
Biotherapy of B-Cell Precursor Leukemia by 
Targeting Genistein to CD1 9-Associated - - 

Tyrosine Kinases 
F. M. Uckun,* W. E. Evans, C. J. Forsyth, K. G. Waddick, 

L. T.-Ahlgren, L. M. Chelstrom, A. Burkhardt, 
J. Bolen, D. E. Myers 

B-cell precursor (BCP) leukemia is the most common form of childhood cancer and the 
second most common form of acute leukemia in adults. Human BCP leukemia was treated 
in a severe combined immunodeficient mouse model by targeting of the tyrosine kinase 
inhibitor Genistein (Gen) to the B cell-specific receptor CD19 with the monoclonal an- 
tibody B43. The B43-Gen irnmunoconjugate bound with high affinity to BCP leukemia 
cells, selectively inhibited CDl9-associated tyrosine kinases, and triggered rapid apop- 
totic cell death. At less than one-tenth the maximum tolerated dose more than 99.999 
percent of human BCP leukemia cells were killed, which led to 100 percent long-term 
event-free survival from an otherwise invariably fatal leukemia. The B43-Gen immuno- 
conjugate might be useful in eliminating leukemia cells in patients who have failed con- 
ventional therapy. 

S r c  protooncogene family protein tyrosine 
kinases (PTKs) play a pivotal role in vital 
functions of human cells (1). Attempts 
have been made to d e v e l o ~  anticancer 
agents that are specific inhibitors of Src- 
family PTKs (2). Although some Lck-spe- 
cific inhibitors were developed with potent 
inhibltorv activltv to isolated Lck, thev 
could no; be de1i;ered to cancer cells eff; 
ciently enough to cause cytotoxicity (2). 
Cancer cells express several members of the 
Src PTK family that share most of their 
substrates ( I ) .  Therefore, compensation by 
other members of the Src PTK family in 
cancer cells would render such highly spe- 
cific inhibitors ineffective as anticancer 
agents. Similarly, antisense depletion of a 
particular Src-family PTK is unlikely to 
Drove effective as a cancer treatment mo- 
hality because of the aforementioned 
complementation by other active members 
of the Src PTK family (3). Here we report 
an alternative strategy that allows the tar- 
geting of a general PTK inhibitor (one that 
inhibits all members of the Src PTK family) 
to cancer cells. The targeting of the kinase 
inhibitor is achieved with an antibody that 

recognizes a receptor on the surface of can- 
cer cells that is physically associated with 
the Src-family PTKs. We  demonstrate the 
feasibility of this approach using BCP leu- 
kemia, the most common form of childhood 
cancer (4), as a model system. 

The CD19 molecule is a B lineage-spe- 
cific surface receptor that is expressed on 
the surface of leukemia cells from 85% of 
patients with acute lymphoblastic leukemia 
(ALL). It is absent from the parenchymal 
cells of nonhematopoietic organs, circulat- 
ing blood myeloid and erythroid cells, T 
cells, and bone marrow stem cells (5, 6) ,  
thereby reducing the opportunity for non- 
specific toxicity when antibodies to CD19 
are used in biotherapy. CD19+ ALLs are 
believed to originate from putative devel- 
opmental lesions in normal B cell precursor 
(BCP) clones during early phases of ontog- 
eny and are therefore classified as BCP leu- 
kemias (4, 7). CD19 is found on the surface 
of each BCP leukemia cell at a high density 
(>50,000 molecules per cell) and shows a 
high affinity for the monoclonal antibody 
(mAb) B43 (anti-CDl9) (K, > lo8 M-') 
(5). The receptor is not shed from the cell 
surface and undergoes antibodv-induced in- 
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Genistein (Gen), an  isoflavone (5,7,4'- 
trihydroxyisoflavone) derived from fermen- 
tation broth of Pseudomoms spp., is a nat- 
urally occurring tyrosine kinase inhibitor 
present in soybeans (10). Gen inhibits pu- 
rified Lck kinase from human lymphoid 
cells at micromolar concentrations (I  I ) .  
We  conjugated Gen to mAb B43 by pho- 
toaffinity crogs-linking using the photosen- 
sitive 18.2 A long noncleavable hetero- 
bifunctional cross-linking agent sulfosuc- 
cinimidyl 6-14'-azido-2'-nitrophenylamino] 
hexanoate (Sulfo-SANPAH) to generate a 
CD19-directed, B lineage-specific PTK in- 
hibitor (12, 13) (Fig. 1A). The selective 
immunoreactivity of B43-Gen with BCP 
leukemia cells was confirmed by standard 
ligand-binding assays (14). CD19+ BCP 
leukemia cells specifically bound 2.7 2 0.2 
x lo4 molecules of the immunoconjugate 
at in vivo-achievable saturating concentra- 
tions, whereas no detectable binding to 
CD19- myelogenous or T-lineage leukemia 
cells was observed (14). We examined the 
binding of B43-Gen to CD19+ BCP leuke- 
mia cells by flow cytometry with fluorescein 
isothiocyanate (F1TC)-labeled goat anti- 
bodies to the mouse immunoglobulin moi- 
ety of the immunoconjugate. B43-Gen 
stained BCP leukemia cells with the same 
intensity as unconjugated B43 over a broad 
range of concentrations; it competed as ef- 
fectively as unconjugated B43 with phyco- 
erythrin (PE)-labeled B43 or mAb Leu12 
(anti-CDl9) for surface binding sites (15). 

Most Src-family PTK activity in B-lin- 
eage leukemia cells is membrane-associated 
as a result of the myristylation of the PTK 
NH2-terminus, whereas the remainder is 
largely cytoplasmic ( I ) .  Therefore, a Gen- 
containing immunoconjugate that localizes 
to the membrane as well as cytoplasm 
would be more likely to reduce the total 
CDl9-associated Src PTK activity than an 
immunoconjugate that is rapidly internal- 
ized and does not remain bound to the 
membrane. The destination of surface- 
bound B43-1251-Gen was traced in CD19+ 
BCP leukemia cell lines NALM-6 and 
NALM-16 (16, 17). Leukemia cells were 
homogenized after 18 hours of treatment 
with the immunoconjugate, and various 
subcellular components were fractionated 
on Percoll density gradients. 

A substantial portion of B43-'251-Gen, 
representing 39% of the total cpm recovered 
from the in situ-generated Percoll gradient, 
was localized in the plasma membrane or 
Golgi compartments of NALM-6 cells, as 
confirmed by cosedimentation with 5'-nu- 
cleotidase (a marker for the plasma mem- 
brane) and galactosyltransferase (a  marker 
for the Golgi) (Fig. 1B). The remainder of 
radioactivity representing internalized B43- 
'251-Gen was associated with the soluble cy- 
toplasmic fraction (15% of total cpm; Percoll 
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gradient fractions 1 to 3; density <1.043 
glml), endoplasmic reticulum (26% of total 
cpm; Percoll gradient fractions 10 to 19; 
density range, 1.049 to 1.056 glml), and 
lysosomes (14% of total cpm; Percoll gradi- 
ent fractions 20 to 25; density range, 1.056 
to 1.069 g/ml). Similar results were obtained 
with NALM-16 cells (Fig. 1B). 

We next assessed the inhibitory effects 
of B43-Gen on Src-family PTKs. Lyn and 
Lck, the predominant members of the Src 
PTK family in BCP leukemia cells (1, 8), 
were immunoprecipitated from Nonidet 
P-40 lysates of RAMOS and NALM-6 cells, 
and their enzymatic activity, as measured by 
autophosphorylation, was evaluated after a 
4-hour incubation in the presence of B43- 
Gen. B43-Gen, but not unconjugated B43, 
inhibited Lyn and Lck kinases at nanomolar 
concentrations (Fig. 2, A and B). By com- 
parison, topoisomerase I1 enzyme was not 
inhibited even at micromolar concentra- 
tions of B43-Gen (1 8). 

CD19 is physically and functionally as- 
sociated with Lyn and Lck kinases (8). To 
examine whether B43-Gen might inhibit 
the CD19-associated Src-family PTKs af- 
ter binding to CD19, we treated NALM-6 
cells, which express high concentrations 
of Lyn, and RAMOS cells, which express 
high concentrations of Lck (8), with 
nanomolar concentrations of the immuno- 
conjugate for 4 hours and estimated the 
PTK activities of Lyn and Lck by immune 
complex protein kinase assays (19). Con- 
trol cells were treated with unconjugated 
Gen, mAb TXU-Gen immunoconjugate 
directed to the CD7(Tp41) T cell surface 
molecule, unconjugated and unmodified 
mAb B43, or SANPAH-modified, uncon- 
jugated mAb B43. 

B43-Gen treatment at nanomolar con- 
centrations resulted in inhibition of Lyn 
and Lck kinases, as reflected by decreased 
autophosphorylation or enolase substrate 
phosphorylation (Fig. 2, C and D). The 
abundance of the enzyme, as determined by 
anti-Lyn immunoblotting, did not change 
during the course of the experiment, which 
is consistent with decreased specific activi- 
ty. Inhibition of Lyn kinase after B43-Gen 
treatment was associated with decreased ty- 
rosine phosphorylation of abundant protein 
substrates in NALM-6 cells, as determined 
by immunoblotting with a polyclonal anti- 
body to phosphotyrosine (20). In contrast, 
micromolar concentrations of unconjugated 
Gen did not affect the enzymatic activity of 
Lyn or the baseline phosphorylation status 
of tyrosine-phosphorylated proteins. Thus, 
the B43-Gen immunoconjugate was over 
1500 times more effective than unconju- 
gated Gen at inhibiting Lyn kinase and 
causing decreased tyrosine phosphorylation 
in NALM-6 cells (20). Unlike B43-Gen, 
neither unconjugated mAb B43 (deriva- 

tized or underivatized) nor the control im- Gen moiety and the CD19-specific B43 
munoconjugate TXU-Gen inhibited Lyn or mAb moiety are required for the B43-Gen- 
Lck kinases (Fig. 2, C and D), indicating induced inhibition of Src-family PTKs in 
that both the tyrosine kinase-inhibitory BCP leukemia cells. 

Fig. 1. (A) Structure of A SAN PAH Genistein 
the B43-Gen immuno- NO, 1, 
conjugate. One mole- 
cule of Gen was conju- H 

gated to one molecule of $1 - A - -(CH2'c 
I 

mAb 843 through use of o on 
the SANPAH cross-link- 
er (12, 13). (B) Fate of 
cell-bound B43-Gen im- B 10.0 
munoconjugate. Pellets 
of CD19+ NALM-6 and C ER . L cl 

NALM-16 BCP leukemia = 8.0 - n n 0 

cells were incubated = 7.0 - m n 

with B43-1251-Gen (1.8 S t 
x 1 O5 cpm/nmol) for 18 2.0- g- 
hours at 37OC (660 4.0 - pmol/l O8 cells), washed 
to remove unbound im- m 
munoconjugate, and ho- s 2.0 - 

mogenized, and various 1.0 - I 
subcellular components 
were fractionated on 2 4 6 8 10 12 14 16 18 20 22 2 4 2 6  28 

density gradients of col- Percoll gradient lraction number 
loidal silica (Percoll) (16). Density marker beads were used to determine gradient density. The indicated 
gradient regions for plasma membranes (PM), Golgi (G), endoplasmic reticulum (ER), and lysosomes (L) 
were determined on the basis of the characteristic distribution profile of the marker enzymes 5'-nucle- 
otidase, galactosyltransferase, neutral a-glucosidase, and hexosamidase, respectively (1 7). 

A 843 B43-Gen B 843 B43-Dai 843-Gen 
(nM) (nM) (nM) (nM) -- (nM1 
I-- 

Con 70 175 350 70 175 
- -- **- - - Con 70 175 350 70 175 70 175 

Fig. 2. Inhibitory activity of B43-Gen immunoconjugate on Src-family PTKs of CD19+ leukemia cells. (A 
and B) The kinase activities of Lyn immunoprecipitated from NALM-6 pre-8 acute lymphoblastic leukemia 
cells and Lck immunoprecipitated from PAMOS Burkii's leukemia-lymphoma cells were determined 
before and after a 4-hour incubation with B43-Gen or Sulfo-SANPAH-modified mAb 843 during a 10-min 
kinase reaction in the presence of [-y-32P]ATP (50 pCi/l~mol) (8). (C and D) NALM-6 and PAMOS cells 
were treated for 4 hours at 37OC with the indicated concentrations of B43-Gen, pelleted, and lysed in 
NP-40 lysis buffer, and immune complex kinase assays of Lyn activity in NALM-6 cells and Lck activity in 
RAMOS cells were performed with acid-denatured rabbit enolase as an exogenous PTK substrate (8). 
Control reagents included unmodified rnAb 843, Sulfo-SANPAH-modified rnAb 843, and TXU-Gen 
immunoconjugate, which does not react with CD19+ leukemia cells. 
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B43-Gen inhibited Lyn kinase in K562 
erythroleukemia cells transfected with hu- 
man CD19 complementary DNA (cDNA), 
but it did not inhibit Lyn kinase in untrans- 
fected K562 erythroleukemia cells or stable 
K562 transfectants expressing the CD19 de- 
letion mutant A308, which is truncated on 
exon 6 and has no tyrosine residues that 
allow association with the Src homology 
domain 2 of Lyn (21 ). Thus, B43-Gen in- 
hibited Lyn kinase only if this kinase was 
associated with the CD19 receptor. Syk 
kinase, which is not directly associated with 
the CD19 receptor in unstimulated leuke- 
mia cells, was not inhibited after treatment 
of NALM-6 cells with B43-Gen (22). Sim- 
ilarly, PKC and PKC-dependent renatu- 
rable serine kinases were not inhibited by 
B43-Gen even at a concentration of 350 
nM (22). Thus, the B43-Gen immunocon- 
jugate was a potent and cell type-specific 

Gen B43-Gen 
(OM) , 

A M Con '25 50 1 ~ 1 ~ 2 5  50 75 100' 

PTK inhibitor that selectively inhibited 
CD19-associated PTK in CD19+ leukemia 
cells. 

Apoptosis, also known as programmed 
cell death, is a common mode of eukaryotic 
cell death characterized by distinct ultra- 
structural features and a ladder-like DNA 
fragmentation pattern produced by endonu- 
clease-mediated cleavage of DNA into oli- 
gonucleosome-length fragments (23). Ioniz- 
ing radiation and chemotherapeutic drugs 
with diverse molecular targets, such as pred- 
nisone, cisplatin, methotrexate, L-asparagi- 
nase, etoposide, 5-fluorouracil, and cyclo- 
phosphamide induce apoptotic cell death in 
human cells (19, 23). Protein tyrosine ki- 
nases participate in initiation of signal cas- 
cades that regulate Bcl-2 oncoprotein ex- 
pression and apoptosis in human hemato- 
poietic cells (19, 23). Therefore, we inves- 
tigated whether inhibition of Src-family 

PTKs induced by B43-Gen could trigger 
apoptosis in B-lineage leukemia cells. B43- 
Gen caused apoptosis of NALM-6 cells 
within 8 hours; distinctive morphologic 
changes were seen by light microscopy. In- 
dications of extensive cellular damage in- 
cluded shrinkage, nuclear chromatin con- 
densation, segmentation of the nucleus, and 
plasma membrane blebs in >75% of cells. 

On agarose gels, DNA from B-lineage 
leukemia cells treated with nanomolar con- 
centrations of B43-Gen for 8 to 24 hours 
showed a ladder-like fragmentation pattern 
consistent with an endonucleolytic cleav- 
age of DNA into oligonucleosome-length 
fragments at multiples of 200 base pairs, 
whereas DNA from cells treated with mi- 
cromolar concentrations of unconjugated 
Gen showed no fragmentation (Fig. 3, A 
and B). The B43-Gen immunoconjugate 
induced apoptosis in highly radiation-resis- 
tant RS4;ll leukemia cells, which express 
high amounts of Bcl-2 oncoprotein (Fig. 
3A). Apoptosis of leukemia cells was trig- 
gered by the Gen moiety of the immuno- 
conjugate, because high concentrations of 
unconjugated Gen but not unconjugated 
mAb B43 induced DNA fragmentation 
(Fig. 3B). The B43-Gen-induced apoptosis 
was CD19-specific because (i) control im- 
munoconjugate TXU-Gen did not induce 

Table 1. Tissue distribution parameters for ty- 
rosine kinase inhibitors in SClD mice. A flow-limit- 
ed physiological pharmacokinetic model was 
used to characterize the tissue dis~osition of both 
drugs in mice. Volume terms and flow rates were 
those previously described for mice (28). A set of 
differential eauations describina the mass balanc- 
es of each model cornpartme: was used to esti- 
mate linear binding constants for each organ and 
clearance rates. These differential eauations were 
simultaneously solved with the use' of ADAPT I I  
software (27). R, tissue-to-plasma equilibrium dis- 
tribution ratio for linear binding. 

B43-Gen Gen 

Tissue No End-stage No 
leukemia leukemia leukemia 

Fig. 3. lnternucleosomal DNAfragmentation in B43-Gen-treated leukemia cells. Cells were harvested 24 
hours after exposure to the B43-Gen immunoconjugate, and DNA was prepared for analysis of fragmen- 
tation. DNA was then separated by electrophoresis through a 1 % agarose gel, and the DNA bands were 
visualized by UV light after staining with ethidium bromide. (A) (Upper panel) RS4;ll cells (25) were 
treated with unconjugated Gen or B43-Gen immunoconjugate for 24 hours at 37OC. (Lower panel) 
RS4;ll cells were treated with PBS, 2 Gy of y-rays, 75 nM B43-Gen with and without prior incubation in 
the presence of 10-fold molar excess of unconjugated mAb 843, or 75 nM TXU-Gen. (B) (Upper panel) 
NALM-6 cells were treated with B43-Gen or TXU-Gen for 24 hours. (Lower panel) NALM-6 cells were 
treated for 24 hours with 75 nM B43-Gen, 75 nM TXU-Gen, 100 p,M unconjugated Gen, or 750 nM 
unconjugated 843. In addition, controls included DNA from cells treated with 750 nM unconjugated 843 
or TXU for 1 hour on ice before treatment with the immunoconjugate. Lane M, molecular size markers (in 
base pairs). 

Linear binding constant (R) 
Lungs 0.221 0.339 0.531 
Brain 0.008 0.012 0.027 
Heart 0.1 17 0.236 0.335 
Skin 0.061 0.10 0.208 
Spleen 0.145 0.323 0.040 
Kidney 0.118 0.162 0.253 
Muscle 0.016 0.028 0.085 
Femur 0.031 0.109 0.00008 
Liver 0.139 0.290 0.50 
Rest 0.033 0.055 1.1 1 

of body* 
Clearance (pl hour- l g- I) 

Kidney 0.56 1.4 18.7 
Liver 1.2 1.2 40.9 
Total 1.76 2.6 59.6 

clearance 

'Residual amount of drug not accounted for by tissues 
studied. 
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apoptosis (Fig. 3, A and B) and (ii) cell 
death was prevented by prior incubation of 
CD19+ leukemia cells with a 10-fold molar 
excess of unconjugated mAb B43 but not 
with a 10-fold molar excess of mAb TXU 

(Fig. 3 ,  A and B). Thus, the B43-Gen im- 
munoconjugate is a n  active antileukemia 

immunoconjugate in tissues of SCID mice 
with end-stage leukemia, when compared to 
healthy SCID mice that were not inoculated 
with leukemia cells (Table 1).  Spleen, liver, 
and lungs had the highest tissue-to-plasma 
ratio, with the tissue distribution ratio in- 
creasing approximately two times in the 
spleen and liver of mice with end-stage 
leukemia (Table 1).  Although tissue distri- 
bution of the immunoconjugate into femur 
was low in mice with a minimal leukemia 
burden, it increased three times in mice 
with end-stage leukemia, most likely re- 
flecting binding of the immunoconjugate 
to CD19-positive human B-lineage leukemia 
cells infiltrating the bone marrow. Lower 
tissue concentrations of unconjugated Gen 
indicate that it is cleared from the body 
more rapidly than the B43-Gen immuno- 
conjugate. The total systemic clearances of 
Gen and B43-Gen estimated by the 
physiological model (Table 1) were in close 
agreement with clearances estimated by 
the two-compartment operational model 
(Fig. 4). 

B43-Gen was not toxic to SCID mice at 
doses ranging from 10 kg  (67 pmol) to 250 
kg (1667 pmol). None of the 42 mice treat- 
ed with B43-Gen experienced side effects or 

agent in vitro. 
W e  next examined the pharmacokinetic 

features of B43-Gen in a severe combined 
immunodeficient (SCID) mouse model of 
human BCP leukemia (26). The B43-Gen 
immunoconjugate has a substantially longer 
elimination half-life and slower olasma 

l o O ~  flap = 37.5 hours 
: _ CI = 1.9 ul hour1 a-I 

clearance than unconjugated Gen (Fig. 4). 
The  immunoconjugate was cleared more 
rapidly from plasma (3.3 versus 1.9 k l  
h o u r '  g l ) ,  had a shorter elimination half- 
life (20.5 versus 37.5 hours), and had a 
larger volume of distribution (63.9 versus 
52.0 kl/g) in SCID mice with end-stage 
human BCP leukemia (that is, SCID mice 
with disseminated human BCP leukemia 
that, because of central nervous system in- 
volvement, were paralyzed) than in healthy 

Time (hours) 

Fig. 4. Pharmacokinetic features of 843 (anti- 
CD19)-Gen immunoconjugate. After intravenous 
injection of B43-1251-Gen (1.8 x lo5 cpm/nmol) 
or 1251-Gen (2.6 x lo5 cpm/nmol), SCID mice 
were serially bled by retroorbital venipuncture. A 
two-compartment first-order pharmacokinetic 
model was fit to the data for plasma concentration 
versus time (27). Plasma concentration versus 
time for B43-Gen immunoconjugate (0) and un- 
conjugated Gen (o), after injection of 58 pmol into 
SCID mice. Lines represent two-compartment 
model simulations, symbols depict measured 
concentrations. t,,,P, elimination half-life; CI, sys- 
temic clearance from plasma. 

SCID mice that were not inoculated with 
leukemia cells. Thus, the B43-Gen immu- 
noconjugate binds to CD19+ leukemia cells 
infiltrating SCID mouse tissues, resulting in 
more rapid removal of the immunoconju- 
gate from plasma in mice with end-stage 
leukemia. 

This hypothesis was supported by mea- 
surement of higher concentrations of the 

Table 2. Antileukemic activity of B43-Gen immunoconjugate against human therapeutic drugs were used at clinically applied high doses. B43, mAb to 
BCP leukemia in SCID mice. SCID mice were inoculated intravenously with 1 CD19; TXU, mAb to CD7; J3-109, mAb to CD72; Gen, Genistein; Dai, daid- 
x lo6 NALM-6 leukemia cells. After 24 hours, mice received antileukemic zein (Gen analog); PAP, pokeweed antiviral protein; qd, every day; EFS, 
therapy according to the indicated protocols. Controls were treated with event-free survival; AUC,-,, area under curve; qwk, every week; IU, interna- 
unconjugated Gen (10 p,g per mouse), unconjugated 843 (50 p.g per mouse), tional units; qod, every other day; TBI, total body irradiation; BMT, bone 
or PBS qd X 3 d. All drugs and PBS were administered parenterally. Chemo- marrow transplant. 

Number EFS (%) Median EFS P 
of mice (days) (versus 

60 days 120 days B43-Gen) 
Schedule Treatment group 

Control See legend 110 1 
PTK inhibitors 
10 100 
10 0 
10 60 

Alkylating agents 
10 40 
5 20 

Topoisomerase inhibitors 
10 60 
10 18 

Antimetabolites 
5 20 

Mitotic inhibitors 
10 0 
5 0 

Immunotoxins 
20 90 
10 20 
Other agents 
10 40 
5 20 
5 0 
5 0 

Cyclophosphamide 
Carmustine 

Etoposide* 
Topotecan? 

Taxol 
Vincristine 

60 mg m-' qd X 5 d 
30 mg m-' qwk x 4 

10 mg m-'qd X 3 d 
15 mg m-'qd x 3 d 

Methylprednisone 
Doxorub~cin 
L-asparag~nase 
TBI 

30 mg m-' qd x 10 d 
6mg m-'qd x 10d  

30,000 IU m-' qod x 5 
2.5 Gy+BMT 

*Etoposide treatment at this maximum tolerated dose yields an AUC,-, of 59.2 FM. hour ml-' , tTopotecan treatment on this schedule yields a steady-state plasma concentration 
of 1.3 pg liter-' 
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died of toxicity during the 36-day observa­
tion period. No histopathologic lesions 
were found in the organs of B43-Gen-treat­
ed mice that were electively killed at —37 
days. Thus, the maximum tolerated dose 
(MTD) of B43-Gen was not reached at 250 
|jig per mouse (or 12.5 mg per kilogram of 
body mass). We next evaluated the antileu­
kemic efficacy of B43-Gen against human 
B-lineage leukemia in SCID mice. All con­
trol mice treated with unconjugated Gen 
(10 |JLg per mouse; 37 nmol per mouse), 
unconjugated mAb B43 (50 \xg per mouse), 
TXU-Gen control immunoconjugate (50 
|jig per mouse), or phosphate-buffered saline 
(PBS) died of disseminated human BCP 
leukemia at 24 to 61 days after inoculation 
(Table 2). In contrast, all mice treated with 
B43-Gen immunoconjugate at doses of 25 
fig per mouse (<10% of the MTD) or 50 
|jig per mouse (<20% of the MTD) re­
mained alive without clinical evidence of 
leukemia for > 4 months. 

The long-term-surviving mice were 
killed at 142 days to examine their burden 
of human leukemia cells. Postmortem his­
topathologic examination of tissue sections 
from multiple organs did not reveal any 
leukemic infiltrates. We found no molecu­
lar evidence of occult leukemia when DN A 
from bone marrow, spleen, liver, and brain 
meninges was examined for human p-glo-
bin gene sequences by polymerase chain 
reaction (PCR) (29). In contrast, diffuse 
leukemic infiltrates and PCR evidence of 
human DNA were found in bone marrow, 
liver, spleen, and meninges of SCID mice 
treated with PBS or TXU-Gen. A single 
NALM-6 cell will cause disseminated fatal 
leukemia in SCID mice (26). The absence 
of engrafted leukemia cells in B43-Gen-
treated SCID mice 20 weeks after inocula­
tion of 1 X 106 NALM-6 cells indicates 
that at nontoxic doses this immunoconju­
gate killed >99.999% of NALM-6 cells in 
vivo. Similar therapeutic efficacy could not 
be achieved by standard or investigational 
chemotherapeutic agents (Table 2), includ­
ing the alkylating agents cyclophosphamide 
and carmustine, the topoisomerase II inhib­
itor etoposide, the topoisomerase I inhibitor 
topotecan, the antimetabolite cytarabine, 
mitotic inhibitors taxol and vincristine, 
pokeweed antiviral protein (PAP) immuno-
toxins to CD 19 or CD72 pan-B cell anti­
gens, methylprednisone, doxorubicin, L-as-
paraginase, or 250 cGy of total body irradi­
ation. Another PTK inhibitory anti-CD 19 
immunoconjugate containing the Gen an­
alog daidzein (Dai), which is a less potent 
PTK inhibitor than Gen (10), was not as 
effective as B43-Gen (Table 2). 

The crystal structure of the Src-family 
PTK has not been determined. Therefore, 
little is known about any structure-activity 
relations with respect to isoflavones like 
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Gen or any other PTK inhibitor. Gen does 
not easily enter cells and causes only a 
reversible inhibition of Src-family PTKs at 
micromolar concentrations. More Gen mol­
ecules were delivered into leukemia cells by 
the targeted biotherapy approach we de­
scribed. Localization of the Gen molecule 
in close proximity to the adenosine triphos­
phate (ATP)-binding domains of Src-fam­
ily PTKs may increase the effective binding 
constant by both reducing entropy and pro­
viding additional linker binding contacts 
and consequently lead to sustained inhibi­
tion of Src-family PTKs. This goal can be 
accomplished by conjugation of Gen to 
mAb B43, which binds to and remains com-
plexed with CD19, which in turn is physi­
cally associated with the Src-family PTKs. 
Our results show that treatment of CD19+ 

leukemia cells with nanomolar concentra­
tions of B43-Gen immunoconjugate caused 
sustained inhibition of CD19-associated 
Src-family PTKs. Oxidation of Src-family 
PTKs reduces their enzymatic activity, 
which can be restored with reducing agents 
such as dithiothreitol (DTT) (30). The in­
hibitory activity of the B43-Gen immuno­
conjugate against Src-family PTKs in 
whole-cell lysates was also reduced in the 
presence of DTT (31). We therefore postu­
late that decreasing the effective off-rate of 
Gen by conjugating it to mAb B43 could 
enhance the likelihood of covalent modifi­
cation of the CD19-associated Src-family 
PTKs. The conjugated neon moiety of Gen 
could act as a Michael acceptor. 

Our data suggest that extranuclear sig­
nals are important in the induction of ap-
optosis. PTK inhibitors may have therapeu­
tic potential in the treatment of hematolog­
ic malignancies. The B43-Gen immuno­
conjugate may offer an effective treatment 
for BCP leukemia. Its favorable pharmaco­
dynamic features, superior cytotoxic activi­
ty against leukemia cells resistant to radia­
tion as well as to several other established 
antileukemia agents, and lack of systemic 
toxicity recommend the clinical evaluation 
of this cell type-specific PTK inhibitor in 
BCP leukemia patients who have failed 
standard therapy. Preclinical (32) and clin­
ical studies (33, 34), especially the normal 
development of a functional CD19+ B-lin­
eage lymphoid compartment in recipients 
of autologous bone-marrow grafts depleted 
of CD19+ BCP and mature B lymphocytes 
(33), and the lack of sustained B-cell im­
munosuppression in leukemia patients 
treated with an anti-CD 19 immunotoxin 
(34), provide evidence that CD 19 is not 
expressed on the surface of the most imma­
ture normal pro-B cell populations. There­
fore, the B43-Gen immunoconjugate is not 
likely to cause sustained B-cell immunosup­
pression. During the B43-Gen-induced 
transient hypogammaglobulinemia, patients 
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could be supported with intravenous immu­
noglobulin infusions. Whether immuno-
conjugates that contain Gen, such as B43-
Gen, are superior to immunoconjugates 
containing cytotoxic drugs (35) or toxins 
(34, 36) or to bispecific antibodies plus 
human T cells (37) should be examined in 
the appropriate clinical settings. In addi­
tion, laboratory studies should begin to ex­
amine whether targeted biotherapy using 
PTK-inhibitory immunoconjugates could 
also be applied to nonhematologic forms of 
human cancer. Finally, Gen-containing im­
munoconjugates could be useful as probing 
agents to identify surface receptors that are 
associated with vital PTK. 
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Suppression of ICE and Apoptosis in Mammary 
Epithelial Cells by Extracellular Matrix 

Nancy Boudreau," Carolyn J. Sympson, Zena Werb, 
Mina J. Bissell 

Apoptosis (programmed cell death) plays a major role in development and tissue regen- 
eration. Basement membrane extracellular matrix (ECM), but not fibronectin or collagen, 
was shown to suppress apoptosis of mammary epithelial cells in tissue culture and in vivo. 
Apoptosis was induced by antibodies to P, integrins or by overexpression of stromelysin- 
1, which degrades ECM. Expression of interleukin-1 p converting enzyme (ICE) correlated 
with the loss of ECM, and inhibitors of ICE activity prevented apoptosis. These results 
suggest that ECM regulates apoptosis in mammary epithelial cells through an integrin- 
dependent negative regulation of ICE expression. 

Growth, differentiation, and apoptosis are 
alternative cellular pathways that are each 
crucial to normal development and the es- 
tablishment of tissue-specific function. Like 
growth and differentiation, apoptosis re- 
quires active and coordinated regulation of 
specific genes. In mammalian cells, these 
genes include BCL-2, a homolog of the Cae- 
norhabditis elegans ced-9 gene, which is a 
potent suppressor of death ( I ) ,  and ICE, a 
homolog of the ced-3 gene, which can ac- 
tively kill cells (2). The products of the 
BCL-2 and ICE genes also appear to func- 
tion like their C. elegans counterparts ( 1  -3). 

The nature of the ECM can influence 
the apoptotic program in mammalian 
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cells. Establishment of mammary gland al- 
veolar morphology and expression of milk- 
specific genes are absolutely dependent on 
deposition of a laminin-rich ECM (4). In 
addition, involution of the gland, which 
follows expression of the lactational phe- 
notype, is characterized by degradation of 
this ECM by metalloproteinases (5) and is 
accompanied by apoptosis (6 ,  7). Cell at- 
tachment, mediated by integrin-ECM in- 
teractions, can suppress apoptosis in short- 
term two-dimensional cultures for up to 30 
hours (8). 

To determine whether ECM regulates 
apoptosis, we compared the response of 
CID-9 mammary epithelial cells (MECs) 
plated directly on tissue culture plastic, in 
the absence of serum, with those plated on 
an exogenous basement membrane ECM. - 
Unlike plastic, fibronectin, or type I colla- 
gen, this Englebreth-Holm-Swarm (EHS) 
matrix directs the cells to differentiate, as 
manifested by the formation of three-di- 
mensional alveolar structures and expres- 
sion of milk proteins (9). After 4 to 5 days 

941 43, USA. on plastic, despite strong adhesion a i d  
*To whom correspondence should be addressed. spreading, the cells began to display char- 
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