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Summary. We prepared an immunoconjugate consisting of 
a monoclonal antibody recognizing the Thy-1 antigen and 
the ribosome-inactivating protein gelonin linked by a dis- 
ulfide bond. This immunotoxin preparation was judged to 
contain less than 5% free antibody or gelonin. It was high- 
ly toxic in vitro in an antigen-specific fashion to the Thy-1 
expressing RADA leukemia of A/J  mice. The ICs0 of this 
preparation on RADA in vitro was 10-12M, while the ICs0 
on the Thy-1 negative S1509a fibrosarcoma of A/J  mice 
was 10-7M. The toxicity of this immunoconjugate was also 
measured in a direct proliferation assay and it was found 
that a 4-h exposure and a 24-h exposure of RADA cells to 
a 1 nM concentration of immunotoxin killed 90% and 
99.9% of cells, respectively. Furthermore, efficacy in vitro 
was not due to the intrinsic susceptibility of RADA cells to 
tis type of immunotoxin, as one prepared with gelonin and 
an antibody recognizing the TL a determinant on this leu- 
kemia had no efficacy in vitro. Clearance of the anti-Thy- 
1-gelonin immunoconjugate from the circulation of A/J  
mice after i.v. injection was rapid, especially during the 
first 8 h after injection, possibly because of binding to 
Thy-1 expressing tissue. Delivery of immunoconjugate to 
ascitic tumor in vivo was substantially better if the immu- 
noconjugate was given by i.p. injection, rather than by the 
i.v. route. When given either i.v. or i.p. at the time of i.p. 
tumor inoculation in vivo, the anti-Thy-l-gelonin immu- 
notoxin showed potency in an antigen-specific fashion; 
while this immunoconjugate prolonged survival and fre- 
quently cured RADA-inoculated mice, neither anti-Thy-1 
antibody, gelonin, a combination of the two, nor immuno- 
toxin of irrelevant specificity had any significant effect on 
survival. Anti-Thy-1-gelonin also had no effect on survival 
of A/J  mice inoculated i.p. with S1509a. Furthermore, it 
was determined that a single i.p. dose of anti-Thy-l-gelon- 
in killed 90% to 99% cells in vivo, and that the immuno- 
conjugate was about as effective in this model as either 
adriamycin or cytoxan. 

Introduction 

The use of protein toxins conjugated to monoclonal anti- 
bodies (MCA) to derive antineoplastic agents has been a 
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subject of intense research in the last decade [38]. The aim 
of such work is to produce more tumor-specific, and there- 
fore more efficacious and less toxic reagents than are cur- 
rently available for the treatment of neoplasia. Recent 
studies have focused on the conjugation of MCA to single 
chain polypeptide toxins, either derived from double chain 
toxins, such as ricin-A [30, 39, 43, 44, 45, 50, 57, 59, 61] or 
abrin-A [27], or prepared in native form such as gelonin 
[33, 54, 55], saporin [33, 56] and pokeweed antiviral pro- 
tein [33, 43]. These immunoconjugates have shown efficacy 
against tumor cells in vitro and, less frequently, against tu- 
mor in vivo in animals [27, 30, 38, 43, 50, 54-57, 59, 61]. 
In addition, small drugs currently used for the treatment 
of neoplasia have been conjugated to MCA or polyclonal 
antisera and have shown some efficacy against animal tu- 
mors in vivo [1, 13, 40, 41, 46, 47, 51]. A large number of 
these animal tumor models have been human xenografts in 
congenitally athymic nude mice. While it is important to 
demonstrate the efficacy of a candidate immunotoxin 
against a human tumor in vivo, results of trials in human 
xenograft systems can sometimes be difficult to interpret 
since athymic mice readily reject large numbers of xenoge- 
neic cells without treatment [18] and because MCA alone 
is frequently efficacious in these systems [23, 24, 36, 48, 
52]. The advantages of using a syngeneic murine tumor 
model to test candidate immunotoxins are the rapidity and 
reproducibility of tumor development and the relative dif- 
ficulty in achieving a cure because of the low numbers of 
cells required for a successful tumor growth [56, 59]. Mu- 
rine leukemias and lymphomas have been used by various 
groups as model systems for the study of immunotoxin ef- 
ficacy, and success has been reported in some cases [13, 
43, 51, 55, 56, 59]. In this paper we report the development 
of an immunotoxin consisting of a conjugate of MCA to 
the Thy-1 antigen and the ribosome-inactivating protein 
gelonin, and its efficacy in vitro and in vivo in a syngeneic 
host against the murine thymic leukemia RADA. We 
found this immunotoxin to be as toxic as intact ricin to 
RADA cells in vitro in a wholly antigen-specific fashion. 
Furthermore, treatment of RADA-bearing mice with this 
immunotoxin produced cures in some mice. 

Materials and methods 

Antibodies  

The M549 MCA (RAT IgGza , anti-Thy-1) was a gift from 
Dr. Tim Springer, Dana-Farber Cancer Institute. This an- 



32 

tibody recognizes both the Thyl.1 and Thyl.2 alleles [12]. 
HDTLG (mouse IgG2a , anti-TL a) was a gift from Dr. E. 
Stockert, Memorial Sloan Kettering Cancer Center. 
7T4.7E10 (mouse IgG2a anti-Tlllc,  [37]) was a gift from 
Dr. E. Reinherz, Dana-Farber Cancer Institute. 5E9 
(mouse IgGl anti-human transferrin receptor) was ob- 
tained from the American Type Culture Collection (ATCC 
HB21). M549 was grown as ascites in nude mice, the other 
antibodies were grown as ascites tumors in BALB/C mice 
and were purified as described previously [33, 34, 49]. An- 
tibodies were judged pure by polyacrylamide sodium 
dodecyl sulfate (SDS) gel electrophoresis and by isoelec- 
trofocusing gels. 

Animals 

A/J mice were purchased from the Jackson Laboratories, 
Bar Harbor, Maine. Swiss nude outbred females were pur- 
chased from Taconic Farms. Animals were maintained in 
accordance with guidelines of the Committee on Animal 
Care of the Dana-Farber Cancer Institute and those pre- 
pared by the Committee on Care and Use of Laboratory 
Animals of the Institute of Laboratory Animal Resources, 
National Research Council (DHEW publication No. 
[NIH] 78-23 revised 1978). 

Purification ofM549 

The anti-Thy-1 antibody was purified by precipitation 
with (NH4)2SO 4 at 50% saturation. The precipitated protein 
was dissolved in 0.1 M potassium phosphate buffer, pH 
7.5, and then dialysed into 20 mM Tris/HC1 buffer, pH 
7.5, containing NaN 3 (0.4 mM) before being applied to a 
column (30 ml bed volume for 200 mg protein) of DEAE- 
cellulose (DE-52; Whatman Inc., Clifton, NJ) that had 
been equilibrated in the same buffer. Fractions containing 
anti-Thy-1, which was not bound by the column, were con- 
centrated and submitted to gel filtration on a column 
(95 cm × 2.6 cm) of Sephacryl S-300 (Pharmacia, Piscata- 
way, N J) equilibrated in 10 mMpotassium phosphate buf- 
fer, pH 7.2, containing NaC1 (145 raM). The purified an- 
tibody was sterilized by filtration through 0.22 Ixm filters 
(Millex-GV, Millipore Corp., Bedford, Mass.) and stored 
at - 7 0  °C. The antibody was judged pure by polyacryl- 
amide/SDS gel electrophoresis and by isoelectrofocusing 
using PAG plates (Ampholine pH range 3.5-9.5, from 
LKB, Gaithersburg, Md.) as described previously [33]. 

Other reagents 

2-Iminothiolane, N-succinimidyl 3-(2-pyridyldithio)propi- 
onate and Iodo-gen were from Pierce Chemical Co., Rock- 
ford, Ill. Carrier-free Na125I (100 mCi/ml) was obtained 
from Amersham Corp., Arlington Heights, Ill. The ribo- 
some-inactivating protein gelonin was purified from the 
seeds of Gelonium multiflorum by the method of Stirpe et 
al. [53]. Seeds were from United Chemical and Allied Pro- 
ducts, Calcutta, India, and were obtained through Mr. R. 
Parisen, Meer Corporation, North Bergen, NJ. 

Preparation and purification of a disulfide-linked conjugate 
between anti- Thy-1 and gelonin 

Anti-Thy-1 (120 mg) was dialysed into 5 mMsodium phos- 
phate buffer, pH 6.5, containing NaC1 (33 mM) and NaN 3 
(0.4 mM), and then passed through a column (12 ml bed 
volume) of CM-cellulose (CM-52; Whatman) that was 

equilibrated in the same buffer. Most of the antibody 
(103 mg) did not blind to the column under these condi- 
tions and this fraction was used in the conjugation reac- 
tion. It was expected that some of the purified antibody 
would bind to the column since it is well established that 
antibodies are heterogeneous with respect to charged spe- 
cies [2, 9, 33]. 

Conjugation of anti-Thy-1 and gelonin was performed 
using methods described in detail elsewhere [33, 34]. Brief- 
ly, anti-Thy-1 (100mg at 1 mg/ml) in 100mM sodium 
phosphate buffer, pH 7.0, containing EDTA (0.5 mM) was 
treated with N-succinimidyl 3-(2-pyridyldithio)propionate 
(60 IxM) at 30 °C for 30 min, and then excess reagent was 
removed by dialysis. Gelonin (100mg at 2 mg/ml) in 
60 mM triethanolamine/HC1 buffer, pH 8.0, containing 
EDTA (1 mM) was treated with 2-iminothiolane (1 mM) 
at 0 °C for 90 min under an atmosphere of nitrogen, and 
then excess reagent was removed by gel filtration at 4 °C 
on a column of Sephadex G-25 (fine) equilibrated with 
5 mM Tris acetate buffer, pH 5.8, containing NaC1 
(50 mM) and EDTA (1 raM). Conjugation was effected by 
mixing the modified antibody (100 mg) with a fivefold mo- 
lar excess of modified gelonin (100 mg) and adjusting the 
pH of the mixture to 7.0 by addition of 0.5 M triethanol- 
amine/HCl buffer, pH 8.0. The reaction was allowed to 
proceed at 4 °C for 20 h under nitrogen, after which iodo- 
acetamide (2 mM) was added to alkylate any remaining 
free sulfhydryl groups. 

Disulfide-linked anti-Thy-1 gelonin conjugates were 
purified from the reaction mixture by concentrating the 
mixture by ultrafiltration and then passing it through a co- 
lumn (95 cm x  2.6 cm) of Sephacryl S-300 equilibrated 
with 10 mM potassium phosphate buffer, pH 7.2, contain- 
ing NaC1 (145mM). Fractions containing conjugate, 
which does not resolve from antibody by gel filtration, 
were pooled and dialysed into 5 mM sodium phosphate 
buffer, pH 6.5, containing NaC1 (33 mM) and NaN 3 
(0.4 mM) and then fractionated on a column of CM-cellu- 
lose equilibrated in the pH 6.5 buffer. Free antibody 
passed through this column, as described above, while the 
conjugate was bound by the CM-cellulose and subsequent- 
ly eluted by buffer containing 1.0 M NaC1. The purified 
conjugate was finally submitted to gel filtration on a co- 
lumn (95 cmx2.6  cm) of Sephacryl S-300 equilibrated 
with 10 mM potassium phosphate buffer, pH 7.2, contain- 
ing NaC1 (145 mM), and then sterilized by filtration 
(0.22 Ixm filters) and stored at - 7 0  °C. The final yield 
from 100 mg of antibody was 40 mg of conjugate that was 
free of nonconjugated antibody, nonconjugated gelonin 
and aggregates of high molecular weight, as shown in 
Fig. 1. 

Polyacrylamide gel electrophoresis 

Protein purification and conjugation reactions were ana- 
lyzed by polyacrylamide/SDS gel electrophoresis in gel 
slabs (145 x 90 x 0.75 mm) cast with acrylamide gradients 
(5%-10% wt/vol) prepared by the methods of Laemmli 
[32]. Sample buffers for gels run under nonreducing condi- 
tions contained 10 mg/ml iodoacetamide [33]. 

Cell lines 

The RADA cell line was a generous gift from Dr. E. 
Stockert, Memorial Sloan Kettering Cancer Center, NY. It 



TOP 

,o 1 6 0  
! 

O 
- 9 3  
X 

4 3  

3 0  

Fig. 1. Analysis of the purification of anti-Thy-l-gelonin by poly- 
acrylamide/sodium dodecyl sulfate gel electrophoresis. Polyacryl- 
amide gradient gels (5%-10% wt/vol) were run under nonredu- 
cing conditions and stained with Coomassie blue R-250. Lane 1, 
conjugation reaction mixture showing bands corresponding to 
gelonin (molecular weight, Mr, 30,500), nonconjugated antibody 
(Mr, 160,000), and bands corresponding to antibody conjugated 
to one (Mr, 190,500), two (M r, 221,000) and three (Mr, 251,500) 
molecules of gelonin. Lane 2, purified conjugate. The calibration 
of M r w a s  from the mobility of IgG (160,000), phosphorylase b 
(93,000), ovalbumin (43,000) and carbonic anhydrase (30,000) 

is a thymic leukemia of  strain A mice (phenotype THY- 
1.2 + TL a + L3T4 + Ly t2 .2 - ) .  The S1509a cell line is a 
methylcholanthrene-induced fibrosarcoma of  strain A 
mice, which expresses none of  the above antigens [21]. 
Both lines were maintained in tissue culture in RPMI  1640 
medium supplemented with 10% preselected fetal calf ser- 
um, 100 units /ml penicillin, 100 p,g/ml streptomycin and 
0.25 tlg/ml fungizone. 

Cytotoxicity assays 

(,4) Inhibition of 3H-thymidine incorporation into cellular 
DNA. R A D A  or S1509a cells (1 x 104) were cultured in a 
volume of  0.2 ml in the presence of  various reagents (see 
text) in the standard culture medium for 24 h in 96-well 
flat bot tomed plates (Falcon). They were pulsed with 1 l.tCi 
of  3H-thymidine for the last 4 h, then the cells were har- 
vested on glass fiber filters on a PhD cell harvester and 3H- 
thymidine incorporation was determined by scintillation 
counting. Results are expressed as a percentage of  control 
(3H-thymidine incorporation in the absence of  any rea- 
gents). The 3H-thymidine incorporation in control wells 
ranged from 50,000 to 100,000 cpm. The ICs0 was deter- 
mined to be the concentration at which 50% inhibition of  
the maximal proliferative response occurred. 

(B) Clonogenic assay. After treatment with a toxin, R A D A  
cells were washed with warm (37 ° C) growth medium and 
plated into multiwell (96-wells per plate) flat-bottomed 
plates in 0.2 ml of  growth medium/well .  A total of  500 or 
more cells were plated at a cell density of  3 to 50 cells/well 
(control cells) or 3 to 2 × 104 cells/well (treated cells). Plat- 
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ing efficiency (PE) of  cells was about 0.1 to 0.3 and did not 
depend on the density of  plated cells per well. Cells were 
maintained for 14 days at 37 °C in a humidified atmo- 
sphere containing 5% CO 2 and within this interval of  time 
colonies of  about 105 cells were formed. These colonies 
were scored under a light microscope. Poisson distribution 
was used for the determination of  PE [17]: 

- In (fraction of  empty wells) 
P E =  

average number of  cells plated per well 

The surviving fraction was determined as the ratio of  the 
PE of  a treated culture to the PE of  the control culture. 

(C) Determination of surviving fractions in lymphoblastoid 
cell lines by back extrapolation of cell proliferation curves. 
This assay (the so called "growth back extrapolation" as- 
say [19]) is based on the assumption that dead cells, or cells 
that are committed to die, gradually cease to proliferate, 
while survivors of  a toxic treatment continue to proliferate. 
Cell cultures that had been exposed to a toxin were centri- 
fuged, washed once with warm growth medium and resu- 
spended in fresh growth medium at a density about 2 × 105 
cells/ml. It was essential that the medium used for wash- 
ings and resuspending of  cells be warm, because even a 
brief (30 min) exposure to cold (0 °C) medium caused a 
growth delay. The cells were then incubated at 37 °C in a 
humidified atmosphere containing 5% CO 2 and counted 
daily using a Coulter counter. The cultures were diluted 
with fresh medium to 3 x 105 cells/ml when they reached a 
density above 6 × 105 cells/ml. The daily increase in the 
cell density was used to calculate an increase of  the num- 
ber of  cells in the culture assuming no dilution. An esti- 
mate of  the number of  surviving cells was made by extra- 
polation of  exponential growth curves of  treated cultures 
to the end of  the treatment period. Then surviving frac- 
tions were calculated as a ratio of  the extrapolated number 
of  surviving cells in treated culture to the number  of  cells 
in the control culture. 

Clearance studies 

Studies on circulatory clearance were performed essential- 
ly as previously described [49]. Purified anti-Thy-1 or 
anti-Thy-l-gelonin conjugate was iodinated with Na125I 
(Amersham) using the Iodo-gen technique [15]. Between 
5 × 105 and 1 × 10  6 cpm of  iodinated antibody or conjugate 
was injected in a carrier solution of  phosphate-buffered 
saline (PBS) containing 1% bovine serum albumin (BSA) 
via the tail vein, and 50 lxl samples of  blood were taken 
from the retroorbital plexus at various times thereafter, 
added to 50 ~tl of  water and the proteins immediately pre- 
cipitated with 1 ml of  ice-cold 12.5% (w/v) trichloroacetic 
acid (TCA) for 30 min. The precipitate was collected and 
counted in a gamma counter. The percent remaining TCA 
precipitable counts per minute were calculated assuming a 
total blood volume of  10% of body weight, 2 ml in most 
cases. 

Studies of  binding of  antibody or conjugate to tumor 
cells in vivo were performed as follows: 125I-labeled MCA 
or conjugate was injected i.v. or i.p. into mice bearing as- 
citic tumor. In most cases, mice had received 5×  10  6 

R A D A  or S1509a cells i.p. 7 days prior to the experiment 
and had visible ascites that could be tapped. A known 
amount  of  unlabeled ant ibody or conjugate was added to 
the radiolabeled preparation. At various times after injec- 
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tion 150-250 pJ of ascites was tapped and the total cell 
iii 

number was determined using a hemocytometer in the 
Z 

presence of acetic acid and trypan blue; greater than 95% o 
n 

of the cells were viable tumor cells. These cells were exten- 
sively washed at 4 °C and then incubated in 0.5 ml of wa- ~-'" 
ter for 30 min at 4 oc,  and the proteins precipitated with f13 
an equal volume of ice-cold 12.5% TCA and 50 ktl of PBS ~" 

k-- 
1% BSA for an additional 30 min. The resulting precipitate z 

o was then counted in a gamma-counter. The number of o 
molecules of antibody or conjugate bound per cell was 
then determined. Total TCA precipitable counts per mi- 
nute was converted to total number of molecules, after de- 
termining the specific activity of the injected preparation. 
This number of molecules was then divided by the cell, 
count. The number of anti-Thy-1 and anti-Thy-l-gelonin 
binding sites in RADA grown both in vitro and in vivo has 
been previously determined to be 5 x 105 to 9 × 105 per cell 
(unpublished data). 

Efficacy of  immunotoxin in rive 

A/J  mice were inoculated i.p. with 5× l04 RADA or 
S1509a cells grown in vitro, except as indicated. This re- 
presented between 102 and 103 lethal doses of cells for both 
tumors. On the day of tumor inoculation, mice received ei- 
ther i.v. or i.p., varying doses of the anti-Thy-l-gelonin, 
antibody, gelonin, a mixture of antibody and gelonin, or 
immunoconjugate of irrelevant specificity, as indicated in 
Results. The endpoint used to determine efficacy was time 
to death after inoculation. The inoculation of 5 × l 0  4 

RADA cells invariably resulted in death by 26 days (mean, 
16.9+2 days. 50 mice, 6 different experiments). Further- 
more, those mice inoculated with a cell number near the 
LDh0 (which varied from less than 50 to about 200 cells) 
were always either dead by day 28 or survived for greater 
than 3 months. Therefore, mice surviving to 60 days with- 
out evidence of tumor on gross pathologic examination 
were considered to be long-term survivors and were sacri- 
ficed. 

Statistical analysis 

Survival medians were estimated by the method of Kaplan 
and Meier [29]. Differences in the distribution of survival 
times were compared between groups using a logrank test 
[10]. A nonparametric trend test for survival by dose was 
performed by ranking dose groups in ascending order 
corresponding to increasing dose. Cox regression analysis 
[11] was performed to evaluate the association between 
survival time distribution and doese intensity rank. 

Results 

In vitro toxicity of  the anti-Thy-l-gelonin conjugate 

The toxicity of the anti-Thy-l-gelonin immunoconjugate 
was initially determined in an indirect cell proliferation as- 
say using 3H-thymidine incorporation into DNA [33]. On 
RADA cells, the immunoconjugate showed an ICh0 of 
about 10-12M, whereas anti-Thy-1, gelonin, a mixture of 
the two, or a similarly prepared immunoconjugate of ir- 
relevant specificity (7T4-7El0-gelonin) showed an ICh0 of 
greater than 10 7M (Fig. 2A). A similar ICh0 (greater than 
10-7M) was measured for the immunoconjugate on the 
Thy- 1-negative A/J  fibrosarcoma, S 1509a (Fig. 2 B). These 
data indicated at least 5 logarithms of specificity of the im- 
munoconjugate. The anti-Thy-1-gelonin immunoconjugate 
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Fig. 2. Inhibition of proliferation of tumor cells by immunotoxin. 
RADA and S1509a cells were cultured in the presence of anti- 
Thy-l-gelonin (A) anti-Thy-1 + gelonin (V), gelonin (m), anti- 
Thy-1 (Q) or 7T4-7E10-gelonin ([2), for 24 h, at the indicated 
concentrations and pulsed with 3H-thymidine for the last 4 h, as 
described in Materials and methods 

also showed potent inhibitory effects in vitro on murine T 
cell responses, including the concanavalin A proliferative 
response, and the allospecific proliferative and cytolytic T 
cell response (not shown), as has been demonstrated for 
other anti-Thy-1 immunoconjugates [7, 8, 14, 25, 56, 58]. 

However, this type of assay using thymidine incorpor- 
ation cannot accurately determine the actual percentage of 
cells killed or, conversely, the surviving fraction (S. F.) of 
cells after exposure to immunoconjugate. This was deter- 
mined by the more accurate and sensitive direct cell prolif- 
eration assays, the "growth back extrapolation" assay and 
the clonogenic assay. The toxicity data obtained by these 
two assays were in accord, and therefore used interchange- 
ably here. In these assays, anti-Thy-l-gelonin was as toxic 
for cultured RADA cells as ricin (Fig. 3). In sharp con- 
trast, nonconjugated gelonin was about 105-fold less toxic 
for these cells under similar conditions and anti-Thy-1 an- 
tibody, HDTLG-gelonin, HDTLG antibody, or 5E9-gel- 
onin (which does not bind to the murine transferrin recep- 
tor) were also at least 104-fold less toxic for RADA cells 
than anti-Thy-l-gelonin. Thus, the relative specificity of 
this immunoconjugate was identical in the indirect and di- 
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Fig. 3. Estimation of surviving fraction of cells by "growth back 
extrapolation" and clonogenic assays. RADA cells were exposed 
to the indicated concentrations of anti-Thy-l-gelonin (©), ricin 
(m), gelonin (O), anti-Thy-l (A), HDTLG (V), or HDTLG-gel- 
onin (0) for 24 h, or to anti-Thy-l-gelonin for 4 h (A). Cells were 
then processed and the surviving fraction estimated, as described 
in Materials and methods 
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rect cell proliferation assay. Furthermore, the latter two as- 
says indicated a S. F. of  at least 10 -3 after a 24 h exposure 
to 10-9Manti -Thy-l -gelonin and a S. F. of  10 -1 even after 
only 4 h of  exposure to the same concentration. 

Pharmacokinetics and toxicity in vivo 

The circulatory clearance o f  anti-Thy-1 and anti-Thy- 
1-gelonin was determined in A / J  mice as described in Ma- 
terials and methods. Both MCA and immunoconjugates 
were rapidly cleared from the circulation of  A / J  mice, but 
immunoconjugate  was more rapidly cleared than MCA. 
Moreover, the co-injection of  large amounts of  unlabeled 
MCA or unlabeled immunoconjugate prolonged the circu- 
latory clearance of  each (Fig. 3). These findings are in ac- 
cord with previous data which showed a rapid circulatory 
clearance in mice of  antibodies or conjugates which recog- 
nized murine determinants, and a prolongation of  clear- 
ance times when large amounts of  unlabeled material are 
co-injected with the radiolabeled material [49]. 

The LDs0 in mice of  the anti-Thy-l-gelonin conjugate 
was aboute 2.5 mg/kg  (see Fig. 8A), a figure approximate- 
ly one order of  magnitude lower than the LDs0 in mice for 
identically prepared immunoconjugates of  anti-human T 
cell specificity [49]. This higher toxicity may reflect the spe- 
cificity of  the anti-Thy-l-gelonin immunoconjugate for 
murine Thy-1 expressing T cells. In fact, splenocytes of  
mice injected i.v. with the conjugate at a dose of  approxi- 
mately one-half the LDs0 showed transient, but modest de- 
creases in vitro in concanavalin A proliferative and al- 
lospecific cytolytic T cell responses (not shown). 

In vivo delivery o f  immunoconjugate 

Since the number of  Thy-1 binding sites per R A D A  cell in 
vitro or in vivo has been determined to be 5 x  105 to 
9 x 105, it was possible to determine how many sites were 
occupied by antibody or immunoconjugate after in vivo 
administration, as described in "Materials and methods". 
The ability to deliver immunoconjugate in vivo to tumor- 
bearing mice was studied. A / J  mice which had been inocu- 
lated i.p. with 5 x 106 tumor cells 7 days earlier were used. 
At this time, visible ascites containing greater than 95% vi- 
able tumor cells was present. These tumor-bearing mice 
were given between 1 mg /kg  and 10m g/ kg  (approx. 
20-200 gg) of  125I-labeled antibody or immunoconjugate,  
either i.p. or i.v., the ascites was tapped at various times 
afterward, and the number  of  molecules of  antibody or im- 
munoconjugate bound per tumor cell determined as de- 
scribed in "Materials and methods" (Fig. 5A and 5B). 
Several points are apparent. First, 10 mg/kg  of  either an- 
t ibody or immunoconjugate clearly saturated all Thy-1 
sites on R A D A  cells for several hours when given i.p., i.e., 
directly into the ascites. However, the apparent  number  of  
molecules bound decreased steadily with time after a 
single dose with a t 1/2 o f  about 6 h for both MCA or immu- 
noconjugate. Secondly, this same dose of  MCA or immu- 
noconjugate when given i.v. resulted in low levels of  bind- 
ing, although the level of  binding after 24 h was similar for 
either i.p. or i.v. injection. Lower doses of  antibody given 
i.p. resulted predictably in lower initial binding, but a 
roughly similar rate of  decrease in number  of  molecules 
bound. Antigen specificity o f  delivery was demonstrated 
by the lack of  binding of  an irrelevant antibody (5E9, anti- 
transferrin receptor, [49]) to R A D A  in vivo and the lack o f  
binding of  anti-Thy-1 to S1509a in vivo. Finally, the 
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Fig. 4. Clearance of anti-Thy-1 and anti-Thy-l-gelonin from the 
blood of A/J mice; A/J mice were injected i.v. with 12SI-labeled 
anti-Thy-1 (Q), '25I-labeled anti-Thy-l-gelonin (O), 125I-anti-Thy- 
1, and 200 gg unlabeled anti-Thy-1 (V), JzSI-anti-Thy-l-gelonin 
and 200gg unlabeled anti-Thy-l-gelonin (V). Blood samples 
were obtained and processed at various times after injection, as 
described in Materials and methods. Each point represents at least 
three determinations _+ SD 

amount  of  immunoconjugate bound to cells appeared to 
be similar to the amount  of  antibody bound when given 
i.p., but somewhat less when given i.v., which is not sur- 
prising in view of  the more rapid circulatory clearance of  
immunoconjugate (Fig. 4). Binding of  MCA or immuno- 
conjugate to nodular  tumor after i.v. injection was low 
(data not shown). 
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Fig. 5A  and 5B.  Binding of anti-Thy-1 and anti-Thy-l-gelonin to 
ascitic tumor in vivo. A RADA-bearing A/J mice were inoculated 
with t25I-anti-Thy-1 i.p. at 10 mg/kg (0),  5 mg/kg ( I ) ,  or 1 mg/ 
kg (1), ~25I-anti-Thy-1 i.v. at 10mg/kg (O), ~25I-5E9 i.v. at 
10 mg/kg (n), 125I-5E9 i.p. at 10 mg/kg (A), or S1509a-bearing 
mice were inoculated with '25I-anti-Thy-1 i.p. at 10 mg/kg ([2). B 
RADA-bearing A/J mice were inoculated with ~25I-labeled-anti- 
Thy-l-gelonin i.p. at 10 mg/kg (Q) or i.v. at 10 mg/kg (O). As- 
cites was tapped and the cells processed as described in Materials 
and methods 
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Antitumor efficacy of immunoconjugate in vivo 

The ant i tumor  efficacy of  the an t i -Thy- l -ge lon in  immu- 
noconjugate  was evaluated in vivo. A / J  mice were given 
5 x 104 R A D A  cells (102-103 lethal doses) i. p. on day  1 
and  then given 10 gg (approx imate ly  0.5 mg /kg )  of  anti- 
Thy- l -ge lon in ,  equivalent  amounts  of  anti-Thy-1, gelonin,  
an admixture  of  equivalent  amounts  of  anti-Thy-1 and 
gelonin,  an immunoconjuga te  of  i rrelevant  specificity 
(5E9-gelonin,  [49]), HDTLG-ge lon in ,  or PBS on days  1, 3, 
and  5 (Fig. 6). Only those mice receiving the anti-Thy- 
l -ge lonin  immunoconjuga te  showed any significant pro-  
longat ion of  survival indica t ing  both the antigen specifici- 
ty and  in vitro predic tabi l i ty  of  immunoconjuga te  efficacy 
(an t i -Thy- l -ge lonin  vs PBS, P < 0.0001 ; ant i-Thy-1-gelon- 
in vs anti-Thy-1 + gelonin,  P = 0.0001; all other groups 
vs PBS N. S.). A / J  mice given S1509a i.p. also showed no 
p ro longa t ion  of  survival when treated with anti-Thy-1-gel-  
onin  (not shown). Fur thermore ,  nei ther  anti-Thy-1 alone 
nor  an admixture  of  anti-Thy-1 + gelonin had  any effect 
at this dose on the survival of  mice inocula ted  with 5 x 102, 
or  5 x 103 R A D A  cells (not shown). Thus, the efficacy of  
immunoconjuga te  cannot  be par t ia l ly  at t r ibuted to an an- 
t ibody  effect, as has been seen in some systems [3, 5, 56]. 
In  the exper iment  shown, about  50% of  mice t reated with 
an t i -Thy- l -ge lon in  were considered long-term survivors 
(L. S. F.), but  this number  var ied  from 30% to 100% using 
this t reatment  protocol .  

The S. F. of  R A D A  in vivo after a single dose of  immu- 
noconjugate  was de te rmined  by giving 10 Ixg o f  immuno-  
conjugate on day 1 to A / J  mice who had received between 
5 x 101 and 5 x 104 R A D A  cells i .p.  (Fig. 7). Since the LD50 
in this exper iment  was less than 50 cells (Fig. 7 D), it is evi- 
dent  that a S. F. of  no greater  than 0.1, resulted from a 
single dose of  immunoconjuga te ;  there were 50% L. S. F. 
in animals  given 5 x 102 cells and  immunoconjuga te ,  and 
0% L. S. F. in animals  given 5 x 101 cells and  an admixture  
of  anti-Thy-1 + gelonin.  Fur thermore ,  since there were 
100% L. S. F. in animals  given 5 x 104 cells and  10 lxg o f i m -  
munoconjugates  three times, The S. F. must  actual ly have 
been between 0.1 and 0.01 after a single dose;  Since 
R A D A  has a doubl ing t ime of  18 h (unpubl ished data),  
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Fig. 6. Efficacy of anti-Thy-l-gelonin in vivo. A/J mice were inoc- 
ulated with 5 × t 0  4 RADA i.p. on day 1 and received 10 txg of anti- 
Thy-l-gelonin, 5E9-gelonin, or HDTLG-gelonin, or 8 Ixg Thy-1 
and 2 ~tg gelonin or 0.25 ml of phosphate-buffered saline (PBS) 
i.p. on days 1, 3, and 5. Neither anti-Thy-1 alone nor gelonin 
alone had any effect different from PBS (not shown). ( 0 )  - PBS; 
(V) - anti-Thy-l-gelonin; (A) - anti-Thy-1 + gelonin; (D) - 
5E9-gelonin; (O) - HDTLG-gelonin 
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treatment in vivo. A/J mice were inoculated with 5 x l 0  4 RADA 
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RADA i.p. (D) on day 1, and were given either 10 ktg of anti-Thy- 
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on day 1 or 10 l-tg of anti-Thy-l-gelonin i.p. (V) or 8 Ixg of anti- 
Thy-I and 2 [xg of gelonin (V) i.p. on days 1, 3, and 5. Survival of 
mice given anti-Thy-1 + gelonin was not different from mice 
given PBS (not shown) 
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Fig. 8. Comparison of anti-Thy-l-gelonin with adriamycin and 
cytoxan in vivo. A/J mice were injected with 5 x l 0  4 RADA cells 
i.p. on day 1 and received i.p. (A) PBS (O), anti-Thy-l-gelonin, 
101.tg (V), anti-Thy-l-gelonin, 25 l.tg (n) ,  anti-Thy-l-gelonin, 
50 ktg (A);  (B) PBS (O), cytoxan, 10 lxg (V), cytoxan 100 ixg (n ) ;  
(C) PBS (O), adriamycin 10 Ixg (V), adriamycin 100 lxg (13); (D) 
PBS (O), anti-Thy-1 8 lxg + gelonin 2 txg (*) ,  anti-Thy-1 40 jxg + 
gelonin 10 ixg (n) ,  or 7T4-7E10-gelonin 50 ktg (A), all on day 1 
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about 800 cells would survive after three doses spaced 
apart by 48 h, if there were a S. F. of 0.1 after each dose, 
whereas a S. F. of 0.01 would result in 8 cells surviving af- 
ter such treatment, below the LDs0 of less than 50 cells. 

The efficacy of a single dose of anti-Thy-1-gelonin im- 
munoconjugate was compared to the efficacy of a single 
dose of the known antineoplastic agents, adriamycin and 
cytoxan. Varying doses of these three reagents were given 
on day 1 to A/J  mice bearing 5 × 104 RADA (Fig. 8). In 
these experiments, both the tumor inoculum and reagent 
were given i.p., but i.v. inoculation of either anti-Thy- 
1-gelonin or adriamycin showed similar effects. It was evi- 
dent that below an LDs0 of about 2.5 mg/kg (Fig. 8A) im- 
munoconjugate was nearly as effective as adriamycin and 
more effective than cytoxan in prolonging survival and in 
producing L. S. F. (anti-Thy-l-gelonin 10 lxg vs PBS P = 
0.001; anti-Thy-l-gelonin 25 ~tg vs PBS P = 0.005; anti- 
Thy-l-gelonin 10 ~tg vs anti-Thy-1 + gelonin, 10 Ixg P = 
0.003; anti-Thy-1 + gelonin 10 lxg, or 100 Ixg vs PBS N. S., 
adriamycin 10 Ixg vs PBS P = 0.009; adriamycin 100 p,g vs 
PBS P = 0.0001 ; Cox regression trend analysis, anti-Thy-- 
1-gelonin, 0-1001xg P = 0.003; adriamycin 0-1001xg 
P =0. 0003; cytoxan 0-100 ~tg N. S.). 

Discussion 

In this paper, we presented a study of the in vitro efficacy, 
in vivo pharmacokinetics, tumor delivery, and antitumor 
efficacy of an immunoconjugate consisting of a rat MCA 
recognizing the Thy-1 determinant linked by a disulfide 
bond to the ribosome-inactivating protein, gelonin. We 
studied the efficacy of this reagent against a murine leu- 
kemia in its natural, syngeneic host, and compared its po- 
tency to the potency of two currently used antineoplastic 
agents in the same model system. A variety of murine tu- 
mor model systems have been used for the evaluation of 
immunotoxin efficacy, but among the best nonxenograft 
model systems are those murine leukemias and lympho- 
mas which bear the pan-T cell antigen Thy-1. The Thy-1 
antigen appears to be a particularly useful target for im- 
munotoxins because immunoconjugates recognizing this 
antigen are very toxic in vitro for either normal or tumor 
cells bearing the antigen [7, 8, 14, 25, 28, 55, 56, 58]. Sever- 
al models using Thy-1 positive murine leukemias and lym- 
phomas have been previously used to evaluate immuno- 
toxin efficacy in vivo [28, 43, 55, 56]. In two of these stud- 
ies, both an anti-Thyl.l-gelonin and an anti-Thyl.l-sapor- 
in immunoconjugate were shown to have potent antitumor 
effects on the Thyl.1 positive AKR-A lymphoma, includ- 
ing temporary regression of visible ascites in the case of 
the anti-Thy-l-saporin conjugate. However, both tumor 
models were essentially allografts in immunodeficient and 
nonsyngeneic hosts, which may have contributed to the ef- 
fect of anti-Thyl.1 antibody alone in the case of the anti- 
Thyl. l-saporin conjugate. In using the A strain leukemia 
RADA in its natural, syngeneic, and immunocompetent 
host, the A/J  mouse, we wished to determine if this type of 
immunotoxin could be effective under conditions which 
might more closely imitate the clinical situation. In addi- 
tion, our antibody recognized determinants on normal 
A / J  tissue, i.e., the Thy- 1 expressing T cells, which was not 
the situation in the three previously described models; in 
all cases, an anti-Thyl.1 immunoconjugate was directed 

against Thyl.1 lymphoma in a Thyl.2 host. Thus, the 
RADA-A/J  model also duplicated the expected clinical 
situation where a candidate immunotoxin may cross-react 
with normal tissues [60]. 

Our laboratories have chosen to work on gelonin, a 
ribosome-inactivating protein derived from the seeds of 
Gelonium multiflorum [53], because it requires fewer pre- 
cautions in its preparation than ricin A, the most common- 
ly used toxin, and because it is more stable [4, 53]. In addi- 
tion, contamination with free ricin, a potential problem of 
ricin-A conjugates [16], does not occur with native single 
chain toxins such as gelonin. Previous antibody-gelonin 
conjugates prepared by our group have shown a high de- 
gree of stability, retention of binding avidity compared to 
the original antibody, and potent toxicity and specificity 
in vitro. Furthermore, these immunoconjugates can be pre- 
pared with a high degree of purity, that is, free of unconju- 
gated antibody or gelonin [33]. We also showed that these 
types of conjugates circulate for days and retain biological 
activity in both nonhuman primates and in the mouse 
[34, 49]. 

Importantly, the most potent immunoconjugate of this 
type in our hands to date has been the anti-Thy-l-gelonin 
conjugate, which is confirmation of previously cited work. 
In addition to demonstrating great specificity (greater than 
5 logarithms of concentration), it produced a S. F. of 10 -3 

or less in a 24-h exposure in the 1 n M  range, and showed 
significant toxicity to RADA cells even after a short time 
exposure. We have also shown this conjugate to be highly 
toxic to other Thy-l-bearing murine tumors. The reason 
for its high toxicity is still unclear, but may relate to the 
extraordinarily high expression of Thy-1 antigen on RA- 
DA as well as other Thy-1 expressing murine tumors; 
5 x 105 or more binding sites are present per cell, a number 
about tenfold higher than many other surface antigens we 
have studied, including HDTLG in the mouse, and CAL- 
LA, T l l ,  and the transferrin receptor in human tumors 
[20]. The efficiency and mechanism of internalization of 
the Thy-1 antigen when bound by antibody, or its putative 
ligand, may also explain the extraordinary efficacy of the 
anti-Thy-l-gelonin conjugate. Work of other groups has 
suggested that this antigen may be involved in a crucial 
way in murine T cell activation [22, 31, 35], and we have 
found that activation antigens [37] in human tumor sys- 
tems are promising candidates for targeting by immuno- 
toxin. The high potency of the anti-Thy-1-gelonin immun- 
otoxin also does not reflect an intrinsic susceptibility of 
the RADA cell line; a gelonin conjugate of another antib- 
ody which recognized a surface structure on this tumor, 
i.e. TLa /HDTLG was nontoxic (Fig. 3). The phenomenon 
of marked differences in potency between immunoconju- 
gates of this type (i.e., of the gelonin or ricin-A type) re- 
cognizing different antigens is well-known as is the de- 
monstration of a difference in potency between immunoc- 
onjugates recognizing different determinants on the Same 
cell [6, 7, 33, 42]. Efficiency of internalization of immunoc- 
onjugate has been a proposed explanation for these differ- 
ences. This may be relevant in selecting candidate antib- 
ody conjugates for the treatment of human tumors in vivo. 

In vivo, a rapid clearance of anti-Thy-1 and anti-Thy- 
1-gelonin conjugates from the A/J  circulation was o b -  
served, which confirms previous findings of  our group, in 
which antibodies which recognized determinants on nor- 
mal murine tissue had much shorter circulation times than 
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those which did not  [49]. The abil i ty to pro long  the circula- 
tory  t ime with large amounts  of  ant ibodies  or immunocon-  
jugate  is also conf i rmat ion of  previous work using other 
M C A  [49]. Fur thermore ,  the pharmacokine t i c  impor tance  
o f  a cross-reactivity for M C A  or conjugate  between a tu- 
mor  surface de te rminant  and  normal  tissue determinants  is 
emphas ized  by our  in vivo b ind ing  studies; doses of  either 
an t ibody  or conjugate which saturated Thy-1-binding sites 
in ascitic tumor  in vivo when given directly into the peri to-  
neal  cavity, fai led to do so when given i.v. ; p resumably  the 
large number  of  normal  Thy-1 expressing cells encoun- 
tered by i.v. adminis te red  an t ibody  effectively competed  
for b inding  pr ior  to local izat ion in the ascitic tumor.  In- 
deed,  b inding  of  125I-Thy-1 an t ibody  to Thy-1 expressing 
cells in spleen, lymph nodes,  and  other sites after i.v. ad- 
minis t ra t ion has been previously demons t ra ted  [26]. Fur-  
thermore,  the lower b ind ing  levels seen with immunocon-  
jugate  as compared  to an t ibody  after i.v. adminis t ra t ion  
p robab ly  reflected a more  rap id  circulatory clearance of  
the conjugate.  

Despite these pharmacokine t ic  drawbacks ,  a single i.p. 
dose of  0.5 m g / k g  of  an t i -Thy- l -ge lon in  kil led between 
90% and 99% of  R A D A  cells in a syngeneic,  immuno-  
competent  host in an antigen-specif ic  fashion;  up  to 
99.99% of  cells were ki l led after three doses. Nei ther  anti- 
Thy-I  an t ibody  alone or in combina t ion  with gelonin had 
any potency against  tumor  even at very low levels of  tu- 
mor  inocula  (50 cells), indicat ing that  none of  the in vivo 
efficacy of  this immunotox in  could be at t r ibuted to an an- 
t ibody-med ia ted  effect. Fur thermore ,  the modes t  immuno-  
suppressive effects observed after in vivo adminis t ra t ion  
p robab ly  had little effect on ant i tumor  efficacy. I f  any- 
thing, a potent ia t ion  of  tumor  growth through interference 
with the host 's  an t i tumor  response would  be expected,  an, 
in fact, no effect on S1509a growth was observed.  

Final ly ,  in vivo efficacy corre la ted well with in vitro 
toxicity,  and  an t i -Thy- l -ge lon in  compared  favorably  with 
adr iamyc in  or  cytoxan in its efficacy. It is of  interest,  how- 
ever, that a S. F. of  0.001 or  less was observed in vitro after 
exposure  to 1 n M  ant i -Thy- l -ge lonin ,  while a S. F. no less 
than  0.01 was observed in vivo;  this p robab ly  reflected the 
length o f  t ime to which R A D A  cells in vivo are exposed to 
toxic  levels of  immunotoxin .  Efficacy in vitro may  be grea- 
ter because exposure  of  tumor  cells to immunotox in  is 
l ikely to be more ideal  than under  in vivo condi t ions ;  
compet i t ion  for b ind ing  by determinants  on normal  tissue 
may  at least par t ia l ly  explain  the lower efficacy observed 
in vivo. In addi t ion,  the inabi l i ty  to give more  than 50 txg 
o f  this immunoconjuga te  without  p roduc ing  toxici ty 
(Fig. 8 A), may preclude the demons t ra t ion  of  greater  effi- 
cacy in vivo. Indeed,  the observed LDs0 of  the ant i-Thy- 
1-gelonin conjugate is tenfold  less than that  observed for 
ident ical ly  p repared  conjugates of  an t i -human cell speci- 
ficity [49], which may  also be a reflection of  the specificity 
of  this conjugate for normal  murine  tissues. One might 
predic t  that  a model  system in which the cand ida te  de- 
t e rminan t  on a tumor  was not  present  on normal  tissues 
would,  in fact, al low the demons t ra t ion  of  greater  efficacy 
in vivo;  such a syngeneic model  system is under  study. 

Several further issues are current ly being addressed.  
First ,  demons t ra t ion  of  efficacy o f  this type of  conjugate  
against  human  tumors  in vivo in a nude  mouse-xenograf t  
model  is of  interest pr ior  to init iat ing clinical  studies. Sec- 
ond,  the demonst ra t ion  of  a synergistic effect o f  immuno-  

toxin and currently avai lable chemotherapeut ic  agents 
would  be of  interest. Both such studies are currently un- 
derway and show great promise  in this regard.  
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