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ABSTRACT

In vivo innnunochemotherapyof humansolid tumorswas studiedin a
nude mouse model. Large tumors(3 to 6 cm3)were inducedby s.c.
injectionof theacutelymphoblasticleukemiaT-cell line(EM. Transient
tumorinhibitioncouldbe achievedby intratumoralinjectionof an intact-
ricinimmunotoxinthatspecificallyrecognizesadeterminantCDS(T,p67)
expressedon the cell surface.Injectionof the in vitroactivecyclophos-
phamidecongenermafosfamidhad little effect on the progressionof
tumorgrowth.A combinationregimenof immunotoxinandmafosfamid
inducedthe most dramaticantitumoreffect;a 72 to 100%reductionin
tumorvolumewasobservedwithin3 to 4 days posttreatment.However,
tumorsrelapsedwithin5 to 13 days. Persistent,tumorregressionwas
observedonly when protocolsusing successive injectionsof combined
immunotoxin/mafosfamidwere used. AH seven mice undergoingthis
treatmenthad a precipitousdecreasein tumorsize, and 86% survived
greaterthan30 daysposttreatment.No residualtumorwasdetectableon
Day 30 in five of seven mice. Regressionwas partlyattributedto the
selectiveactivityof immunotoxin,since successiveinjectionsof an irrel
evantcontrolimmunotoxincoupledto ricinin combinationwith mafos
famiddid not reducetumorsize. Thus, we have demonstratedthat a
combinationof anticancerchemotherapyand immunotoxintherapy
yieldeda greaterantitumoreffect thaneithertherapyalone.

INTRODUCTION

IT5, Le, MoAb covalently bound to toxins such as ricin,

diphtheria toxin, abrin, gelonin, or pokeweed antiviral protein,
represent a new class of highly selective and potent drugs in
modern cancer therapy. Several preclinical studies have dem
onstrated the potential of cell type specific IT for the treatment
of human cancer (1-15). Based on our previous experimental
findings (3, 13, 14, 16-21), intact ricin IT are being utilized at
the University of Minnesota (a) to selectively eliminate residual
leukemic cells from stem cell grafts in autologous BMT for
acute lymphoblastic leukemia and (b) to deplete donor T-cells
from marrow grafts for GVHD prophylaxis in allogeneic BMT.
Besides their current use as purgative reagents in BMT for
hematological malignancies, IT also offer clinical potential for
the treatment of human solid tumors (6, 7, 10, 11, 15). We
have recently used an in vivo nude mouse model to demonstrate
that local application of intact ricin conjugated to anti-CD?
(T,p67) TlOl-MoAb will selectively inhibit the progressive
growth of small (0.3 to 0.5 cm2 or 0.6 to 0.15 cm3) xenografts
of human T-cell neoplasms expressing the target CDS (T,p67)
surface determinant (6). The response of such heterotran-
splanted human tumors to anticancer reagents may be predic
tive of clinical response (22-25). Therefore, we extended our
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preliminary studies using this in vivo model system. Specifically,
we tested the feasibility of using IT combined with mafosfamid
(26), a synthetic derivative of cyclophosphamide. This immu-
nochemotherapy was used to treat large (3 to 6 cm3), established

neoplastic human xenografts in athymic nude mice. We found
that combined local treatment with IT and mafosfamid is
superior to either IT or mafosfamid alone. The efficacy of
combined treatment was dependent on the specificity of im
munotoxin. We conclude that combined strategies may prove
effective for treatment of primary human neoplasms.

MATERIALS AND METHODS

Immunotoxin Preparation. TI01, an IgG2a MoAb, recognizes CD5,
p67 glycoprotein,6 on all human T-cells (27) (T101 was generously

provided by Hybritech, Inc., LaJolla, CA). M6 3D10 is an IgGl MoAb
recognizing a guinea pig idiotype (28). (M6 3D10 was generously
provided by Dr. Freda Stevenson). T101 and M6 3D 10 MoAb were
linked to intact ricin by thioether linkage as previously described (9).
Briefly, ricin was reacted with m-maleimidobenzoyl-W-hydroxysucci-
nimide ester to link maleimide residues to ricin. MoAb was prepared
for cross-linking by partial reduction of disii Ifide bonds with 10 m\i
Dithiothreitol for 30 min. Maleimide-linked ricin was mixed with
sulfhydryl that contained antibody to form a nonreducible thioether
linkage between the two species. IT was purified by high-performance
liquid chromatography as described (9).

Mafosfamid. ASTA Z 7557 or mafosfamid was supplied by Dr.
Peukert, ASTA Werke AG, Bielefeld, Federal Republic of Germany.
The drug was dissolved in PBS and sterilized by passage through 0.22-
fitn Millipore filters prior to injection. LDM of mafosfamid in mice is
8 mg/20-g body weight when injected i.v.7

Cell Lines. The human T-cell leukemia line CEM (30) was main
tained in culture (5% CO2/95% air at 37Â°C).Cells were passaged every

4 days in culture medium (RPMI 1640 supplemented with 10% fetal
calf serum and antibiotics). Fluorescence-activated cell sorter analysis
shows that CEM is reactive with Tl01-ricin, but not M6 3D10-ricin in
the presence of lactose (data not shown).

Mice. Four- to 5-wk-old female BALB/c nude (nu/nu) mice (from
the Mammalian Genetics Animal Production Center, National Cancer
Institute) were kept under sterile conditions. They were maintained on
Purina laboratory chow mouse diet and were given water supplemented
with 10 ppni sodium hypochlorite.

Transplantation of CEM Cells to Nude Mice. CEM cells (I07/0.5 ml)

were injected s.c. into the flanks of nude mice as previously described
(6). The developing solid tumors were subsequently removed from the
mice and minced, and viable cells were isolated by Ficoll-Hypaque
density gradient centrifugation. The cells were recultured in vitro for
heterotransplantation in nude mice. These cells caused tumor formation
faster (within 5 to 10 days) than the original CEM cell line (within 15
to 20 days). Tumors of 3 to 6 cm3 were found to contain 40 to 60 x
IO6viable cells. The tumor cells retained the antigenic characteristic of

the cell line specifically binding T101 MoAb and Tl01-ricin IT in the
presence of lactose, as previously shown by immunofluorescence assay
(6).

Tumor Treatment with IT and Mafosfamid. Large CEM tumors of 3
to 6 cm3 were treated by intratumoral injection of T101 -ricin (or control
M6 3D10-ricin) in combination with mafosfamid in 0.4-ml solution.
Mafosfamid was used at a concentration of 500 Â¿tgin 0.2 ml PBS. This
dose in 16-fold lower than LD50 (see above). IT was prepared in PBS

6Clusters of differentiation were defined at the First and Second International
Workshops on Human Leukocyte Differentiation Antigens.

7 Peukert, personal communication.
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containing 500 IHMlactose at a concentration of 5 /tg/0.2 ml or 2.S /<g/
0.2 ml. For combination therapy, IT and mafosfamid were mixed prior
to injection. As controls, tumor-bearing mice were treated with T101-
ricin alone, mafosfamid alone, M6 3D10-ricin plus mafosfamid, or
were not treated. In all experiments, injection of intratumoral IT was
preceded by an i.v. injection of 0.7 ml or 500 mM lactose in PBS. We
have previously shown that i.v. lactose administration renders intact
ricin IT cell type specific in this animal model (6). Various regimens of
the reagents were administered to the tumors as detailed in "Results."

All tumor-bearing mice were observed up to 6 wk. Gross tumors were
measured in 3 dimensions to achieve a more accurate evaluation of
size. Tumor volume was estimated from measurements of 3 perpendic
ular axes.

RESULTS

Treatment of Large CEM Tumors with TlOl-Ricin IT Alone
or Mafosfamid Alone. To evaluate the in vivo antitumor efficacy
of Tl 01-ricin IT alone against established CEM tumors, 2 nude
mice bearing large CEM tumors (6.3 and 3.3 cm3, respectively)
were treated with a single intratumoral injection of 5 Â¿igT101-
ricin IT plus i.v. lactose. Within 4 days following treatment,
tumor mass was reduced by 47 and 64%, respectively (Table 1,
Mice 1 and 2). However, regrowth occurred, and tumors
reached a size of 6.2 and 5.7 cm3, respectively (Table 1; Fig. 1).

Interestingly, we observed an arrest of tumor growth in Animals

Table 1 Treatment of CEM tumors with Tl 01-ricin IT alone

Mice bearing large CEM tumors were given injections intratumorally of S fig
lidi -ricin IT in 0.2 ml lactose (500 mM). This treatment was repeated 2 days
later in mice 3 and 4. All mice received an injection i.v. of 0.7 ml 500 mM lactose
prior to intratumoral IT.

InitialtumorMouse1234Initial
tumorsize

(cm3)6.33.34.43.4Day
ofinjection000,20,2reduction(%)Â°4764510Finaltumorsize

(cm3)6.25.74.69.7Survival(days)23242515

" Percentage of initial tumor reduction

initial tumor size â€”tumor size posttreatment

initial tumor size
x 100.

22 24 26 28 30

Days Post Treatment

Fig. 1. Growth of CEM tumors following treatment with a combination of
TlOI-ricin IT and mafosfamid: Protocol I. Two representative mice bearing 3- to
6-cm3 tumors were given injections intratumorally with 5 MBTlOI-ricin IT and
500 mi mafosfamid in 0.4 ml lactose (500 mM). When tumors regrew on Day 5
or 8, treatment was repeated with 2.5 fig TlOI-ricin IT and 500 MKmafosfamid
(O, â€¢).As a control, 2 CEM tumor-bearing mice were given intratumorally a
single injection of 5 MgTlOI-ricin IT (D, â€¢)or 500 Â¿igmafosfamid (A, A). All
mice treated with IT received an initial injection i.v. of 0.7 ml lactose (500 HIM).

1 and 2 posttreatment. These immunodeficient mice died on
Days 23 and 24 posttreatment, most likely due to secondary
infection of the necrotic tumor mass. Importantly, we did not
observe symptoms of ricin poisoning, such as weight loss and
skin hemorrhages (6). In an attempt to improve the therapeutic
outcome, 2 additional mice received 2 intratumoral injections
of TlOI-ricin IT 2 days apart (Table 1, Mice 3 and 4). This
serial treatment protocol did not prove effective either. In
Mouse 3 the tumor showed only a partial response and was
reduced by 57% on Day 8 following treatment (Table 1; Fig.
2). However, tumor arrest was transient, and subsequent re-
growth occurred as shown in Fig. 2. In Mouse 4, the tumor did
not regress significantly and showed rapid progression as early
as 4 days after treatment (Table 1; Fig. 2).

We also examined the in vivo efficacy of mafosfamid against
established large CEM tumors. Two tumor-bearing mice re
ceived a single intratumoral injection of 500 Â¿tgmafosfamid.
This treatment did not prove effective, and the tumor mass
reached a size of 28 to 30 cm3 within 8 to 13 days (Table 2,

Mice 1 and 2; Fig. 1). This rapid tumor progression was similar
to that seen in the untreated control group of 3 tumor-bearing
mice that died within 18 to 25 days after the CEM tumor mass
reached a size of 38 to 40 cm3. Cause of death in these animals

is uncertain, but the large tumor mass suggests that death was
tumor related. Two intratumoral injections of 500 ^g mafos
famid 2 days apart also did not cause a significant reduction in
tumor size (Table 2, Mice 3 and 4; Fig. 2). Tumors showed a
fast progression, reaching a size of 36 to 45 cm3 within 23 days

(Table 2; Fig. 2).

10 12 14 16 18 20 22 24 26 28 30

Days Post Treatment

Fig. 2. Growth of CEM tumors following treatment with a combination of
I lui ricin IT and mafosfamid: Protocol II. Two representative mice bearing
tumors of 3 to 6 cm3 were given injections intratumorally with 5 /ig TlOI-ricin

IT and 500 fig mafosfamid (O, â€¢)in 0.4 ml lactose (500 mM). On Day 2, a second
injection was given with 2.5 fig 1101 ricin IT and 500 fig mafosfamid. Two
additional injections were administered 1 wk apart when tumor regrew. As
controls, 2 tumor-bearing mice were given intratumorally 2 injections of 5 fig
TlOI-ricin IT (D, â€¢)or 500 fig mafosfamid (A, A) on Days 0 and 2. All mice
treated with IT received an initial injection i.v. of 0.7 ml lactose (500 mM).

Table 2 Treatment of CEM tumors with mafosfamid alone
Mice bearing CEM tumors were given injections intratumorally of 500 fig

mafosfamid in 0.2 ml PBS. Mice 3 and 4 received a second injection on Day 2.

InitialtumorMouse1234Initial
tumorsize

(cm3)5.74.04.33.2Day
ofinjection000,20,2reduction(%)0005Finaltumorsize

(cm3)30283645Survival(days)8132323
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Treatment of Large CEM Tumors with 111)I-Ricin IT in Com

bination with Mafosfamid

Protocol 1. To determine whether a combination of T101-
ricin IT and mafosfamid would be more effective than either
Tl01-ricin IT or mafosfamid alone, 2 tumor-bearing mice were
given i.v. lactose followed by intratumoral injection of 5 ng
Tl01-ricin IT combined with 500 \i%mafosfamid (Fig. 1; Table
3, Mice 1 and 2). As shown in Fig. 1, the tumor mass was
reduced to less than 0.3 cm3 within 3 to 4 days. However, we

observed a relatively early recidivism on Days 5 to 8. After
tumor progression was documented, we administered a second
bolus injection consisting of 2.5 MgTlOl-ricin IT and 500 ng
mafosfamid. Although tumor growth was completely inhibited
for 6 to 8 days, tumors started to regrow on Days 15 and 16.
By Day 30, tumors reached a size of 1.8 to 3.0 cm3 (Fig. 1).

Interestingly, in Mouse 1 the tumor spontaneously regressed
and became necrotic on Day 38. This mouse is surviving with
no detectable tumor 40 days after initial treatment (Table 3,
Mouse 1).

Since we observed a second recidivism in both mice receiving
Protocol 1, we increased the IT dose in the second bolus
injection to improve the therapeutic efficacy. Three tumor-
bearing mice were initially treated with intratumoral injection
of 5 /ig TlOl-ricin IT and 500 Â¿igmafosfamid (Table 3, Mice 3
to 5). This treatment was repeated when we observed recidivism
on Days 5 to 13, following initial reduction of tumor size by 72
to 96% (Table 3). Tumor size was 0.13 to 1.8 cm3 when tumor

progression was documented. Although in 2 of 3 mice tumor
mass was virtually eliminated after second injection, all 3 mice
in this group displayed symptoms of ricin poisoning (weight
loss, skin hemorrhage, respiratory distress, loss of balance) (6).
These mice died on Days 15 to 23 (Table 3, Mice 3 to 5).

Protocol II. Our first combination protocol described above
resulted in initial reduction of tumor mass by 90 to 100% in 4
of 5 mice (Table 3). However, early recidivism was observed in
all mice, and the outcome of the second bolus injection was not
satisfactory. Based on these findings, we modified our protocol
in an attempt to reduce the incidence of early recidivism. Seven
tumor-bearing mice received a local treatment of 5 ng Tl01-

ricin IT combined with 500 jig mafosfamid after i.v. lactose

administration, as in Protocol I. This resulted in 100% reduc
tion of tumor size in 5 of 7 treated mice within 2 days (Table
3, Mice 6 to 12). To eradicate residual CEM cells that escaped
initial treatment, a second intratumoral bolus injection of 2.5
Hg T101-ricin IT and 500 Mg mafosfamid was administered on
Day 2. Fig. 2 shows the course of therapeutic response in 2
representative nude mice. Despite this consolidation therapy,
recidivism occurred within 5 to 7 days after second injection.
Regrowing tumors were treated with 2 to 3 more injections 1
wk apart. This serial treatment protocol successively reduced
the remaining tumor burden, and in 100% of mice a persistent,
complete regression was obtained (Table 3). Eighty-six % of
tumor-bearing nude mice undergoing this protocol survived
over 30 days posttreatment. No residual tumor was detectable
in 5 of 7 mice, but a calcified necrotic mass (Fig. 3A) or a
fibrotic scar (Fig. 3Ã„) was observed at the previous site of
tumor. In the remaining 2 mice, the tumor mass was reduced
to less than 10% of its initial size (Table 3).

Specificity of TlOl-Ricin/Mafosfamid Treatment

To determine whether or not the efficacy of TlOl-ricin/
mafosfamid treatment was dependent on specific binding of
TlOl-ricin to CDS on the surface of the CEM cell line, tumor-
bearing mice underwent successive treatment with an irrelevant
control immunotoxin, M6 3D10-ricin, combined with mafos
famid. Three mice (Nos. 13 to 15) bearing tumors of 5.2 to 6
cm3 were treated with our more aggressive Protocol II in a

manner identical to Mouse 7 (Table 3). Despite 4 successive
injections of control immunotoxin/mafosfamid, there was no
initial reduction of tumor size in any of the mice tested. Tumor
size increased to 30.4 to 34.4 cm3 over 28 days of observation.
By contrast, Protocol II utilizing TlOl-ricin/mafosfamid re
sulted in initial tumor reductions of 60 to 100%.

Tumor Destruction: Morphology

After treatment with 5 fig TlOl-ricin IT alone, the upper
part of the tumor mass became necrotic within 2 days. On Days
3 to 7 a small defect was observed on the top of the tumor (Fig.
4B). This open wound healed, and tumor continued to grow in
its periphery.

After treatment with 500 ng mafosfamid alone, tumor con-

Table 3 Treatment of CEM tumors with TlOl-ricin IT plus mafosfamid
Mice bearing CEM tumors (3 to 6 cm3) were given an initial injection i.v. of 0.7 ml 500 HIMlactose and then received an intratumoral injection of 5 Â¿igTlOl-ricin

IT mixed with 500 *Â¿gmafosfamid in 0.4 ml lactose (500 IHM).In Protocol I, treatment was repeated when tumors regrew. Mice 1 and 2 were given reinjections on
Day 8 or 5 with 2.5 *tg IT and 500 pg mafosfamid, while Mice 3 to 5 received 5 MgIT and 500 ng mafosfamid on Days 13, 5, or 10. In Protocol II, all mice were
given reinjections on Day 2 with 2.5 n%IT and 500 Mgmafosfamid. This regimen was reapplied each time tumors regrew on the day indicated in the table.

MouseProtocol

I12345Protocol

II6789101112Protocol

II control (M63D10-ricin/mafosfamid)131415Initial

tumor
size(cm3)5.54.83.43.46.33.33.63.83.15.04.74.95.25.26.0Dayofinjection0,80,50,

130,50,

100,20,

2, 14,230,
2, 12,210,
2, 12, 21,330,
2, 8, 16,280,
2,120,
2, 16,280,

2, 14,230,
2, 14,230,
2, 14, 23Initial

tumor
reduction

(%)100>9472>96>901001001001001006064000Final
tumor

size(cm3)03007.90000.1000.330.439.834.4Survival(days)40+3120152335+34+35+3640+253128+2828
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Fig. 3. BALB/c-nu/nu mice bearing CEM tumors following combined IT and
mafosfamid treatment. Both mice received intnniimorali> 5 *igTlOl-ricin IT and
500 fig mafosfamid. Two days later, they received reinjections of 2.5 Â«igII01
ricin IT and 500 itg mafosfamid. Two or 3 additional injections were administered
when tumor regrew (see Protocol II). Tumor regression most frequently occurred
in 2 forms: a calcified necrotic mass on the flank of the mouse, at the site of
tumor (33 days posttreatment) ( (): a fibrotic scar at the site of tumor (40 days
posttreatment) (B).

tinued to grow rapidly (Fig. 4C). In one mouse, a defect
occurred similar to those seen after treatment with Tl01-ricin
IT alone. Tumor continued to progress underneath the ulcer
ated tumor tissue.

Intratumoral injection of 5 ng TlOl-ricin IT combined with
500 ng mafosfamid resulted in rapid destruction of the tumor
mass in 3 morphologically distinct ways, (a) Tumor ulcerated
within 2 to 4 days, resulting in a crater-like tissue defect on the
flank of the mouse (Fig. 4D). This defect healed and left a flat,
fibrotic scar (Fig. 4Â£).Tumor recidivism occurred adjacent to
this scar tissue (Fig. 4E). (b) First, the upper part of the tumor
mass became necrotic. Subsequently, this superficial necrosis
progressed to total tumor necrosis within 2 to 5 days. On Days
7 to 11 the necrotic mass was rejected, leaving an open wound
on the flank. This tissue defect rapidly healed and was replaced
by a white flat fibrotic scar (Fig. 3B). (c) In some mice, no
immediate changes in tumor morphology were discernible. Tu

mor tissue became necrotic 1 to 2 wk after treatment and formed
a partially calcified mass on the flank (Fig. 3.-1).

Toxicity of TlOl-Ricin IT and Mafosfamid s.c. Injections to
Healthy Nude Mice

To determine the toxicity of IT and mafosfamid, healthy
nude mice were given injections s.c. of TlOl-ricin IT, mafos
famid, or a combination of both after i.v. lactose administration.
Two mice treated s.c. with 500 Â¿igmafosfamid alone remained
healthy throughout the study. There were no symptoms of
systemic toxicity or local tissue damage at the injection site
(Table 4). Two mice were given injections s.c. of 5 /Â¿gTlOl-
ricin IT. These mice displayed symptoms of ricin poisoning (6)
followed by death on Days 4 and 5 (Table 4). Two mice were
given 2.5 Â¿Â¿gTlOl-ricin s.c. One mouse initially lost weight but
recovered quickly. Both animals survived more than 40 days
with a fibrotic scar at the injection site, indicating limited local
tissue damage (Table 4). Interestingly, 3 mice receiving 5 ng
TlOl-ricin IT and 500 /ig mafosfamid remained healthy more
than 40 days with only a scar at the injection site (Table 4).
This is in contrast to our observation that 2 mice given injec
tions of 5 MgTlOl-ricin alone died (Table 4). In animals that
died with no discernible tumor, death was likely attributable to
development of infection within the aging nudes.

DISCUSSION

Immunotoxins have been used in experimental and clinical
settings for the ex vivo treatment of donor bone marrow for
purposes of GVHD prophylaxis (reviewed in Refs. 14 and 16).
A major challenge in the field of IT research is to develop these
highly potent and selective anticancer reagents for /;/ vivo use.
Studies using in vivo IT for treatment of residual disease in
mice have shown promise (18, 29, 31, 32). In a recent study,
we have investigated the potential of intact ricin IT in treatment
of human solid tumors (6). Utilizing a novel in vivo nude mouse
model of human neoplasia, we have shown that established
CEM solid tumors of small size (0.3 to 0.5 cm2 or 0.06 to 0.15
cm3 containing 1.5 to 3 x IO6 cells) can be effectively treated
with TlOl-ricin IT. Our findings using non-target cell lines and
irrelevant IT have clearly shown that the specificity of intratu-
moral IT therapy (a) depends on systemic administration of
lactose prior to IT treatment and (b) is not absolute.

Given the current limitations of our model system, we have
extended our previous studies and evaluated the efficacy of
TlOl-ricin IT alone, and in combination with mafosfamid, a
synthetic cyclophosphamide derivative, against large CEM tu
mors (3 to 6 cm3 containing 40 to 60 x IO6cells). Mafosfamid
in combination with TlOl-ricin IT was selected for the follow
ing reasons, (a) IT have been shown to be cell type specific and
extremely potent (1-15, 28, 29, 31-34) and have been used
clinically for ex vivo treatment of human bone marrow (14, 16,
21). (b) DNA alkylating agents, such as mafosfamid, have been
used safely to deplete leukemia cells from human autologous
grafts prior to reinfusion and lymphohematopoietic recovery of
the treated patient (35). (c) These 2 approaches kill cells by
different mechanisms. IT inhibit cellular protein synthesis by
inactivation of the 60S ribosomal subunit (36), whereas mafos
famid prevents cells from dividing by DNA alkylation (26). (d)
Most importantly, in a recent study we demonstrated that a
combination of TlOl-ricin IT and mafosfamid was superior to
either TlOl-ricin IT or mafosfamid alone in inhibiting target
T-leukemia cells in vitro (19). Combined treatment with 1 \i%Â¡
ml TlOl-ricin IT and 50 fig/ml mafosfamid eliminated all but
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Fig. 4. BALB/c-nu/nÂ« mice bearing CEM
tumors following IT, mafosfamid, or combined
IT and mafosfamid treatments.. (. mouse bear
ing a CEM tumor of 4.8 cm3 before treatment.

lÃ¬,mouse bearing a CEM tumor that has been
treated intratumorally with S Â¿igT101-ricin IT
when it measured 6.3 cm3. Three days later,

note the defect on the top of tumor. The size
of tumor decreased to 3.3 cm3. C, mouse in
which a CEM tumor of 4 cm3 has been injected

intratumorally with 500 fig mafosfamid. At 3
days posttreatment, the tumor almost doubled
in size to 7.7 cm3. D, mouse in which CEM
tumor of 5.5 cm3 has been treated intratumor
ally with 5 nu TlOl-ricin IT combined with
500 *ig mafosfamid. At 3 days posttreatment,
a crater-like tissue defect was present at the
previous site of tumor. /;'. mouse at 8 days

following treatment described in Fig. 1D. The
defect healed, but tumor relapsed adjacent to
scar tissue.

Table 4 Toxicity ofs.c. TlOl-ricin IT/mafosfamid to healthy nude mice

Nude mice were given injections s.c. of 500 ng mafosfamid in 0.2 ml PBS or
2.5 to 5 fig TlOl-ricin IT in 0.2 ml lactose (500 HIM).Three other mice were
given s.c. the combined treatment of 500 fig mafosfamid and 5 >igTlOl-ricin IT
in 0.4 ml lactose (500 mM).

TreatmentMafosfamid

(500 *ig)

TlOl-ricin IT (5 fig)Signs

oftoxicityNone

Wt loss, hemorrhages,Survival%

Days100

38, 40

0 4,5

TlOl-ricin IT (2.5 fig)

Mafosfamid (500 fig) +
TlOl-ricin IT (5 fig)

respiratory distress,
loss of balance

Wt loss, local tissue 100 40+, 40+
damage, scar forma
tion (in 1 of 2 mice)

Limited local tissue 100 40+, 40+, 40+
damage, scar forma
tion

3 of 5 x IO7CEM cells in a highly sensitive in vitro clonogenic

assay. Mafosfamid was extremely toxic to tumor cells at 50 /ig/
ml, since treatment could eliminate 4.9 logs of CEM cells.

Higher concentrations of mafosfamid did not result in increased
tumor cell elimination (26, 33).

Based on these in vitro findings, we used 500 jugmafosfamid.
We calculated that this concentration should yield a supraop-
timal intratumoral drug concentration, since 500 /ig in 3- to 6-
ml tumor volume equal a concentration of 83 to 166 Mg/ml.
We used 5 ng TlOl-ricin IT, which should yield an effective IT
dose, since 5 Â¿igin 3 to 6 ml equal 0.8 to 1.7 /Â¿g/ml.We assumed
that this combination protocol would eliminate all CEM cells
in the established xenograft.

In Protocol I, 5 mice bearing large CEM tumors of 3 to 6
cm3 were given i.v. injections of lactose followed by intratu
moral application of 5 ng TlOl-ricin IT mixed with 500 ng
mafosfamid. Although the tumor mass was effectively reduced
to 0 to 28% of its initial size within 3 to 4 days, we observed
an early relapse in all animals. The outcome of a second
treatment was not satisfactory. Because of the high incidence
of tumor relapse, a more aggressive treatment was used that
consisted of 5 MgTlOl-ricin IT and 500 tig mafosfamid injected
intratumorally followed by a second treatment with 2.5 ng
TlOl-ricin IT and 500 ng mafosfamid 2 days later. The second
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injection was given in hope of eliminating residual tumor cells
that escaped initial treatment and led to an early recidivism.
Recidivism still occurred within 1 wk after the second injection.
Four to 5 serial injections (Protocol II) of TlOl-ricin IT and
mafosfamid were necessary for persistent, complete regression
in 5 of 7 treated mice, and tumor mass in the 2 remaining mice
measured only 0.1 to 0.3 cm3 (3 to 6% of tumor initial size).
Eighty-six % of treated mice survived over 30 days. Treatment
was specific since an irrelevant immunotoxin (directed against
guinea pig idiotype) combined with mafosfamid did not prevent
tumor growth when administered according to Protocol II. A
group of tumor-bearing mice given TlOl-ricin alone achieved
results of a transient arrest of tumor growth. The combined
treatment was clearly more effective than TlOl-ricin IT alone.
Surprisingly, mafosfamid by itself was not effective against
CEM cells in vivo. This lack of the predicted antitumor efficacy
of mafosfamid might be due to (a) the faster clearance of
mafosfamid in vivo or (b) a low intratumoral concentration if
the drug was not distributed well.

The reason why IT in combination with mafosfamid gave
greater tumor kill than the individual agents is not yet known.
Ricin A-chain is a potent inhibitor of protein synthesis by
inactivating the 60S ribosomal subunit. Even a single molecule
in the cytosol can destroy a cell (36). Thus, when a sufficient
number of surface receptors have bound Tl01-ricin/lactose, a
single A-chain molecule may find its way into the cytosol
compartment and kill the cell. In contrast, mafosfamid is a
DNA alkylating agent (26). It is possible that cells resistant to
ricin might be destroyed by drug treatment, and vice versa,
drug-resistant mutants might prove susceptible to immunotoxin
treatment. Other explanations are possible: (a) mafosfamid
might behave similarly to lysosomotropic agents, such as
NH4C1 or carboxylic ionophores (1, 6), that promote entry of
ricin A chain into the cytosol; (b) the cellular level of aldehyde
dehydrogenase, an enzyme responsible for the degradation of
the active cyclophosphamide metabolite (37), may decrease due
to IT-mediated inhibition of protein synthesis; or (c) IT in
combination with mafosfamid treatment may trigger a type of
rejection response or localized necrosis. Despite i.v. adminis
tration of lactose, s.c. injection of 5 Â¡igTlOl-ricin IT was lethal
to healthy nude mice not bearing tumors. Also, 3 mice receiving
a second intratumoral bolus injection of 5 fig TlOl-ricin IT
(Protocol I) displayed symptoms of ricin poisoning. Thus, for
the remaining studies, we reduced the IT concentration of
subsequent injections to 2.5 fig TlOl-ricin IT/mouse. Our
findings, as well as the findings of others (38), show that ricin
toxicity severely limits the in vivo potential of intact ricin IT
for treatment of systemic or malignant disease. Such problems
may be solved by (a) using ricin with the galactose binding site
chemically altered to make "better" IT (39); or (Â¿>)using hemi-

toxins that do not have receptors on human cells, such as
pokeweed anti-viral protein (PAP) (12). Surprisingly, the lethal
dose of IT (5 fig) in combination with 500 ng of mafosfamid
was not fatal to non-tumor-bearing mice. Also, less toxicity was
observed when mice received multiple intratumoral injections
of immunotoxin/mafosfamid. The reason for these results is
yet unknown. Possibly, mafosfamid might affect biodistribution
or enhance the rate of immunotoxin degradation in normal
animals.

Despite limitations, Protocol II, by utilizing immunochem-
otherapy, was able to control tumor progression. Cytoreduction
was at least in the order of 90%, since injection of 5 x IO6

tumor cells will initiate tumors in this model. Final tumor size
was less than 10% of the initial volume in all mice. No remain

ing tumor was detectable in 5 to 7 treated mice. Our findings
in this IB v/vo nude mouse model support our previous in vitro
studies (19). Considering the degree of heterogeneity in primary
neoplasms, the combined use of reagents that interfere at dif
ferent stages of the cellular machinery is likely to improve the
efficacy of treatment. Given the limitations of the nude mouse
model, further investigation in a syngeneic murine tumor model
is necessary. Nevertheless, this combination strategy has ob
vious clinical potential in the treatment of common human
solid tumors, such as lymphoma, melanoma, osteogenic sar
coma, and ovarian, breast, lung, colon, and brain cancer, against
which several different monoclonal antibodies are now available
(40-47).
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Note Added in Proof

We have recently evaluated another cyclophosphamide congener, 4-
Hydroperoxycyclophosphamide (4-HC) in combination with immuno-
toxins against T-acute lymphoblastic leukemia precursors. Combined
immunochemotherapy was more effective than either approach alone.
This work is currently in press as a concise report: Uckun, F. M., Gajl-
Peczalska, K., Myers, D. E., Kersey, J. H., Colvin, M. and Vallera, D.
A. Marrow purging in autologous bone marrow transplantation for T-
lineage acute lymphoblastic leukemia: Efficacy of ex vivo treatment
with immunotoxins and 4-Hydroperoxycyclophosphamide against
fresh leukemia marrow progenitor cells. Blood, in press, 1987.
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