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Summary. A novel approach to enhance the activity of
doxorubicin is to increase the availability of cellular
“chelatable” iron to participate in doxorubicin-mediated
free-radical generation. To achieve this, we designed a
regimen consisting of desferrioxamine (DFO, 50 mg/kg
daily given as an i. v. infusion over 72 h) to increase cellu-
lar iron uptake. Thereafter, the combination of iron sorbitol
citrate (ISC) and doxorubicin (as a single agent or as part of
the CHOP regimen) was given. In a phase I study we
investigated the toxicity of this regimen in nine patients
with refractory malignant disease. Severe but reversible
ocular toxicity (i.e., acute maculopathy) was observed in
two patients. As these patients were the only ones who
were pretreated with cisplatin, we caution against the use
of DFO in cisplatin-pretreated patients. Severe phlebitis
was encountered in five of nine patients. A partial remis-
sion was observed in two of four patients with refractory
Non-Hodgkin’s lymphoma who were treated with DFO,
ISC, and doxorubicin as part of the CHOP regimen. We
conclude that pretreatment with DFO and iron sorbitol
citrate may be of benefit in the treatment of malignancies
with doxorubicin-containing regimens, but ocular toxicity
and severe phlebitis limits the use of DFO in this approach.

Abbreviations: PR, partial remission; PD, progressive disease; OT, ocu-
lar toxicity; Phl, phlebitis of WHO grade >III; Dox, doxorubicin dose
given (whereas CHOP contains 50 mg/m? doxorubicin); AC, adenocarci-
noma; NHL, Non-Hodgkin’s lymphoma; SCLC, small-cell lung cancer;
CHOP, cyclophosphamide/doxorubicin/vincristine/prednisone; COP,
cyclophosphamide/vincristine/prednisone; VP16/MTX/Cycl, etoposide/
methotrexate/cyclophosphamide; ProMACE-MOPP, prednisone/me-
thotrexate/Adriamycin/cyclophosphamide/etoposide/nitrogen  mustard/
vincristine/procarbazine/prednisone; FAM(TX), 5-fluorouracil/doxo-
rubicin/mitomycin/methotrexate(TX); CP, cyclophosphamide/cisplatin;
CDDP, cisplatin; Mitox, mitoxantrone; CDE, cyclophosphamide/doxoru-
bicin/etoposide; Chl; chlorambucil; EEMTX/C, etoposide/methotrexate/
cyclophosphamide
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The attachment of DFO to biocompatible polymers may be
amethod of overcoming the observed toxicity and warrants
further study.

Introduction

Modulation of the cellular iron status is a novel approach to
tumor-cell killing [7]. Transferrin-bound iron is internal-
ized by proliferating cells expressing transferrin receptors
(TfR). The TfR are up-regulated during the S phase of the
cell cycle, reflecting the need for iron. Iron taken up by the
cell enters a soluble “chelatable pool”. This is iron in transit
to more stable compartments with the ability to participate
in the catalysis of toxic free radicals. Pretreatment of tumor
cells with desferrioxamine (DFO), a potent iron-chelating
agent, up-regulates TfR expression, resulting in an increase
in iron uptake to replenish intracellular iron and induces
cell-cycle synchronization in the G1 phase [3, 32]. It has
furthermore been suggested that DFO has prooxidant ef-
fects, possibly increasing the susceptibility of cells to oxi-
dant stress [9, 20, 24].

Doxorubicin has a well-documented ability to generate
oxygen radicals, a mechanism believed to be mediated by
iron [25]. We postulate that when the radical-generating
drug doxorubicin is combined with an increased amount of
“chelatable” cellular iron, the activity of doxorubicin may
be enhanced. To achieve this, we used DFO to limit iron
access to cells, aiming at an increase in TfR expression so
as to increase the uptake of transferrin-bound iron. DFO
infusion was followed by the administration of iron sorbi-
tol citrate (ISC), for rapid saturation of transferrin and
doxorubicin. Possible DFO-mediated effects on the cellu-
lar antioxidant system may provide additional benefit.
Cells in the quiescent state, which exhibit very limited
expression of TfR, are less sensitive to this mechanism
[29] in comparison with tumor cells with a high prolifera-
tion rate.
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Table 1. Treatment schedule

Day 1, 5:00 p.m. DFO at 50 mg/kg given by continuous
i.v. infusion over 72 h

Day 4, 5:00 p. m. Termination of the DFO infusion

Day 4, 11:00 p.m. 100 mg iron sorbitol citrate i.m.

Day 5, 9:00 a. m. Dox or CHOP chemotherapy

Day 5, 11:00 a.m. 50 mg iron sorbitol citrate i. m.

The sequence is repeated every 3—4 weeks. DFO, Desferrioxamine;
CHOP chemotherapy, cyclophosphamide (750 mg/m?, i. v.), doxorubicin
(50 mg/m?, i.v.), vincristine (1.4 mg/m?, i.v.), prednisone (100 mg p.o.
for 5 days)

Although DFO is considered to be safe, ocular, audi-
tory, and pulmonary side effects and an increased suscepti-
bility to infection may occur [5, 15, 26, 31]. In general, the
ocular toxicity is reversible after withdrawal of the drug,
although irreversible ocular damage has been reported [1].
As compared with patients showing an iron overload, in-
creased toxicity has been suggested for patients whose iron
status is normal [28]. We initiated a phase I study to eval-
uate the toxicity of the sequence of DFO, ISC, and doxoru-
bicin given alone or as combination therapy. This report
describes the resultant toxicity and the response of patients
to this combination.

Patients and methods

Seven men and two women (mean age, 53 years; range, 30-70 years)
with malignant disease were admitted to hospital for sequential treatment
with DFO, ISC, and doxorubicin (or a doxorubicin-containing regimen)

Table 2. Patients’ characteristics and treatment-related response and toxicity

as detailed in Table 1. The study was approved by the ethics committee
of the University Hospital Utrecht. All patients had been heavily pre-
treated with conventional chemotherapy and experienced progressive
disease during prior treatment. The patients’ characteristics are presented
in Table 2. The sequential scheme was repeated every 3—4 weeks.

The study design included a dose-escalation scheme for doxorubicin,
starting with 20 mg/m?, followed by 50 mg/m? (as in the CHOP regi-
men), 60 mg/m?, and 70 mg/m2. At least two patients received doxorubi-
cin at every dose level before proceeding to the next higher dose. If a
patient was treated with more than one course, the delivered dose of
doxorubicin was not changed. The doses of DFO and ISC remained the
same throughout the study. Patients with Non-Hodgkin’s lymphoma
received the standard CHOP regimen without dose escalation.

In anticipation of the possible ocular toxicity of DFO, we performed
an ophthalmological examination, including the registration of visual
evoked potentials, prior to and immediately after DFO administration.
These measurements were repeated every 6 weeks. Additional oph-
thalmological tests were performed if abnormalities were observed.
Audiograms were obtained every 6 weeks. Microbiological cultures,
specifically those for Yersinia, Salmonella, Staphylococcus aureus, Mu-
cormycosis, and Listeria spp., were performed only when clinical suspi-
cion of infection existed. Doxorubicin cardiotoxicity was monitored by
ECG and radionuclide scintigraphy during rest and exercise at cumula-
tive doxorubicin concentrations exceeding 350 mg/m?. Other toxicity
was evaluated according to WHO criteria [23]. Serum iron, iron satura-
tion, serum ferritin and transferrin, and uvrinary iron excretion were
monitored using routine laboratory methods.

Results

In all, 9 patients were treated with the study regimen and
received a total of 24 courses. In addition to DFO and ISC,
five patients received doxorubicin (in increasing doses) as
a single agent, whereas four patients were given doxorubi-
cin as part of the CHOP regimen (Table 2).

Patient Histology Previous Dox Response oT Pht

treatment (mg/m?)
Gastric AC FAMTX, FAM 20 - No Yes

B Gastric AC FAM 20 - No No

C NHL CHOP, COP, CHOP PR Yes Yes
Chl, Mitox
E/MTX/C

D NHL CHOP, COP, CHOP PR No Yes
ProMACE-
MOPP, Chl

E NHL COP, CHOP, CHOP PD No No
MTX, Ara-C,
VP16, Chl

F NHL COP, CHOP, CHOP PD No Yes
ProMACE-
MOPP

G Bladder CDDP, MTX 60 - Yes No

carcinoma leucovorin
H SCLC CDE 60 - No No
1 Ovarian CP, Gemcy- 70 - Yes Yes
carcinoma tabine

Ara-C, 1-B-p-arabinofuranosylcytosine
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Fig. 1. Acute DFO maculopathy in the right eye of patient G. Red-free
fundus picture of the serous detachment in the macula, showing discrete
whitening of the RPE (top, left). Fluorescein angiogram revealing faint

Toxic effects

Ocular toxicity occurred in the macula in two of nine
subjects (patients G and I). Both patients complained of
acute decreased visual acuity and xanthopsia within 24 h of
the completion of the first course. Visual acuity decreased
in both eyes to 0.3 in patient I and to 0.6 in patient G;
marked metamorphopsia was noted in both cases on the
Amsler grid chart. Funduscopy revealed a similar picture
in these two patients: a bilateral serous elevation of the
neurosensory retina in the macular area.

Fluorescein angiography was performed promptly in
patient G, revealing increased leakage of dye across the
retinal pigment epithelium (RPE), which started during the
early venous phase (see Fig. 1). No delayed choroidal per-
fusion was noted. The fluorescence pattern of the optic
disc, retinal vessels, and retinal periphery was normal. In
both patients, progressive pigmentary changes appeared in
the macula at 3—4 weeks after the onset of symptoms with
the gradual disappearance of the serous elevation.

In patient I we performed color-vision tests, electroreti-
nography (ERG), electro-oculography (EOG), and tests for
visual evoked potentials (VEPs) at 1 h after the onset of the
maculopathy. In spite of the xanthopsia, all color-vision

multiple and confluent leakage starting at 36 s after dye injection in the
venous phase (fop, right). An increase in staining finally becomes evident
throughout the damaged RPE (bottom, left and right)

tests were within normal limits (Ishihara plate test and
Lanthony 15-hue desaturated caps test). Additional color-
vision tests were refused. The ERG and EOG were normal;
the VEPs demonstrated subnormal amplitudes with normal
latencies.

A third individual (patient C) experienced a short period
(4 h) of xanthopsia at 2 days after the termination of the
regimen, but by the time he was studied the symptoms had
disappeared and no abnormalities could be detected. Sub-
sequent courses were not complicated by ocular toxicity in
this patient.

Phlebitis was a severe and debilitating complication in
five of nine patients, requiring new peripheral intravenous
devices more than once a day. Phlebitis was not related to
doxorubicin treatment, since it occurred within 24 h of the
initiation of the DFO infusion. Diluting DFO in large
volumes of saline did not prevent this side effect.

Auditory functions were not impaired. Hematological
toxicity was not observed. The WBC differential revealed
monocytosis after the DFO infusion (range, 14%—-36%) in
four patients. No episode of arrhythmia or angina pectoris
was encountered. The left ventricular ejection fractions
determined during rest and exercise remained normal. Hair
loss was seen in all patients. Nausea and vomiting were
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Table 3. Pretreatment evaluation of the patients’ iron status and response
to DFO infusion as measured by urinary iron excretion and saturation of
serum transferrin with iron

Patient Ferritin Tf Satp Sat, Fe; Fey
we) @) % (@) @ EM72h)

A 12 2.32 18 22 10 -

B 474 2.27 14 10 7 433
C 809 2.28 26 12 12 41
D 452 2.16 37 18 24 112
E 732 1.33 41 36 14 578
F 93 2.24 21 13 10 222
G 872 1.95 - - - -

H 664 1.88 5 10 1.8 2
I 340 2.18 24 14 12 440

Tf, Transferrin; Saty, transferrin saturation with iron before DFO treat-
ment; Sat,, transferrin saturation with iron after DFO treatment; Fes,
serum iron concentration; Fey, cumulative urinary iron excretion during
the 72-h DFO infusion

mild. Diarrhea was not observed. Therapy-related infec-
tions did not occur.

Response to treatment

Four patients with Non-Hodgkin’s lymphoma were evalu-
able for response. All four patients had previously received
CHOP chemotherapy, and all initially responded to this
treatment except patient C, who had progressive disease
from the onset. Patients C and D, who received seven and
six courses of DFO/ISC/CHOP, respectively, achieved a
partial remission; the duration of response was 5 months in
patient C. Patient D reached a cumulative doxorubicin
dose of 800 mg/m? without showing signs of cardiac toxic-
ity or tumor progression and proceeded to alternative che-
motherapy with bone marrow transplantation. Patients E
and F developed progressive disease.

Iron status

The pretreatment evaluation of the patients’ iron status is
presented in Table 3. Although serum ferritin levels were
high, as commonly seen in malignant diseases, none of the
patients was considered to have an iron overload. DFO
treatment resulted in a small decrease in serum latent iron-
binding capacity (47 & 19 before vs 35+ 8 after DFO) and
jron saturation (23% £12% before vs 17%+9% after
DFO). Urinary iron excretion during DFO infusion varied
substantially. After administration of ISC, iron saturation
ranged from 58% to 89%, whereas the average latent iron-
binding capacity was 11+7 (range, 4-22). Serum iron
content is the sum of transferrin-bound iron and small-mo-
lecular-weight iron complexes. It must be noted that after
ISC administration, serum ISC complexes may have been
included in the determination of serum iron content. The
observed increase in transferrin-saturation measurements
may therefore have reflected the serum content of absorbed
ISC and transferrin-bound iron.

Discussion

The present study investigated the toxicity of treatment
with DFO, ISC, and doxorubicin-containing chemotherapy
in nine patients. The results obtained in two of four patients
with heavily pretreated Non-Hodgkin’s lymphoma indi-
cate efficacy. One subject (patient C) responded to treat-
ment despite initial resistance to CHOP chemotherapy.

Several observations formed the basis of the present
approach. Transferrin receptor (TfR) expression has been
related to the proliferative potential of malignancies [12,
21]. Non-Hodgkin’s lymphoma exhibits variable TfR ex-
pression, and an increase in TfR expression has been sug-
gested to correlate with a better response to treatment [17].
DFO has been demonstrated to up-regulate TfR expression
and increase iron uptake [3, 33].

The mechanism of action of anthracyclines partly in-
volves the generation of oxygen radicals in the presence of
an iron catalyst [25]. Delivering an increased amount of
circulating transferrin-bound iron (by the inclusion of ISC
in the present regimen) to tumor cells with the ability to
increase iron uptake by means of an increase in TfR ex-
pression may result in a more favorable radical-generating
“chelatable” iron/doxorubicin ratio. A reduction in the
cellular antioxidant defense has been demonstrated to en-
hance the in vitro effectivity of doxorubicin [13]. Alkylat-
ing agents such as those included in the CHOP regimen
reduce the cellular antioxidant status [14] and may have an
additional toxic effect.

Several in vitro studies have indicated a possible proox-
idant effect of DFO [9, 20, 24] and have cautioned against
the use of DFO under conditions of elevated oxidative
stress. Via a mechanism that is incompletely understood,
DFO changes the cellular antioxidant defense system in
vitro and in vivo toward a possibly increased susceptibility
to oxidative stress [34]. Combining DFO with cytostatic,
radical-generating drugs such as anthracyclines imposes
such oxidative stress on cells. In agreement with this ap-
proach is the previous observation that DFO enhances the
activity of doxorubicin in neuroblastoma cells [2]. It has
been demonstrated that DFO induces cell-cycle synchroni-
zation [3]. This effect may be advantageous when DFO is
used in combination with drugs that are active in a specific
phase of the cell cycle (e. g., doxorubicin). In vitro studies
have shown that DFO-induced cell-cycle synchronization
and cytotoxicity occur when cells are cultured in growth
medium supplemented with fetal bovine serum [33]. Fetal
bovine serum contains bovine transferrin, which has a low
affinity for human TfR, if any. No effect on the distribution
of cells in the various cell-cycle phases was observed in the
presence of human pooled serum containing human trans-
ferrin. This indicates that cell-cycle synchronization may
not be relevant at DFO concentrations that are achievable
in humans.

It should be noted that the responses to the present
treatment were observed in patients who received doxoru-
bicin as part of the CHOP regimen rather than as a single
agent. Therefore, we cannot rule out the possibility of
DFO- and ISC-mediated tumor sensitization to cyclo-
phosphamide, vincristine, or prednisone.



Although we observed responses to the treatment, ocu-
lar toxicity and severe phlebitis posed a significant prob-
lem. The ocular toxicity clearly occurred at the macular
RPE level. Fluorescein angiography in patient G revealed
the initial damage and its disturbing sequelae. A light mi-
croscopy study has also documented RPE changes in the
entire retina following high-dose DFO treatment [30]. That
the EOG (representing RPE function in general) was nor-
mal in patient I might be explained by the selective local-
ization of the RPE damage. The EOG reflects the response
of the entire retina, whereas in our patients, only the macu-
lar area was affected. The xanthopsia pointed to sudden
changes in the macular area, evoking an imbalance of color
perception [22] with a predilection for short-wavelength-
sensitive cones. The Amsler grid chart was a sensitive
indicator of acute DFO maculopathy. The benefits of
screening by EOG seem to be limited in the revelation of
acute ocular side effects of DFO. The mechanism of DFO-
induced acute ocular toxicity remains to be elucidated.
These data suggest that the ocular toxicity of DFO seems to
be related to the underlying disease and/or concomitant
treatment rather than to the prescribed DFO dose.

DFO is widely used in the treatment of iron-overload
disease and aluminum intoxication in chronic renal failure.
For these indications, only a low incidence of DFO-related
ocular toxicity has been reported [4, 6, 10, 22]. DFO-relat-
ed ocular toxicity has been observed in studies involving
patients with rheumatoid disease [27] and in a leukemia
patient treated with DFO and cytosine arabinoside [19]. On
the other hand, treatment of nine neuroblastoma patients
with a single course of high-dose DFO did not result in
ocular side effects [11]. Similar results have been obtained
using low doses of DFO in Alzheimer’s disease [8] and at
doses comparable with ours in adults with asymptomatic
Plasmodium falciparum parasitemia [16]. Ocular toxicity
is generally reversible after DFO withdrawal, although
irreversible damage has been reported [1].

We employed a relatively low dose of DFO and en-
countered ocular toxicity in two patients. These patients
were the only ones in our study with a history of cisplatin
treatment. Cisplatin has been reported to cause retinal tox-
icity in the form of cone dysfunction [36]. The cumulative
cisplatin dose was considered to be an important factor,
and symptoms persisted for up to 16 months in some
patients. The cumulative cisplatin doses in patients G and I
were relatively low (240 and 150 mg/m?, respectively).
The interval between cisplatin treatment and DFO infusion
was about 16 months. We suggest that previous treatment
with cisplatin may have enhanced DFO-related ocular tox-
icity in the present study. Therefore, we caution against the
use of DFO in cisplatin-pretreated patients.

Unexplained, severe phlebitis was frequently observed
following DFO infusions. This side effect has not been
reported when DFO is given to treat iron overload disease.
Although pulmonary toxic effects of DFO have been de-
scribed {31, 35], no manifestation of lung injury was en-
countered in the current study. As mentioned earlier, pro-
liferating cells such as tumor cells, bone-marrow progeni-
tor cells, and intestinal epithelial lining are considered to be
most affected by this regimen. Although we observed a
regression of the tumor volume in two patients, this re-
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sponse was not accompanied by hematological toxicity or
gastrointestinal symptoms. This finding may indicate an
organ-specific response to the regimen.

We conclude that the hypothesis that our regimen of
DFQ, ISC, and doxorubicin exerts enhanced activity may
be true as judged from the responses observed in patients
with refractory Non-Hodgkin’s lymphoma. However, ocu-
lar toxicity (i.e., acute maculopathy) and severe phlebitis
limit the use of DFO on this schedule. A history of cisplatin
treatment may enhance DFO-induced maculopathy. Serial
ophthalmic examination of these patients is imperative.
Modulation of the toxicity of DFO by covalent attachment
to biocompatible polymers [18] may be a method for over-
coming the observed toxicity in the future and warrants
further study.
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