 0.001). No other parameters were dose related.

Neither drug appeared to affect the pharmacokinetics of the other, and
CP pharmacokinetic values were consistent with those from prior studies.
Due to the interaction noted between the two agents and the preclinical
data suggesting preferential enhancement of antitumor efficacy under
this combination, phase II study appears warranted.

INTRODUCTION

Extensive preclinical data suggest that nitroheterocyclic com
pounds, such as MISO,7 can selectively potentiate the antitumor

activity of certain bifunctional alkylating agents, most notably
L-PAM and CP and several of the nitrosoureas (1-3), a phe
nomenon referred to as chemosensitization or chemopotentia-
tion. The exact mechanism(s) of the chemopotentiation induced
by nitroheterocyclic compounds is uncertain, but possible mech-
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anisms include manipulation of the glutathione oxidation re
duction system, alteration of the antitumor agent's pharmaco

kinetics, or enhanced DNA-DNA cross-link formation (3). Nu
merous laboratories have reported that the combination of
MISO and chemotherapy for the treatment of murine tumors
typically results in dose enhancement factors of up to 2.0 for
tumor response without significant increases in concomitant
normal tissue toxicity (3). This consistent, preferential enhance
ment of tumor response led to limited evaluation of this treat
ment strategy in the clinic.

However, in contrast to animal experiments, early clinical
trials of chemosensitization failed to establish any significant
antitumor benefit for combination chemotherapy including
MISO. A careful review of the clinical and preclinical data
suggests that many of these trials were not optimally designed
to examine the effectiveness of the sensitizer drug strategy and,
in fact, examined sites or drug combinations contraindicated
by analysis of currently available experimental data (4). Never
theless, these initial trials clearly demonstrated that MISO
could be administered in combination with several chemother-
apeutic agents including L-PAM (5, 6), CP (7, 8), BCNU (9),
and CCNU (10, 11) without significant enhancement of normal
tissue toxicity.

A notable exception to the otherwise negative clinical expe
rience with chemosensitization was recently reported by Cole-
man et al. (6). In a prospective randomized phase II trial, these
investigators demonstrated that the response rate in patients
with non-small cell lung cancer treated with a combination of
MISO and L-PAM was significantly better than that of patients
treated with L-PAM alone. This provocative observation, com
bined with the realization of possible problems with earlier
trials, has prompted renewed interest in the strategy of combin
ing sensitizing agents with systemic chemotherapy for the treat
ment of human cancers.

Toxicity studies revealed that the dose of MISO which can
be safely administered to patients receiving systemic chemo
therapy is frequently limited to approximately 12 g/m2 by

neurotoxicity manifested as peripheral neuropathies (12, 13).
This limitation has prompted the search for less toxic com
pounds offering similar or improved chemosensitizing proper
ties. While no other potential chemosensitizing agent approved
for clinical use in the United States has been found to be a
more effective chemosensitizing agent than MISO in experi
mental systems, there is considerable interest in evaluating the
clinical potential of SR-2508 (Etanidazole), a hydrophilic ana
logue of MISO. This compound has been shown to be com
parable to MISO in its ability to preferentially enhance the
antitumor activity of CP in some experimental systems (14),
yet approximately 3 times the concentration of SR-2508 can
be administered before encountering comparable dose-limiting
neurotoxicity (15, 16). The ability to deliver more SR-2508
could conceivably translate to significantly larger enhancements
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than are possible with MISO, as preclinical studies indicate
that the sensitizing effects of nitroimidazoles are generally
proportional to dose. On the basis of its favorable clinical
characteristics and demonstrated ability to selectively enhance
the response of murine tumors to CP, we initiated a phase I
trial to determine the MTD of SR-2508 in combination with
this bifunctional alkylator.

MATERIALS AND METHODS

Patient Selection. Individuals with advanced cancer for whom no
standard effective therapy was available, who gave informed consent
according to institutional and Food and Drug Administration guide
lines, and who had adequate bone marrow (WBC, >4,000/mm'; platelet
count, >100,000/mm3), renal (serum creatinine, <1.6 mg/dl in women
and <1.8 mg/dl in men; or creatinine clearance, >60 ml/min), hepatic
(aspartate aminotransferase, Â£4x normal; and bilirubin, <1.5 mg/dl),
and metabolic (calcium, <11.0 mg/dl) functions were eligible. Patients
who had an ECOG performance status >2, a symptomatic peripheral
neuropathy, a life expectancy of <12 wk, and who had received radiation
therapy within 2 wk or chemotherapy or biological therapy within 4
wk were not eligible.

Drug Formulation. SR-2508 was supplied by the National Cancer
Institute in 1-g vials which were reconstituted with 19.4 ml of NS
without preservative to a concentration of 50 mg/ml. SR-2508 was
administered as a short i.v. infusion (total volume, 250 to 550 ml of
NS) at a concentration of <50 mg/ml. CP was prepared in the standard
fashion and administered in a short infusion through a peripheral or
central site.

Drug Administration and Dose Escalation. The drugs were adminis
tered concomitantly with 1 liter of NS over a 2-h and 20-min time
period. CP was administered i.v. over the first 20 min at doses of 1.0
g/m2 or 1.6 g/m2, and SR-2508 was given i.v. over 20 min starting 2 h

after the start of the CP infusion. Patients initially received either
prochlorperazine (10 mg) or haloperidol (l mg) and lorezepam (1 mg)
on an as-needed basis only; with later courses the patients received
scheduled antiemetics, including pretreatment. All patients were ran
domized to receive either CP alone as their first course and CP + SR-
2508 as the second course, or CP + SR-2508 followed by CP alone.
Subsequent courses were with CP + SR-2508.

The SR-2508 escalation scheme was as follows: level 1, 3 g/m2; level
2, 4 g/m2; level 3, 5 g/m2; level 4, 6.7 g/m2; level 5, 8.7 g/m2; and level
6, 11.3 g/m2. A minimum of three patients was treated and evaluated
for >3 wk at each dose level. If >grade 3 myelosuppression or >grade
3 vomiting occurred in <two patients and no cardiac, hepatic, or renal
toxicity occurred, then the next three patients were entered at the next
higher SR-2508 dose level. An individual patient's SR-2508 dose was

neither escalated nor reduced while on study.
If grade 4 granulocytopenia or grade 3 thrombocytopenia occurred

during a course of CP + SR-2508, the dose of CP was reduced by 50%
for subsequent combination courses.

The MTD of SR-2508 was defined as that dose level at which >3 of
6 patients who upon receiving their first course of CP + SR-2508
developed grade 4 granulocytopenia, or >grade 3 thrombocytopenia or
>grade 3 vomiting despite aggressive antiemetic use, or >grade 2
neurotoxicity or other nonhematological toxicity. The MTD for SR-
2508 was initially determined at a CP dose of 1.0 g/m2, and then a
second MTD was determined for a CP dose of 1.6 g/m2 starting three

levels below the initial MTD level. The ECOG toxicity criteria were
used to grade all toxicity during the trial.

Hematological and nonhematological parameters were monitored
weekly.

Frequency and Duration of Treatment. Treatment was given every 3
wk, provided all toxicity from the prior course had resolved and the
WBC count was >3000/mm3. The patients were eligible to continue
receiving CP + SR-2508 as long as their disease was stable or respond

ing to treatment.
Analytical Techniques. Concentrations of SR-2508 in plasma and

urine were measured by a reverse-phase high-performance liquid Chro

matographie method used previously for MISO (17) with only minor
modifications. Desmethylmisonidazole (50 j/n/ml) was used as the
internal standard. The standard curve was linear for 1 to 400 Mg/m' of
SR-2508 (r2 = 0.9993). The within-day coefficient of variation was less
than 3% over the entire range. The between-day coefficient of variation
was 3.1% for the standard (n = l over 6 mo). Unchanged CP in plasma
and urine was assayed using the gas Chromatographie method of Ed
wards et al. (18). CP metabolism was assessed by measuring total
alkylating activity by the colorimetrie method of Friedman and Boger
(19) with slight modifications (20). SR-2508 did not interfere with the
assays for CP or alkylating activity, nor did CP interfere with the SR-

2508 assay.
Pharmacokinetic Methods. Heparinized blood samples were collected

pretreatment (assay blank) and at the following times postinfusion: 0
(exact end of infusion), 15, 30, 45, 60, and 90 min; and 2, 4, 6, 8, 12,
and 24 h. Additional samples were obtained to yield a similar postin-
fusion sampling schedule for SR-2508. Sampling times were altered
slightly as circumstances dictated. Plasma was immediately separated
and stored at -80Â°Cuntil analysis. Urine was collected from the start

of the CP infusion during the following intervals: 0 to 4, 4 to 8, 8 to
12, and 12 to 26 h (10 to 24 h after the SR-2508 infusion). Total urine
volumes were measured, and aliquots were frozen at â€”¿�80"Cuntil assay.

SR-2508, unchanged CP, and total alkylating activity were measured
in the plasma and urine samples using the methods outlined above.
Postinfusion concentration-time data sets for plasma SR-2508 and
intact CP were fit to multiexponential equations using a commercially
available software package (RSTRIP) that did the initial curve stripping
and carried out the nonlinear regression analysis (21). SR-2508 data
sets were weighed by 1/C2 and fit best by a triexponential model and

CP data sets by a biexponential model. Pharmacokinetic parameters
were calculated from the model parameters using standard relationships
(22), with a correction factor for the infusion time. Total alkylating
activity and AUC from 0 to 24 h were estimated using the linear
trapezoidal rule. Alkylating activity was not extrapolated to infinity,
because the terminal elimination phase half-life could not be accurately
characterized in all patients.

RESULTS

A total of 119 Ã©valuablecourses (2 additional courses were
unevaluable) were given to 39 patients, the majority of whom
had received prior treatment (see Table 1). Adenocarcinoma of
the gastrointestinal system and kidney along with non-small
cell lung cancer comprised the majority of the patients (29 of
39).

SR-2508 Pharmacokinetics. Twenty-nine courses of SR-2508
with 1.0 g/m2 of CP were available for complete pharmacoki-
netic evaluation; the SR-2508 pharmacokinetic parameters are

Table 1 Patient characteristics (n = 39)

Male/female ratio

Median age (yr)

Performance status (no.)

31/8

55 (39-75)"

012Primary

diagnosis(no.)GastrointestinalRenalLungOtherUnknownPrior

therapy(no.)ChemotherapyRadiotherapyBothNone1127114867424384Â°

Numbers in parentheses, range.
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presented in Table 2. SR-2508 exhibited linear pharmacoki-
netics over the dose range studied. SR-2508 AUC increased
linearly with dose (r = 0.858, P < 0.001). No other parameters
were dose related. In seven patients, SR-2508 pharmacokinetic
parameters were studied in a subsequent course of the combi
nation. SR-2508 pharmacokinetics was not apparently altered
in these repeat courses when compared with the first course in
the same patient. Mean values for Cl,b for the first and repeat
courses were 3.3 liters/h/m2 and 3.0 liters/h/m2 (P = 0.09); the
harmonic mean terminal half-life (f./,) was identical for each
group, 5.5 h. SR-2508 pharmacokinetics was also measured in
four patients receiving 5 g/m2 of SR-2508 with the 1.6-g/m2
dose of CP. No difference in any SR-2508 pharmacokinetic
parameter was observed in this group when compared with the
group of patients who received the same dose of SR-2508 with
1.0g/m2ofCP.

Cyclophosphamide Pharmacokinetics. The possible effect of
SR-2508 on CP pharmacokinetic parameters was evaluated in
patients who received paired courses of CP alone and CP with
SR-2508. Twenty-three patients had paired courses at a CP
dose of 1.0 g/m2, and four additional patients had paired
courses at 1.6 g/m2 of CP. The pharmacokinetic data for CP

are summarized in Table 3. No significant difference in any CP
pharmacokinetic parameter was seen in courses of CP alone
versus course of the combination in the same patient as analyzed
by the paired t test. No differences in CP metabolism measured
as total alkylating activity expressed as NNME were observed.
Of note, intact CP exhibited linear pharmacokinetics: the Cl,b
of intact CP at 1.6 g/m2 was not significantly different from
that at 1.0 g/m2; however, there were significant alterations in

the alkylating activity parameters: AUC and peak concentra
tions exhibited a 2.5-fold increase, although the dose was only
increased by 60%, and the time of peak alkylating activity
increased from 2.4 to 3.5 h.

The SR-2508 and CP pharmacokinetic parameters reported
here are similar to those from previous studies for short infu
sions of these drugs (16, 18, 20). No pharmacokinetic interac
tions were observed.

Toxicity. Bone marrow suppression, specifically granulocy-
topenia (<500 cells/mm3) was the dose-limiting toxicity of the

combination. Reversible Grade 4 granulocytopenia occurred in
four of five Ã©valuablefirst courses with CP (1.0 g/m2) and SR-
2508 (11.3 g/m2) and only in one of six patients at the SR-
2508 level (8.7 g/m2) preceding the MTD level (see Table 4).
SR-2508 showed enhancement of CP-induced myelosuppres-
sion as evidenced by the significant difference (P < 0.001) in
WBC count nadirs between the 27 randomly ordered paired
courses, CP versus CP + SR-2508 (Fig. 1). Examining each
dose level separately revealed that this difference was significant
at levels 2, 3, 5, and 6 (4.0, 5.0, 8.7, and 11.3 g/m2 of SR-2508,

respectively, with 1.0 g/m2 of CP, P < 0.05 in each case by

paired t test). An example of the difference in myelosuppression
between courses with and without SR-2508 at an individual
dose level is shown for the MTD level (11.3 g/m2), where the
mean WBC nadir of CP alone was 3800/mm3 compared with
1400/mm3 for CP + SR-2508 (P = 0.01, n = 6).

Significant bone marrow suppression occurred at the first
SR-2508 level (5.0 g/m2) in patients receiving 1.6 g/m2 of CP

(see Table 4). As expected, it was more difficult to show
enhancement of bone marrow toxicity by SR-2508 at the higher
CP dose with no significant difference in WBC count nadirs
between paired courses being seen. No patients exhibited
>grade 1 thrombocytopenia during this study.

Cumulative marrow toxicity for repeated courses of CP +
SR-2508 was minimal and similar to the expected cumulative
toxicity of CP. Levels 1 to 5 had only two patients (level 3,
course 5, and level 3, course 4) with a first episode of grade 4
granulocytopenia occurring after course 2. Patients at level 6
(11.3 g/m2) and patients given the higher CP dose plus SR-
2508 (5.0 g/m2) who developed grade 4 granulocytopenia on

the combination course had their CP dose decreased by 50%,
to 500 mg/m2 and 800 mg/m2, respectively. Subsequent courses
with the dose reduction in CP but 100% SR-2508 dose were
not accompanied by any significant granulocytopenia (>grade
2), thus reinforcing the view that SR-2508 was not directly
marrow suppressive in these patients.

A neurologist examined each patient prior to every course of
therapy, and only patients at levels 1 to 5 had the Purdue
pegboard test (23) done prior to each course, which showed no
change in results within patients from course to course. The
early patients also underwent NCV and somatosensory evoked
response studies prior to treatment. A majority of the patients
refused the post-study examinations. The neurological toxicity
seen was reversible, mild, and similar to toxicity encountered
in prior work with MISO and SR-2508 (16, 24). Seven of 39
patients developed either symptoms or signs of a peripheral
neuropathy. One of these seven patients and one additional
patient possibly had neurological toxicity, syncope and ototox-
icity, which has been reported with MISO and SR-2508 (16,
24). One patient had two syncopal episodes on day 2 of course
2, level 3 (first dose of SR-2508 at 5.0 g/m2), which were

preceded by nausea and presumed to be of vasovagal origin. In
that patient, a computerized tomography scan of the brain was
normal, the electroencephalogram showed focal slowing, and
the serum sodium was 121 meq/liter. The patient had no further
syncopal episodes and received no further courses on study. A
repeat electroencephalogram obtained 3 wk later was un
changed.

Peripheral neuropathy (the usual neurological toxicity seen
with nitroimidazoles) seen during this trial was reversible, pre-

Table 2 SR-2508 pharmacokinetic parameters (first combination courses with 1.0 g/m1 ofCP)

Dose ofSR-2S08(g/m2)3.04.05.06.78.711.3Overall

meanNo.

of
patients33845629Peak

CPÂ°

(HIM)1.10
Â±0.40*2.04

Â±0.822.10
Â±0.412.79

Â±0.443.46
Â±0.834.75
Â±1.14AUC(h

x
mM)4.90

Â±1.54.91
Â±1.37.90

Â±2.19.62
Â±1.711.1

Â±3.218.6
Â±5.0Cl,b

(liter/
h/m2)3.0

Â±1.04.0
Â±1.03.1

Â±0.73.3
Â±0.63.9
Â±1.23.0
Â±0.73.3

Â±0.9VÂ«

(liter/
m2)28.9

Â±4.318.5
Â±1.922.6

Â±2.123.4
Â±3.523.7
Â±2.320.3
Â±3.522.6

Â±3.8fw/3

(h)7.1'4.45.75.44.85.35.3Urine
recovery

(% of dose/24h)78.0

Â±15.092.9
Â±5.578.4

Â±7.482.4
Â±11.974.6
Â±22.076.8
Â±3.879.6

Â±12.6
" Cp, plasma concentration; Vâ€ž
*Mean Â±SD.
c Harmonic mean.

steady-state volume of distribution; t*ÃŸ,terminal phase half-life.
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Table 3 Cyclophosphamide pharmacokinetic parameters

CyclophosphamideDose

of CP(g/m2)1.0CP

aloneCP
+SR-2508P

value (n =23)''1.6CP

aloneCP
+SR-2508P

value (n = 4)AUC

(h X
mM)1.57

Â±0.29*1.56
+0.380.872.40

Â±0.202.32
Â±0.180.42CU

(liter/
h/m2)2.54

Â±0.532.63
Â±0.770.482.57

Â±0.222.69
Â±0.210.34Vâ€žÂ°

(liter/
m2)22.9

Â±3.422.1
Â±3.10.2020.7

Â±0.2221.6
Â±3.20.13(h)6.20'5.800.105.505.600.67Urine

recovery
(% of dose/24

h)13.9

Â±6.213.7
Â±5.70.8012.1

Â±2.88.6
Â±2.80.34

Total alkylating activity (NNME)

DoseofCP(g/m2)1.0

CP alone
CP + SR-2508
P value (n = 23)

1.6
CP alone
CP + SR-2508
P value (n = 4)AUC

(0-24h)(h
XfiM)278

Â±96
274 Â±62
0.78711

Â±117
632 Â±82

0.16Time

to peak
Cp(h)2.4

Â±0.8
2.5 Â±0.9
0.623.4

Â±0.13.6
Â±1.4

0.75Peak

Cp
(MM)14.6

Â±4.3
15.4 Â±4.0
0.3538.2

Â±8.4
37.1 Â±5.4

0.62Urine

excretion
(as% ofCP
dose)20.0

Â±6.2
17.1 Â±5.3
0.05317.8

Â±3.4
19.0 Â±3.3

0.81
" Vâ€ž,steady-state volume of distribution; tHÃŸ,terminal phase half-life; Cp. plasma concentration.
* Mean Â±SD.
c Harmonic mean,
''/'value from paired t test.

Table 4 Toxicity of Ã©valuablefirst courses ofCP + SR-2508 and CP alone

Level1.0g/m2ofCP1234561.6

g/m2 ofCI"7Dose

of
SR-2508

<g/m2)3.04.05.06.78.711.35.0<Grade33/3

(2/2)"3/3

(3/3)9/9(10/10)4/4

(3/3)2/6
(4/4)0/5
(6/6)0/6

(2/6)GranulocytopeniaGrade

30/3

(0/2)0/3
(0/3)0/9
(0/10)0/4
(0/3)2/6
(0/4)1/5(0/6)1/6(1/6)Nausea

andvomitingGrade

40/3

(0/2)0/3
(0/3)0/9(0/10)0/4

(0/3)2/6
(0/4)4/5
(0/6)5/6

(3/6)<Grade

20/3(1/2)0/3(1/3)3/9

(6/10)2/4
(2/3)1/6(2/4)0/5

(2/6)3/6

(4/6)Grade

23/3(1/2)3/3

(2/3)6/9(4/10)274(1/3)5/6

(2/4)5/5
(4/6)3/6

(2/6)
' Numbers in parentheses, CP-alone courses.
*One patient with Grade 3 nausea and vomiting.
' Prechemotherapy antiemetics given.
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5 + 1.6 g/m2CP

Fig. 1. WBC nadir for paired courses in 33 patients over the course of this
trial as described in the text.

dominate!}' sensory, grades 1 and 2, in a stocking/glove distri
bution, and usually occurring after a 20-g/m2 cumulative dose
of SR-2508. Two patients had neurologically based complaints
after their first course of SR-2508. One patient at level 1 (3.0
g/m2) on day 20 of course 1 noted decreased hearing which

audiometrie examination revealed to be a mild high-frequency
sensorineural loss (4 to 8 kHz) and neurological examination
revealed a mild stocking distribution sensory loss. The other
patient at level 6 (11.3 g/m) after course 2 noted paresthesia in
his feet which persisted for 3 wk. Follow-up examination was
unremarkable. Neither patient was treated further on study.
The remaining five patients had cumulative SR-2508 doses
ranging from 25 g/m2 over 18 wk to 50 g/m2 over 33 wk. They

had symptoms or signs of a mild peripheral neuropathy which
was reversible over a few weeks. The only abnormal posttreat-
ment NCV was found in an asymptomatic patient who had
received 35 g/m2 over 24 wk and had a questionable abnormal

neurological examination at course 5 which did not change with
three additional courses. Follow-up electrodiagnostic studies
found the patient to have moderate-to-severe axonal sensory >
motor peripheral neuropathy. Overall, five of 10 patients who
received cumulative doses of >20 g/m2 developed grade 1 or 2

neurotoxicity as described. Numerous patients had previously
received neurotoxic drugs, i.e., Vinca alkaloids and cisplatin, or
had evidence by neurological examination of a preceding
asymptomatic peripheral neuropathy due to diabetes or cancer
and did not develop any neurotoxicity.

There were two deaths on study during the trial. The first
1102
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patient died at a local hospital on day 13 of course 4 (CP, 1.0
g/m2; SR-2508, 5.0 g/m2) due to neutropenic sepsis (no autopsy

was done). The second patient with renal cell cancer died on
day 18 of course 1, level 5 (SR-2508, 8.7 g/m2; CP, 1.0 g/m2)
due to progressive liver deterioration. Evaluation pre- and post
mortem was consistent with toxic hepatitis due to significant
hepatic congestion secondary to tumor replacing the inferior
vena cava. There were eight other patients who had elevations
in their liver function tests (grades 1 and 2) while on study,
most with evidence of progressive liver metastasis precluding
further treatment on study, and three who were treated further
with the combination without evidence of hepatic toxicity.

Nausea and vomiting (grade 2) were a frequent occurrence
during the initial MTD evaluation when prechemotherapy an-

tiemetics were not used with the first two courses (see Table 4).
The occurrence of nausea and vomiting did not seem to increase
with increasing SR-2508 doses; levels 1 and 2 had six of six
courses with grade 2, while level 6 had six of six. Alopecia was
infrequent and transient (four patients at lower levels with grade
1). Renal toxicity, including cystitis, was not seen. Two patients
complained of minimally symptomatic flushing episodes in
conjunction with receiving SR-2508 for their first and only time
(level 1 + 6). A third patient noted a transient flushing sensation
with the first two combination courses, but not the third (level
6). Two patients were noted to have asymptomatic cardiac
dysrhythmias while on study. A patient at level 5 whose baseline
pulse rate was 50 to 60 beats/min was found to have worsened
bradycardia (heart rate, 40 to 50 beats/min) on day 1 of course
4. Holter monitoring and ECG examinations showed sinus
bradycardia with first-degree block and rare episodes of second-

degree block with 2:1 conduction. A Holter monitor placed for
24 h prior to course 5 showed the same thing and no change
while receiving the CP + SR-2508 or immediately after. An
other patient at level 5, again without prior known cardiac
disease, was noted to have an irregular pulse upon initiation of
the SR-2508 infusion. This asymptomatic irregular pulse lasted
approximately 20 h and then spontaneously became regular.
ECG examination during the regular pulse showed sinus
rhythm with either a Wenkebach phenomenon or a "wandering
atrial pacer." Course 2 (CP alone) was done with Holter mon

itoring before and after the infusion and showed a sinus rhythm
with a wandering atrial pacer. No further courses were given
due to progressive disease.

One patient with a heavily pretreated (including CP-contain-
ing regimens), indolent non-Hodgkin's lymphoma had a meas

urable partial response of 2-mo duration during the study.

DISCUSSION

With one noticeable exception, the clinical experience with
the combination of SR-2508 and CP was comparable to similar
phase I and phase II trials with MISO and alkylating agents.
As was the case for combinations including MISO, the SR-
2508/CP combination was well tolerated. Mild-to-moderate
nausea and vomiting were common but easily controlled with
administration of antiemetics. The most significant difference
between the current study and those conducted previously with
MISO was the consistent enhancement of leukopenia in courses
combining SR-2508 and CP. In virtually every course including
SR-2508, the nadir WBC counts were reduced by comparison
to a CP-alone course in the same patient, the effect being most
prominent in the granulocyte counts. At the lower SR-2508
doses, this effect was not clinically significant but ultimately
became dose limiting at the higher SR-2508 doses. Similar

1

effects were noted in a comparable phase I trial of this combi
nation conducted by O'Dwyer et al. (25). This augmentation of

leukopenia was not anticipated as preclinical studies with MISO
and SR-2508 in combination with CP or other bifunctional
alkylating agents revealed little if any effect of the sensitizer on
myelosuppression (14).

Previous clinical studies with CP and MISO were not predic
tive of the enhanced toxicity observed in our trial. Two phase I
trials examining the MISO/CP combination both concluded
that the addition of MISO to systemic therapy with CP did not
significantly potentiate myelotoxicity (7, 26). Three additional
studies, two examining combinations of MISO with CCNU
(10, 11) and the third examining a MISO/L-PAM combination
(5), all support a similar conclusion. The apparent discrepancy
between these previous clinical trials and our SR-2508 experi

ence may be related to differences between the two sensitizers
themselves, differences in trial design, treatment schedule, route
of administration, or total sensitizer doses examined. While the
two sensitizers do display certain distinct properties, it is cur
rently difficult to attribute the apparent differential enhance
ment of CP myelotoxicity to any of these. It likewise seems
unlikely that treatment schedule can fully account for the dif
ferences, as similar schedules were utilized in all the studies.
Certainly, differences in sensitizer doses could conceivably be
contributing factors as much larger single doses of SR-2508
were examined in the current studies.

However, it seems more likely that failure to detect potentia-
tion of myelotoxicity in previous MISO trials may at least
partially be attributable to the fact that the MISO trials were
not designed to permit comparison of toxicity of CP adminis
tered alone and in combination with sensitizer in paired courses
in individual patients, as was done in our current study. In
support of this possibility is clinical evidence implicating MISO
in the enhancement of chemotherapy-related hematological
toxicity at MISO doses comparable to those examined in the
studies described above. In an ECOG-sponsored phase II trial
of MISO and CP in metastatic renal carcinoma, 67% of the
patients experienced severe (42%) or life-threatening (25%)

hematological toxicity (8). Although not designed as a toxicity
study, these data prompted the authors to suggest that con
trolled studies should be considered in order to determine
whether MISO augments the hematological toxicity of CP.
Similarly, Brower et al. (27) observed severe myelosuppression
in small cell lung cancer patients treated with MISO in com
bination with CP, CCNU, and methotrexate. The frequency of
hematological toxicity greatly exceeded that encountered in a
previous ECOG trial of the methotrexate combination, prompt
ing early termination of the study. Collectively, the clinical
experience suggests that the combination of nitroimidazole
chemosensitizers with bifunctional alkylators may not be as
benign as suggested by murine studies. This possibility should
be considered in the design of future clinical trials.

Sensitizer-induced alteration of drug pharmacokinetics has
been suggested to be at least partially responsible for chemo-
sensitization following administration of large doses of MISO
in combination with certain nitrosoureas, L-PAM and CP (2,
3). However, enhancements of antitumor effectiveness have also
been observed without alterations in the pharmacology of the
cytotoxic agent. In contrast to MISO, SR-2508 does not pro
duce alterations in the pharmacokinetic properties of these
drugs in rodent tumor models, even when administered in large
doses (28-30). To date, no significant alterations have been
detected in clinical trials combining MISO with cytotoxic drugs
(7, 26), although Coleman et al. found that plasma L-PAM

103

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/4/1099/2446165/cr0510041099.pdf by guest on 19 M

ay 2023



A PHASE I STUDY OF SR-2508 AND CYCLOPHOSPHAMIDE

concentrations were approximately 25% higher in MISO-
treated patients. As shown in Table 2, SR-2508 did not alter
the pharmacokinetic properties of CP, assayed either as parent
compound or total alkylating equivalents. Analyses of SR-2508
pharmacokinetic parameters were consistent with those ob
served previously in radiation sensitization trials (15, 16). This,
in conjunction with our data showing no difference in SR-2508
pharmacokinetics between Levels 3 and 7, indicates that there
was no effect of CP administration on SR-2508.

Radiation sensitizer clinical studies have already identified
neurotoxicity, manifested primarily as paresthesias, as being
dose limiting for both MISO and SR-2508 (12, 13, 15, 16).
Consequently, our initial expectation was that the dose of SR-
2508 that could be administered with chemotherapeutic drugs
would also be limited by peripheral neuropathies. However,
since in the chemosensitization setting SR-2508 was to be
administered over a longer period of time and with a longer
interval between consecutive doses than is common when the
agent is used as a radiation sensitizer, it was conceivable that
larger cumulative doses might be tolerated. One objective of
our study was to evaluate this possibility. In general, neurotox
icity was not a problem in this trial, and the types of abnor
malities noted were comparable in description and magnitude
to those encountered in the radiation trials. Mild, reversible
neuropathies were observed at cumulative SR-2508 doses rang
ing from 20 to 50 g/m2. Unfortunately, we were not able to

adequately evaluate the relationship between neurotoxicity and
total SR-2508 dose in this chemosensitization protocol owing

to difficulties in administering enough courses to individual
patients receiving low SR-2508 doses and the myelotoxicity
encountered at the higher doses. On the basis of our limited
experience, however, it seems most prudent to assume that the
dose-response relationship for neurotoxicity is comparable
whether SR-2508 is used as a radiation sensitizer or as a

chemosensitizer.
The enhancement of hematological toxicity attributable to

the addition of SR-2508 to chemotherapy with CP, while

unexpected, is nevertheless encouraging, as it suggests that
there is an interaction between these two agents. Further clinical
studies of this treatment combination appear warranted, espe
cially in light of extensive preclinical data suggesting preferen
tial enhancement of antitumor efficacy in animal tumor models
by such combinations (1-3). Considerations for additional
phase I testing of the combination consist of examining infu-
sional delivery or administering SR-2508 prior to the alkylator,

since the optimum delivery or schedule of nitroimidazoles and
alkylators is uncertain and the potential for different dose-

limiting toxicity exists. On the basis of our study, we would
suggest that an intermediate dose of 1.2 g/m2 in combination
with 8.7 g/m2 of SR-2508 as a short infusion would be appro

priate for phase II trials.
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