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Abstract We generated a human/mouse chimeric anti-
body c-SN6j of human IgG1 isotype from a murine anti-
human endoglin (EDG) monoclonal antibody (mAb)
SN6j that suppressed angiogenesis, tumor growth and
metastasis in mice. We determined pharmacokinetics
(PKs) and immunogenicity of c-SN6j in monkeys after
multiple i.v. injections. A dose-escalation study was
performed by administration of c-SN6j into six monkeys
at the dose of 1 mg, 3 mg and 10 mg per kg body
weight. In addition, both c-SN6j (3 mg/kg) and doxo-
rubicin (0.275 mg/kg) were injected into two monkeys.
c-SN6j and doxorubicin were injected twice a week for
3 weeks. We developed a unique and sensitive ELISA by
sequentially targeting the common and idiotypic epi-
topes of c-SN6j-Fv to quantify plasma c-SN6j. Appli-
cation of the ELISA showed that increasing the c-SN6j
dose resulted in a proportional increase in the circulating
c-SN6j after the first injection. In addition, the estimated
area under the curve (AUC) for the first injection of
c-SN6j is proportional to dose. We carried out detailed
analyses of PKs of c-SN6j during and after the repeated
injections. Our model of PKs fitted the empirical data
well. Addition of doxorubicin modulated the PK
parameters. We developed two ELISAs to separately
determine the immune responses to the murine part and
the human part of c-SN6j in monkeys. Interestingly, the
murine part induced a weaker immune response than the
human part. Doxorubicin potentiated the immune re-

sponses. Increasing the dose of c-SN6j increased plasma
levels of c-SN6j but did not increase the immune re-
sponses to c-SN6j.
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Introduction

Endoglin is a homodimer cell surface glycoprotein that
is expressed on leukemia cells and endothelial cells [1–3].
The existence of two forms of EDG was reported, the
smaller form (160 kD, termed S-EDG) and the larger
form (170 kD, termed L-EDG); a small difference be-
tween the two EDGs was due to the difference in size of
the cytoplasmic portions of the proteins [4]. EDG is a
component of the TGF-b receptor complex [5]. It forms
heterodimers with the signaling type I and type II
receptors of TGF-b in the presence of ligand [6, 7], and
can modulate cellular responses to TGF-b[7–9]. In
addition, EDG may modulate cell migration and cyto-
skeletal organization [10, 11]. EDG is essential for
angiogenesis and vascular development [12, 13], and is a
proliferation/activation-associated antigen of endothe-
lial cells [14–17] and leukemia cells [18]. EDG is strongly
expressed on vascular endothelium of tumor tissues but
less so on that of normal tissues [15, 19–21], and the high
intratumoral microvessel density for EDG expression
correlates with poor overall survival of patients with
breast, lung and colorectal cancers [22–24].

We reported that systemic (i.v.) administration of
anti-EDG monoclonal antibodies (mAbs) including
SN6j and their immunoconjugates suppressed angio-
genesis, tumor growth and metastasis without overt
toxicity in mice [16, 21, 25–27]. The combination of SN6j
with cyclophosphamide showed synergistic antitumor
efficacy in human skin/SCID mouse chimeras when the
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drug was administered using a metronomic dosing
schedule [26]. More recently we found that doxorubicin
(adriamycin) also strongly potentiated antitumor effi-
cacy of SN6j in the chimeras [28]. Doxorubicin has been
widely used in the treatment of patients with a variety of
cancers (reviewed in [29]). Therefore, we evaluated the
preclinical properties of SN6j and doxorubicin in non-
human primates in the present study. We generated a
recombinant human/mouse chimeric mAb, termed
c-SN6j, from SN6j, and c-SN6j or c-SN6j plus doxoru-
bicin were administered six times, twice a week, into
monkeys.

We developed a unique and sensitive ELISA to
quantify plasma c-SN6j, and two additional ELISAs to
separately determine the immune responses to the mur-
ine part and the human part of c-SN6j in monkeys. The
results obtained from the present study are being utilized
in the design of the therapeutic application of c-SN6j to
cancer patients.

Materials and methods

Antibodies and materials

Murine Anti-human EDG mAb SN6j was generated in
our laboratory [21]. Recombinant human/mouse
chimeric mAbs of IgG1 and IgG3 isotypes were gen-
erated from SN6j. Details of the generation will be
reported elsewhere 1. In the present study, the chimeric
mAb of IgG1 isotype (termed c1-c-SN6j or simply
c-SN6j) was used. c-SN6j of GLP (good laboratory
practice) grade was produced in the facility of Unisyn
Division (Hopkinton, MA, USA) of Biovest Interna-
tional. F(ab’)2 fragment of SN6j was prepared by
pepsin digestion of SN6j. Rabbit anti-SN6j-F(ab’)2
antibodies were generated in the Animal Facilities of
our Institute by repeated injections of F(ab’)2 of SN6j
with adjuvants (Freund’s complete and incomplete
adjuvants) into two rabbits. Analysis of serially bled
antisera demonstrated that early bleedings of both
antisera from the two rabbits possessed strong anti-
idiotypic antibody activity (data not shown). Purified
Antibodies from the antisera were passed through
serially connected human IgG-CL4B Sepharose col-
umn and SN6j-IgG-CL4B Sepharose column to obtain
affinity purified antibodies that are free of any anti-
bodies crossreative with human IgG. The materials
bound to the SN6j-IgG column were eluted using
glycine-HCl (pH 2.6) buffer. The resulting affinity-
purified anti-SN6j-F(ab’)2antibodies were further pas-
sed through a normal human plasma-CL4B Sepharose
column and a normal human plasma-AminoLink-
agarose column (Pierce, Rockford, IL, USA) to

remove any antibodies that crossreact with human
plasma. Affinity-purified goat anti-mouse IgG-F(ab’)2
antibodies and goat anti-human IgG-Fc antibodies
were purchased from Jackson Immuno Research (West
Grove, PA, USA). Biotinylation of affinity-purified
anti-SN6j-F(ab’)2 antibodies, SN6j and c-SN6j mAb
were made using an EZ-Link Sulfo-NHS-Biotinylation
Kit (Pierce) according to the manufacture’s protocol.
Clinical grade doxorubicin (Novaplus, Irving, TX,
USA) was obtained from the Pharmacy Department of
Roswell Park Cancer Institute.

Animals and blood samples

Eight female cynomolgus (Macaca fascicularis) monkeys
weighing between 2.0 kg and 2.4 kg were used for this
study. Captive bled monkeys were obtained from the
Biomedical Resources Foundation, Inc. (Houston, TX,
USA). Monkeys were housed and cared for at the
Laboratory Animal Facilities, School of Medicine and
Biomedical Sciences, State University of New York at
Buffalo. Animal care was provided in accordance with
the standards established by the Association for
Assessment and Accreditation for Laboratory Animal
Care. The experimental protocols were approved by the
Institutional Animal Care and Use Committee. Eight
monkeys were divided into four groups. Group 1
(monkeys A and B), group 2 (C and D) and group 3 (E
and F) were given 1 mg, 3 mg and 10 mg/kg BW,
respectively, of c-SN6j. Group 4 (monkeys G and H)
received 3 mg/kg BW of c-SN6j and 0.275 mg/kg BW of
doxorubicin. The dose of c-SN6j was chosen based on
the results of our studies of SN6j in mouse models ([26,
27] and unpublished observation); c-SN6j at these doses
is expected to be safe and effective for tumor suppression
in cancer patients. Survey of clinical trial results [29]
suggested that doxorubicin will be safe at the dose of
0.275 mg/kg BW after multiple injections into cancer
patients. In addition, results of our animal studies sug-
gest that doxorubicin will potentiate the antitumor
activity of c-SN6j at a similar dose ([28], unpublished
observation). c-SN6j in PBS was centrifuged at
100,000·g at 4�C for 1 h, and the supernatant was fil-
tered through a sterile Millex-GV filter (0.22 mm; Mil-
lipore, Bedford, MA, USA) in a laminar flow hood
before use. c-SN6j and doxorubicin were injected six
times via the superficial vein of an arm on days 0, 4, 7,
11, 14, and 21. Blood was drawn via the superficial vein
of the other arm. For the studies of pharmacokinetics
(PKs) and immune response, blood samples were drawn
in the following schedule: 0 (immediately before injec-
tion), 1, 2, 4, 24, 48 and 72 h after the first injection of
c-SN6j; 0, 4, 24, 48 and 72 h after the third injection of
c-SN6j; 0, 1, 2, 4, 24, 48 and 72 h, and on days 7, 11, 15,
18, 22, 25, 29, 32 and 36 after the sixth injection of
c-SN6j. In addition, blood was drawn weekly for anal-
yses of hematological indices and serum chemistry. The
blood samples were centrifuged at 2,000·g for 20 min

1Haba A, Norderhaug L, and Seon BK. Generation of IgG1 and
IgG3 human/mouse chimeric anti-endoglin monoclonal antibodies
and comparative studies with the IgG1, IgG3 and parental
monoclonal antibodies. Manuscript in preparation
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and the resulted serum samples were stored at �20�C
until used.

ELISA to quantify circulating c-SN6j (ELISA-1)

We developed a unique double-antibody sandwich
ELISA to quantify circulating plasma c-SN6j in mon-
keys that received multiple injections of c-SN6j. In this
assay, c-SN6j was first captured onto the microtiter
plates by pre-coated goat anti-mouse IgG-F(ab’)2
antibodies by targeting the common antigenic deter-
minants of mouse IgG-Fv of c-SN6j. Then, the
captured c-SN6j was detected by biotinylated rabbit
anti-SN6j-F(ab’)2 antibodies (see above) by targeting
the idiotypic epitopes of c-SN6j-Fv. Experimental
procedures are described below. Individual wells in
Maxisorp 96-well microtiter plates (Nunc, Roskilde,
Denmark) were coated with goat anti-mouse IgG-
F(ab’)2 antibodies by adding 100 ll of the antibodies
(10 lg/ml in PBS) followed by overnight incubation at
4�C. The optimal concentration of 10 lg/ml was
determined by preliminary titration experiments. The
plates were washed twice with washing buffer (PBS
containing 0.25% Tween 20). Microtiter plate wells
were then filled with 200 ll of blocking buffer (PBS
containing 2% BSA and 0.05% NaN3), incubated
overnight at 4�C and washed twice with the washing
buffer. Fifty micorliters of serial dilutions of c-SN6j
(for a standard curve) or appropriate dilutions of sera
from the c-SN6j-injected monkeys were added, in
quadruplicate, to individual wells and incubated for 3 h
at room temperature. Dilutions of c-SN6j and sera were
made using a dilution buffer that consisted of RPMI
1640, or PBS containing 50 KIU/ml Aprotinin, 25 mM
HEPES, 0.1% BSA, and 0.01% NaN3. Replacing
RPMI 1640 with PBS in the dilution buffer did not
affect the results of the ELISA. After washing three
times with the washing buffer, 50 ll of biotinylated
rabbit anti SN6j-F(ab’)2 antibodies (see above; diluted
to 2.5 lg/ml with the dilution buffer) were added into
individual wells and incubated for 1 h at room tem-
perature. After washing three times with the washing
buffer, 50 ll of ABC reagent (VECTASTAIN ABC
Kits, Vector Labs, Burlingame, CA, USA) were added
into individual wells, incubated for 30 min at room
temperature and washed four times with washing buf-
fer. Then, 100 ll of 0.1% 2,2¢-azino-bis (3-ethylbenz-
thiazoline 6-sulfonic acid) (ABTS; Sigma, St Louis,
MO, USA) in 0.05 M phosphate-citrate buffer (pH 5.0)
containing 0.25 ll/ml hydrogen peroxide were added
into wells followed by incubation for a suitable period
of time (e.g., 5 min) at room temperature. The resulting
color intensity was measured spectrophotometrically at
405/540 nm with a Microplate Autoreader (BIO-TEK,
Winooski, VT, USA). Quadruplicate analyses were
performed for each sample. The standard curve was
constructed by generating a linear regression line using
the assay results and Excel software (Micro Soft,

Redmond, WA, USA). The measured serum c-SN6j
values were presented as the mean ± SD.

ELISAs (ELISA-2 and ELISA-3) to measure immune
responses to c-SN6j

We developed two double-antigen sandwich ELISAs to
separately determine the immune responses to the mouse
part (mouse IgG-Fv) and human part (human IgG-CL/
CH) of c-SN6j. The assay procedures for ELISA-2 to
measure the immune response to the mouse part of c-
SN6j are as follows: individual wells of Maxisorp 96-well
microtiter plates were coated with SN6j by adding 100 ll
of SN6j (10 lg/ml in PBS) followed by overnight incu-
bation at 4�C. The optimal SN6j concentration of
10 lg/ml was determined by preliminary titration
experiments. The coated plates were washed twice with
the washing buffer (see above ELISA-1) and incubated
overnight at 4�C with the blocking buffer (see above).
Fifty microliters of serial dilutions of rabbit anti-SN6j-
F(ab’)2 antibodies (for a standard curve) or appropriate
dilutions of monkey serum samples were added, in
quadruplicate, into individual coated wells followed by
incubation for 3 h at room temperature. Preimmune
monkey serum was included as a negative control. After
washing three times with the washing buffer, 50 ll of
biotinylated SN6j (2 lg/ml) were added into individual
wells followed by incubation for 1 h at room tempera-
ture. Preliminary titration experiments showed that
2 lg/ml is optimal for the biotinylated SN6j. The reac-
tions with ABC reagent and 2,2¢-azino-bis(3-ethylbenz-
thiazoline 6-sulfonic acid), absorption measurement,
and construction of a standard curve were performed as
described above for ELISA-1.

In ELISA-3 to measure the immune response to the
human part of c-SN6j, the following modifications were
performed compared with ELISA-2: microtiter plate
wells were coated with c-SN6j (10 lg/ml) instead of
SN6j. Serial dilutions of goat anti-human IgG-Fc anti-
bodies, instead of rabbit anti-mouse IgG-F(ab’)2 anti-
bodies, were added into the coated and blocked wells.
Then biotinylated c-SN6j (4 lg/ml), instead of biotiny-
lated SN6j, was added into microtiter plate wells.

Pharmacokinetic evaluation

Eight monkeys were given multiple bolus injections of
c-SN6j, one injection scheduled every 3 or 4 days, except
that the sixth injection came 7 days after the fifth
injection, and 28 blood samples per subject were taken
up to 57 days from the beginning of the schedule. The
c-SN6j plasma concentration with the time data for each
monkey was fit with a two-component (biexponential)
model that was modified to account for the bolus infu-
sion time and multiple injections. The equation was
adapted from the standard equation for a two com-
partment model with immediate bolus injection [30] by
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the method of Loo and Riegelman [31] to account for
the effect of the time of infusion, and for multiple
injections. The model was parameterized first with four
empirical parameters (A, B, t1/2 a, and t1/2 b), and then
with four physiological pharmacokinetic parameters
(VC, VSS, CL, and CLD) [30]. The four estimatable
empirical parameters include: A, the Y-intercept of the
first exponential term; B, the Y-intercept of the second
exponential term; t1/2a, the time that it takes for the first
exponential term to be reduced to 50% of A; and t1/2b,
the time that it takes for the second exponential term to
be reduced to 50% of B. The four estimatable physio-
logical pharmacokinetic parameters include: VC, the
volume of the hypothetical central compartment, which
includes as a minimum, the blood plasma; VSS, the
volume at steady state, or the sum of the hypothetical
central (plasma) and peripheral (tissue) compartments;
CL, the systemic clearance of agent from the central
(plasma) compartment; and CLD, the distributional
clearance between the central (plasma) and peripheral
(tissue) compartments. The model fitting approach was
iteratively reweighed nonlinear regression, with weights
equal to the reciprocal of one plus the square of the
predicted c-SN6j plasma concentrations. This procedure
was run with proc NLIN with SAS version 8.12 on an
Intel Pentium IV-based microcomputer. Graphs of
model fits were made with Sigma plot.

Results

Quantitation of plasma c-SN6j

We developed a unique and sensitive ELISA (ELISA-1)
to quantify circulating plasma c-SN6j in monkeys that

received multiple bolus i.v. injections of c-SN6j (see
Materials and methods for details). This assay was based
on utilization of two types of antibodies, one targeting
the common antigenic determinants of mouse IgG-Fv
and the other targeting the idiotypic epitopes of SN6j-
Fv. A standard curve was constructed to correlate the
optical absorbance in ELISA with the concentration of
circulating c-SN6j, and an example is shown in Fig. 1.
An excellent linear relationship was observed in the
range between 2.7 ng/ml and 87.5 ng/ml of c-SN6j
(Fig. 1). In the six monkeys A – F, the measured peak c-
SN6j concentration after the first injection was 19.6 ±
1.9, 18.1 ± 2.4, 41.1 ± 5.6, 57.3 ± 4.9, 147.1±11.9 and
151.2±5.8 lg/ml, respectively (Fig. 2). When the mea-
sured peak c-SN6j concentration for the first injection of
c-SN6j was plotted against dose, the peak concentration
was proportional to dose. In addition, it was evident
that estimated (AUC) area under the curve for the first
injection of c-SN6j is proportional to dose when the
AUC was plotted against dose (data not shown). The
AUC was calculated from the four empirical PK
parameters (see below). In monkeys G and H that re-
ceived both c-SN6j (3 mg/kg) and doxorubicin
(0.275 mg/kg), the peak c-SN6j concentration after the
first injection was 32.8±5.6 and 33.6±5.5 lg/ml,
respectively (Fig. 2). The results suggest that doxorubi-
cin decreases the levels of circulating c-SN6j. The
rationale for the chosen doses of c-SN6j and doxorubi-
cin is described in the Materials and methods. We were
able to draw multiple blood samples for the pharma-
cokinetic study only after the first, third and sixth
injections of c-SN6j (see Materials and methods for
details) because of the consideration of the animal
health. The results in Fig.2 show a biphasic kinetics
pattern with a relatively rapid initial clearance (distri-

Fig. 1 A standard curve for the
circulating c-SN6j as measured
by a double-antibody sandwich
ELISA. Serial dilutions of the
purified c-SN6j were used in the
assay
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Fig. 2 Pharmacokinetic profiles
for plasma c-SN6j in eight
monkeys. The fitted curve for
the whole time course and raw
data points (indicated by
circles) are displayed for each
monkey. All monkeys were
injected six times, at the time
points indicted by the arrows,
with the indicated amount of
c-SN6j. Monkeys G and H
received doxorubicin in
addition to c-SN6j. c-SN6j and
doxorubicin were given i.v
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bution) followed by a slower elimination phase. There
were no clinically significant changes in blood counts or
serum chemistries after repeated i.v. administration of
c-SN6j 2.

Pharmacokinetics

The four estimated empirical parameters, A (the
Y-intercept for the first exponential term), B (the
Y-intercept for the second exponential term), halftime
for the first exponential term (t1/2a), and halftime for the
second exponential term (t1/2b), are listed in Table 1. We
were able to use only two monkeys per treatment group
for practical reasons including costs and ethical con-
siderations. Nevertheless, the results provide us with
valuable information about PKs and immunogenicity of
c-SN6j in primates. The values of the four parameters
generally agree well within each group for the first
(Monkeys A and B), second (C and D) and fourth (G
and H) group. However, there are consistent differences
in the values of the four parameters between monkeys E
and F in the third group. These differences may be re-
lated to the fact that monkey E is different from monkey
F and other monkeys in that monkey E showed a
stronger anti-cSN6j immune response (see below). This
notion is supported by the fact that the measured peak c-
SN6j concentration after the first injection is very similar
between monkeys E and F, i.e., 147.1±11.9 versus 151.2
±5.8 lg/ml (see above). Despite the questions con-
cerning the parameter estimates of monkeys E and F, it
is apparent that the Y-intercept parameters (A and B)
tend to increase with increasing dose of c-SN6j. The data
suggest that addition of doxorubicin decreases the A
parameter and t1/2a. The data also suggest that increas-
ing the dose from 1 mg/kg to 3 mg/kg decreases the al-
pha and beta halftimes, but that the increase to
10 mg/kg increases the alpha halftime.

Four physiological pharmacokinetic parameters (VC,
VSS, CL and CLD) are also listed in Table 1. The vol-
umes and clearances are small. There is a tendency for
CL to increase from the 1 mg/kg group to the 3 mg/kg
group. The CLD seems to decrease as the dose is in-
creased from 3 mg/kg to 10 mg/kg. The VC seems to
increase as the dose is increased from 1 to 3 mg/kg, but
the VSS seems to be relatively uniform across the four
groups. Doxorubicin appears to increase volumes of
distribution and decrease the overall plasma levels of c-
SN6j. From Fig. 2 it can be seen that the model fits the
data well. Increasing the dose of c-SN6j increases plasma
levels of c-SN6j. The PK analysis indicates that the
administered c-SN6j circulates in monkeys in a similar
manner to other reported chimeric and humanized
mAbs of IgG1 isotype in humans [32].

Immune responses to c-SN6j

We developed two double-antigen ELISAs, ELISA-2
and ELISA-3, to separately determine the immune re-
sponses to the mouse part (mouse IgG-VL/VH, i.e., Fv)
and human part (human IgG-CL/CH) of c-SN6j.
Examples of the standard curves for ELISA-2 and
ELISA-3 are shown in Fig. 3a, b respectively. A good
linear relationship is observed between the concentration
of anti-mouse Ig antibodies and the optical absorbance
in ELISA in the range between 1.0 lg/ml and 6.0 lg/ml
of affinity-purified anti-mouse SN6j-F(ab’)2 antibodies
(Fig. 3a). Similarly, a good linear relationship is ob-
served between the concentration of anti-human Ig
antibodies and the optical absorbance in ELISA in the
range between 0.5 lg/ml and 3.0 lg/ml of affinity-puri-
fied anti-human IgG-Fc antibodies (Fig. 3b). Serial
dilutions of serum were used in the assay of monkey
serum samples. The immune responses to the mouse and
human parts of c-SN6j were separately measured using
ELISA-2 and ELISA-3, respectively, during and after
the multiple injections of c-SN6j into the monkeys. The
results are presented in Fig. 4. No immune response to
the murine part of c-SN6j was detected in monkeys A,
C, D and F throughout the test period (Fig. 4). In

Table 1 Pharmacokinetic parameters of c-SN6j

Monkey BW
(kg)

c-SN6j
dose (mg/kg)

IT
(min)

DOX dose
(mg/kg)

A
(lg/ml)

t1/2 a
(h)

B
(lg/ml)

t1/2 b
(h)

CL
(ml/h/kg)

CLD

(ml/h/kg)
VC

(ml/kg)
VSS

(ml/kg)

A 2.2 1 1 0 14.2 7.24 8.20 115 0.669±0.038 2.54±1.8 42.7±6.9 100±8.9
B 2.3 1 1 0 14.4 7.01 10.1 135 0.481±0.040 5.55±5.4 34.1±15 89.5±11
C 2.3 3 2 0 11.2 4.73 34.7 64.7 0.902±0.063 3.50±9.7 61.4±20 85.8±8.9
D 2.1 3 2 0 30.3 5.82 27.5 55.6 1.16±0.080 1.58±1.7 53.4±8.1 85.5±9.7
E 2.4 10 2 0 36.3 46.1 95.9 47.2 1.09±0.13 0.216±6.7 74.5±23 77.1±14
F 2.3 10 2 0 113 25.5 39.7 246 0.550±0.010 0.820±0.11 65.6±2.9 155±5.0
G 2.6 3 2 0.275 8.87 3.25 27.4 70.3 1.06±0.081 3.49±12 77.7±25 106±12
H 2.6 3 2 0.275 9.69 1.96 28.0 65.7 1.12±0.10 4.00±18 78.4±33 102±14

BW Body weight, IT Infusion time, DOX doxorubicin, AY-intercept for the first exponential term, BY-intercept for the second expo-
nential term, CL Clearance from the central compartment, CLDf, Distribution clearance, Vc Volume of distribution of the central
compartment, Vss volume at steady state

2Harada N, Shiozaki KA, Martin L, Buitrago S, and Seon BK.
Toxicity Tests of an Antiangiogenic and Chimeric Anti-Endoglin
(CD105) Monoclonal Antibody in Nonhuman Primates after Re-
peated Systemic Injections. Manuscript in preparation
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monkey B, only the serum sample on day 57 showed
detectable anti-mouse SN6j-Fv antibody activity that is
equivalent to 8.4 lg/ml of affinity-purified rabbit anti-
SN6j-F(ab’)2 antibodies (termed 8.4 lg/ml equivalent).
In monkey E, serum samples on days 36, 43, 50 and 57
showed anti-mouse SN6j-Fv activities of 7.9– 11.1 lg/ml
equivalents. Monkeys G and H, that received doxoru-
bicin in addition to c-SN6j (3 mg/kg), showed mutually
similar anti-mouse IgG-Fv (i.e., IgG-VL/VH) activities,
and samples on days 43, 50 and 57 showed antibody
titers of 5.9– 12.3 lg/ml equivalents (Fig. 4). Compari-
son of monkeys G and H with monkeys C and D, that
received c-SN6j (3 mg/kg) only, indicates that doxoru-
bicin appears to potentiate the immune response to
SN6j-Fv in monkeys.

Interestingly, repeated administration of c-SN6j into
monkeys induced a stronger immune response to human
IgG-CL/CH than to mouse IgG-VL/VH (Fig. 4). A the-
oretical basis for this finding is presented in the Dis-
cussion. It should be noted that assay sensitivity is
similar between ELISA-2 and ELISA-3 (Fig. 3). In
monkey A, serum samples on days 50 and 57 showed
anti-human Ig activities that are equivalent to 3.4 and
4.5 lg/ml, respectively, of affinity-purified anti-human
IgG-Fc antibodies (termed 3.4 and 4.5 lg/ml equiva-
lents). In monkey B, anti-human Ig activity became
detectable after day 28 and the activity remained
detectable until the end of the assay (i.e., day 57). The
antibody titer ranged between 3.1 and 6.1 lg/ml equiv-
alents. In monkeys C and D, anti-human Ig antibodies
became detectable after days 22 and 28, respectively. The
antibody titer ranged between 2.9 lg/ml and 6.1 lg/ml
equivalents for monkey C and between 2.5 lg/ml and
3.2 lg/ml equivalents for monkey D. Monkey E showed

a stronger immune response to the human part as well as
to the mouse part of c-SN6j compared with monkey F
(Fig. 4). Anti-human Ig titer in monkey E was 5.2 –
8.9 lg/ml equivalents during days 22 – 57, whereas the
titer in monkey F was 3.0 – 4.7 lg/ml equivalents during
days 28–57. An increase in c-SN6j dose from 1 mg/kg to
either 3 mg/kg or 10 mg/kg was not accompanied by an
increased immune response except for monkey E
(Fig. 4); monkey E appears to behave differently from
the other seven monkeys in both the pharmacokinetic
profile of the administered c-SN6j and in the elicited
immune response (see above).

No immune response to either the mouse or human
part of c-SN6j was detected in any monkeys until
10 days after the first injection of c-SN6j. The peak
values of anti-mouse Ig antibodies in monkeys A - H
were 0.0, 8.4, 0.0, 0.0, 11.1, 0.0, 9.4, and 12.3 lg/ml
equivalents, respectively. The peak values of anti-human
Ig antibodies in monkeys A – H were 4.5, 6.1, 6.1, 3.2,
8.9, 4.0, 6.1, and 5.8 lg/ml equivalents, respectively.
There were no obvious relationships between the titers
of the induced antibodies (either anti-mouse antibodies
or anti-human antibodies) and the dose of administered
c-SN6j into monkeys.

Discussion

Antiangiogenic therapy of cancer is highly attractive for
several reasons (reviewed in [33]). For instance, it
could overcome the problems of drug resistance [34, 35],
poor delivery [36, 37] and tumor heterogeneity
[21]. Among the variety of known antiangiogenic
agents, antibody-based antiangiogenic agents will be

Fig. 3 Standard curves for anti-c-SN6j antibodies as measured by two double-antigen sandwich ELISAs. Serial dilutions of the affinity-
purified anti-SN6j-F(ab’)2 antibodies (a) and anti-human IgG-Fc antibodies (b) were used in the assays to separately evaluate the immune
responses to the mouse part and human part of c-SN6j, respectively
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particularly attractive because of the highly selective
specificity and multifaceted functions of an appropriately
chosen mAb; these functions may include induction of
cell signaling, apoptosis and cell-cycle arrest as well as

antibody-dependent cell-mediated cytotoxicity (ADCC),
complement-mediated cytolysis and antibody-induced
peroxide lysis. This notion was corroborated by a recent
report of phase III clinical trials of bevacizumab (Ava-

Fig. 4 Immune responses to the mouse part (open circle) and
human part (crosses) of c-SN6j during and after six injections of c-
SN6j into monkeys A – H. c-SN6j was given i.v. at a dose of 1 mg
(monkeys A and B), 3 mg (monkeys C, D, G and H) or 10 mg

(monkeys E and F) per kg BW. Monkeys G and H received i.v.
administration of doxorubicin (0.275 mg/kg BW) in addition to c-
SN6j. Preimmune serum of each monkey was included as a negative
control in the assays
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stin), a humanized anti-VEGF (vascular endothelial
growth factor) mAb, in patients with metastatic colo-
rectal cancer [38]. We have been targeting EDG of
angiogenic vascular endothelium to treat solid tumors
and metastasis [16, 21, 25–28]. EDG was also targeted by
others as a marker for radioimaging of tumor vessels in
tumor-bearing animals [39, 40] or in the resected malig-
nant human kidneys [41]. EDG is an integral cell mem-
brane antigen of leukemia cells and endothelial cells [1],
whereas VEGF is a soluble proangiogenic factor that is
primarily released by tumor cells and tumor-associated
stroma cells in solid tumors [42, 43]. Therefore, bev-
acizumab and anti-EDG mAbs are anticipated to utilize
different mechanisms in suppression of angiogenesis.

In mouse models, certain anti-EDG mAbs and their
immunoconjugates (conjugates with deglycosylated ricin
A-chain or with 125I) induced regression/suppression of
established tumors [21, 26] and inhibited growth of pre-
established tumors [16, 25] in spite of the fact that these
anti-human EDG mAbs cross-react very weakly with
murine endothelial cells [16, 21]. Anti-EDG immuno-
toxins showed a stronger antiangiogenic activity and
antitumor efficacy compared with the naked anti-EDG
mAbs. However, these immunotoxins showed a stronger
undesirable toxicity and LD50 values were 14.8 – 16.6 lg/
g BW in mice [16, 21]. In contrast, the naked anti-EDG
mAb SN6j showed no detectable toxicity in mice in a
dose escalation study, up to 344 lg/g BW (unpublished
observation). Our data collectively showed that the
therapeutic window is wider for the naked anti-EDG
mAbs compared with the immunotoxins. Therefore, we
chose the naked anti-EDG mAbs in our initial attempt
for clinical application of anti-EDG mAbs. Among the
four anti-EDG mAbs that were evaluated for the in vivo
antitumor efficacy in our laboratory ([16, 21, 25, 26],
unpublished observation), SN6j was selected based on its
strong in vivo antitumor efficacy [21, 25, 26] and strong in
vitro suppressive activity against proliferating endothe-
lial cells [9]. To facilitate clinical application of SN6j, we
generated recombinant human/mouse chimeric mAb of
IgG1 isotype from SN6j in the present study. Human/
mouse chimeric mAbs including an anti-CD20 mAb rit-
uximab (or termed Rituxan) and an anti-EGF receptor
mAb cetuximab (or termed C225, IMC-C225 or Erbitux)
have been successfully used to treat cancer patients by
repeated administration (e.g., [44]). In view of these
results, we are hoping to test antitumor efficacy and
safety of c-SN6j in cancer patients. Before such a clinical
trial, we performed studies on PKs and immune response
of c-SN6j in nonhuman primates as reported here.

To obtain clinically relevant information, c-SN6j was
administered i.v. multiple times into monkeys. Further-
more, doxorubicin (adriamycin) was added to c-SN6j in
a set of the test. We have recently demonstrated that
combination of SN6j with cyclophosphamide or doxo-
rubicin strongly potentiates antitumor efficacy of SN6j
in human skin/SCID mouse chimeras bearing human
MCF-7 breast tumors [26, 28]. Therefore, we anticipate
that combination of c-SN6j with these drugs will im-

prove antitumor efficacy of c-SN6j in cancer patients.
Doxorubicin was used in the present study for the rea-
son described above (see Introduction).

During and after injections of c-SN6j with or without
doxorubicin, we evaluated pharmacokinetic parameters
and immune response. To quantify the circulating
plasma c-SN6j in monkey serum samples, we developed
a unique and sensitive double-antibody sandwich ELI-
SA (ELISA-1) by sequentially targeting the common
epitopes and the idiotypic epitopes in the murine part of
c-SN6j. In this assay, no significant background was
detected and an excellent correlation was observed be-
tween the optical absorbance in ELISA and the con-
centration of c-SN6j in the sample. This design of
ELISA may be applied for quantifying other chimeric
antibodies in plasma and other tissues of patients who
received a chimeric mAb for therapy.

We determined four empirical pharmacokinetic
parameters A, B, t1/2a and t1/2b. In addition, four phys-
iological pharmacokinetic parameters CL, CLD, VC and
VSS were determined. The c-SN6j plasma concentration
with time data for each monkey was fit with a two-
compartment model with multiple bolus injections.
Overall the model fitted the empirical data well.

Several groups reported PK parameters of human/
mouse chimeric mAbs or humanized mAbs (reviewed in
[32]). These mAbs include cetuximab (anti-EGF recep-
tor), rituximab (anti-CD20) and trastuzumab (anti-
HER2). Although PK parameters were only partially
characterized in many of these mAbs, the mAbs of hu-
man IgG1 isotype showed long half-lives, small clear-
ance rates and small distribution values which indicate
that these mAbs are relatively tightly bound shortly after
injection. The PK parameters of these mAbs in humans
are similar to those of c-SN6j in monkeys. It should be
noted that these mAbs including c-SN6j react with
individually different target antigens. Therefore, the
major factors for the relatively tight binding and long
half-lives of c-SN6j in monkeys and other chimeric/
humanized mAbs in humans may be common. These
common factors are likely to be related to the binding of
these chimeric/humanized mAbs to the MHC class I-
related neonatal Fc receptor, termed FcRn [45], through
their common Fc derived from the human IgG1.

We established two new ELISAs (ELISA-2 and
ELISA-3) to measure the immune responses to the
murine part (mouse IgG-Vj/Vc) and the human part
(human IgG-Cj/Cc) of c-SN6j during and after repeated
i.v. injections of c-SN6j with or without doxorubicin. As
a whole, the immune response to the mouse part of c-
SN6j is weak in monkeys. It is interesting to note that
repeated injections of c-SN6j induced weaker immune
response to the mouse part than to the human part in
monkeys. This finding may be explained as follows:

1. It is important to note that the murine part of c-SN6j
consists of the variable regions (V-regions) of SN6j (a
mouse IgG-j mAb), i.e., Vj (j light chain V-region)
and Vc (c heavy chain V-region) while the human part
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of c-SN6j consists of the constant regions (C-regions)
of a human IgG1-j, i.e., Cj and Cc1. The cynomolgus
monkeyCj region possesses 83%amino acid sequence
indentity to its human counterpart, and themonkeyCc
region possesses 95%amino acid sequence indentity to
the human Cc1 region [46]. These amino acid sequence
differences between humans and cynomolgusmonkeys
in the Cj and Cc regions are likely the major cause of
the immune response to the human part of c-SN6j in
cynomolgus monkeys.

2. The degree of homology between murine IgG V-re-
gions and human IgG V-regions is similar to that
between a human IgG V-region and another human
IgG V-region [47]. This finding is likely applicable to
the homology between murine IgG V-regions and
monkey IgG V-regions and that between different
monkey IgG V-regions. Therefore, murine IgG
V-regions will be weak immunogens in both humans
and monkeys.

In the present study, we performed detailed analyses
of PK parameters and immune response during and
after multiple i.v. injections of a chimeric mAb in non-
human primates. Few studies reported such detailed
analyses of repeatedly injected chimeric/humanized
mAbs in nonhuman primates or humans. Multiple
injections of mAbs will be more clinically relevant for
cancer therapy compared with single injection.

The data presented in this report and a subsequent
manuscript (see foot note 2) appear to support our
hypothesis that c-SN6j can be safely applied to cancer
patients. Addition of doxorubicin to c-SN6j did not
cause major problems in monkeys although it modu-
lated pharmacokinetic parameters as well as the immune
responses. The latter observation may be related to the
potential immunomodulatory activity of doxorubicin
(reviewed in [48]).
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