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Variables Influencing Tumor Dosimetry in
Radioimmunotherapy of CEA-Expressing
Cancers with Anti-CEA and Antimucin
Monoclonal Antibodies
Thomas M. Behr, Robert M. Sharkey, Malik E. Juweid, Robert M. Dunn, Zhiliang Ying, Cun-H. Zhang,

Jeffry A. Siegel and David M. Goldenberg
Garden State Cancer Center at the Center for Molecular Medicine and Immunology, Newark; Department of Statistics,
Rutgers University, Piscataway; and Department of Radiation Oncology, Cooper Hospital/University Medical Center,
Camden, New Jersey

In this study, we examined the factors that may influence tumor
dosimetry in the radioimmunotherapy of solid, CEA-expressing
cancers. Methods: Data from 119 tumors in 93 patients with
CEA-expressing cancers were analyzed. The patients underwent
radioimmunotherapy with the 131l-labeled IgG, anti-CEA antibodies
NP-4 (Kg = 10s M~1) or MN-14 (K, = 109 M~1), its humanized form

hMN-14, as well as the anticolon-specific antigen-p (CSAp) anti
body, Mu-9. For dosimetry, the biodistribution, targeting kinetics
and cumulated activity of tumors and organs were determined from
planar and SPECT imaging. Results: An inverse logarithmic rela
tionship between tumor size and antibody uptake was found for
both anti-CEA antibodies, whereas no such relationship was found
for Mu-9. The absolute tumor uptake was identified as the most
important factor determining the radiation dose to the tumor (r =
0.9), with the biological half-life of the antibody in the tumor being of
secondary importance (r = 0.5). No significant difference in tumor
uptake was found between both anti-CEA antibodies, despite their
tenfold difference in affinity. At comparable masses, colorectal and
medullary thyroid cancers had significantly higher tumor uptakes
(p = 0.02), as well as tumor-to-red marrow dose ratios, than other
cancer types. The tumor half-lives of the anti-CEA antibodies were
significantly lower in colorectal than in all other tumor types (p =
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0.01). Conclusion: In radioimmunotherapy, tumor uptake appears
to be the most important dose-determining factor. Differences in
antibody affinity are reflected by differences in the biological half-life,
not the absolute uptake. Especially favorable conditions for anti-

CEA antibodies seem to prevail in colorectal cancer patients having
minimal disease, as well as in medullary thyroid cancer, where
cytotoxic tumor doses might be expected. Antimucin antibodies
may have a particular advantage in the treatment of patients with
larger colorectal tumors.
Key Words: radioimmunotherapy;monoclonal antibodies;carcino-
embryonic antigen; tumor dosimetry
J NucÃMed 1997; 38:409-418

r\.lthough radioimmunotherapy (RAIT) of lymphoma and
other hematological tumors is increasingly being accepted as a
potent new mode of treatment (1,2), its success in solid tumors
is still limited (2,3). In preclinical models, RAIT of colorectal
cancer has been shown to be more effective than an equitoxic
chemotherapy of 5-fluorouracil and leucovorin (4). In an
adjuvant (minimal metastatic disease) model, RAIT was shown
to be highly effective for achieving even long-term cures (5).
The biological, physiological, biophysical and biochemical
conditions in such animal models, however, can be fundamen
tally different from the clinical situation (6). Mathematical
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TABLE 1
Characteristics Patients with Solid, CEA-Expressing Tumors (n = 93)

TumortypeColorectal

cancer

Anti-CEAAnti-CSApMedullary

thyroidcancerAnti-CEALung

cancerAnti-CEAPancreatic

cancerAnti-CEAOvarian

cancerAnti-CEAOther

cancertypesAnti-CEAMAbMN-14

hMN-14NP-4Mu-9MN-14hMN-14NP-4MN-14hMN-14MN-14NP-4MN-14hMN-14MN-14hMN14NP-4No.59
21g151494326513219547322Plasma

CEA range Blood
(ng/ml) T1/2(hr)2.&-6132

2.8-6132 -.
295.2-2593 17.6 Â±12.6f3.2-241

j2.6-21644
41 .7Â±12.43.6^37316.5-373

^9.5-27
40.0 Â±14.63.6-30

j2.6-5.22.6-5.1

) 40 g g45.2

/3.6-792.6-79

i 36 0 Â±g63.6

/2.6-6.32.6-3.6

i 43 4 Â±20g2.6-6.3
}2.2-7482.2-3.6

,5.1-748
55.5Â±17.23.2-9.6

IRM

dose WB dose
(cGy/mCi)(cGy/mCi)2.1Â±1.0f

0.6Â±0.3f3.8

Â±1.4 1.0Â±0.25.1

Â±1.2 1.0Â±0.54.0

Â±1.5 1.1Â±0.43.6

Â±1.5 1.0Â±0.34.8

Â±2.1 1.0Â±0.42.5

Â±0.6 0.7 Â±0.1

'Since previous studies have shown identical pharmacokinetics of NP-4, MN-14, as well as its humanized form within the same tumor type (72,79), this

table does not differentiate further between these MAbs.
tBlood half-lives, red marrow and whole-body doses are significantly lower (p < 0.001) with anti-CEA MAbs in colorectal cancer patients than in all other

tumor types, or than with anti-CSAp in the same cancer type.

models (7-9) of parameters determining tumor targeting and

uptake (e.g., tumor size, vascular permeability, interstitial
pressure, as well as the presence of a binding site barrier) have
been verified mostly by animal studies (7-11). Therefore, a

closer examination of factors that influence tumor dosimetry in
patients is warranted, since achieving sufficiently high tumor
doses is paramount to accomplishing therapeutic efficacy in the
RAIT of solid tumors (2). In a recent study, we analyzed in
closer detail factors such as plasma tumor marker levels,
antibody protein dose, the epitope recognized by the antibody
and its affinity, which influence the kinetic and targeting
behavior of anti-CEA and an antimucin antibody in patients
with CEA-expressing tumors (12). Promising, but still limited
therapeutic success, could be shown in a clinical trial with the
I31l-labeled anti-CEA monoclonal antibody, NP-4 (13) as well
as its F(ab')2 fragment (14), especially in patients with small

lesions. An especially favorable dosimetry of anti-CEA anti
bodies was recently observed by Juweid et al. (75) in medullary
thyroid cancer.

Therefore, the purpose of this study was to focus on factors
that may influence the tumor dosimetry of solid, CEA-express
ing tumors to identify those subgroups of patients where
radioimmunotherapy may be promising. These findings could
be used as a guideline in the design of future clinical trials.

MATERIALS AND METHODS

Antibodies and Radiolabeling
NP-4 and MN-14 are IgG,-subclass murine anti-CEA monoclo

nal antibodies (16,17). Both are directed against the same class-Ill
peptide epitope of the CEA molecule, according to the classifica
tion of Primus et al. (18); the affinity of MN-14 was determined to
be tenfold higher than that of NP-4 (IO9 I/mole compared with IO8

I/mole) (12). Recently, a humanized, CDR-grafted form of MN-14
was developed and introduced into clinical trials (19). The studies
of Sharkey et al. showed identical biodistribution and tumor
targeting properties of the humanized and murine forms of MN-14
(19).

Mu-9 is a murine monoclonal antibody of the IgG, subtype,
directed against the colon-specific antigen-p mucin (CSAp), which
is present in a high percentage of colorectal cancers (20). This
antibody has the advantage of recognizing an epitope which is not
present in the circulation.

The antibodies were purified by protein A and ion-exchange
chromatography. Their final purity was tested by immunelectro-
phoresis, polyacrylamide gel electrophoresis using reducing and
nonreducing conditions, and size-exclusion, high-pressure liquid
chromatography (250 column, 300 X 7.8 mm) (13,15,16).

Radioiodination with Na'31I was performed by the chloramine-T
or iodogen methods (72). The specific activity was 12-16 mCi/mg.
Binding of the radioiodinated antibodies to a CEA-immunoadsor-
bent column was more than 80%. The immunoreactivity of labeled
Mu-9 was tested by binding to an Affi-Gel-15 affinity column (Bio
Rad, Richmond, CA) prepared by coupling of a mucin extract of
the GW-39 human colon carcinoma cell line (20). Iodine-131-
Mu-9 preparations had an immunoreactivity of 74.2% Â±7.5%.

CEA and HAMA Determinations
Plasma CEA levels were determined by using a CEA-EIA that

was described earlier (72). The serum samples were heat-extracted
before CEA measurement to avoid falsification of results by human
antimouse antibodies (HAMA) present in patients' sera (77,79).

HAMA titers were determined using a commercially available
enzyme-linked immunoabsorbent assay. The normal range in this
assay was less than 74 ng/ml. HAMA were determined immedi-
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TABLE 2
Overall Tumor Dosimetry of Anti-CEA Mabs (NP-4, MN-14), Its Humanized Form and Anti-CSAp Mu-9

(HAMA- and HAHA-Negative Patients Only)

AntibodyformMN-14

131l-lgG
hMN-14 131l-lgG
NP-4 131l-lgG
Mu-9 131l-lgGTumor

dose
(cGy/mCi)9.7

Â±9.5
7.6 Â±5.7
8.8 Â±3.2

14.9 Â±12.7Tumor/Nontumor

ratiosT/Red

marrow3.2

Â±2.5
2.7 Â±1.9
3.4 Â±1.1
3.6 Â±2.5T/Whole

body12.4

Â±10.5
10.1 Â±7.6
13.1 Â±4.1
14.1 Â±10.0T/Kidney2.5

Â±2.7
1.7 Â±1.3
2.8 Â±0.4
2.6 Â±2.6I/Liver3.4

Â±3.2
2.5 Â±2.0
3.7 + 1.3

3.8 Â±2.9T/Lung3.4

Â±2.2
2.8 Â±1.9
3.7 Â±1.9
3.8 Â±3.0No.59

25
16
19

ately before antibody administration, then in weekly intervals for
the first 3 mo, and at least monthly in the following year.

Human antihumanized MN-14 (=anti-idiotypic) antibodies
(called HAHA in this study, although they actually represent
anti-idiotypic antibodies against the remaining murine portion of
humanized MN-14) were determined by in vitro complexation
studies, analyzed by HPLC (19). Briefly, 0.1 ml plasma, diluted 1:3
with acetate buffer, was added to 20 ng of I25l-labeled hMN-14,
incubated overnight at 4Â°Cand analyzed by size-exclusion HPLC.

The same analysis was done with a plasma sample that was
heat-inactivated for 15 min in a 90Â°Cwater bath. The amount of
complexed activity in the heat-extracted plasma was subtracted
from the nonheat-extracted sample to give a final residual compl
exation. Any residual complexation >10% was considered as
positive for HAHA.

Patient Selection
The data of 93 patients with CEA-expressing adenocarcinomas

who underwent RAIT with the I3ll-labeled high-affinity IgG

anti-CEA monoclonal antibody, MN-14 (n = 41), its humanized,
CDR-grafted form hMN-14 (n = 19), the lower affinity anti-CEA
IgG, NP-4 (n = 19) or the anti-CSAp antibody, Mu-9 (n = 14),
were analyzed in this study (among them, 59 colorectal, 9 medul
lary thyroid, 6 lung, 3 pancreatic and 9 ovarian cancer patients;
Table 1).

Antibody Administration
Before antibody injection, all patients were premedicated with

Lugol's solution and potassium perchlorate to decrease the thyroid

and gastric uptake, respectively (12,17). All patients entered into
the RAIT protocol first underwent a diagnostic-dosimetric study
with 0.5-2.5 mg of protein, labeled with 8.0-30.0 mCi 131I,for

assessment of tumor targeting and dosimetry. Usually within 2 wk
after the dosimetrie injection, the patients were admitted to the
hospital for therapy (4.0-27.5 mg, 29.8-238.9 mCi).

Imaging
Scanning of patients was performed with a Sophy-DS-X or DS-7

camera (Sopha Medical Systems, Columbia, MD). Anterior and
posterior planar images were obtained in diagnostic studies daily
from 4 to 168 hr postinjection (occasionally up to 336 hr) with a
high-energy parallel-hole collimator, collecting 500,000 counts on
all days (128 X 128 matrix). In therapeutic settings (higher
activities), imaging was started when the retained whole-body
activity reached ^30 mCi. SPECT was performed routinely at 24,
48, 72 and 96 hr (64 projections over 360Â°,64 X 64 matrix size),

using a Hamming-Harm filter for reconstruction.

Pharmacokinetic Analysis
MAb blood clearance rates were determined by counting blood

samples at various times after the end of the infusion, as described
previously (12-17,19). The clearance data are expressed as the
biological clearance times as follows: half-life alpha (t1/2-a: distri
bution phase); half-life beta (t,/2-ÃŸ:elimination phase); and (over
all) half-life (t,/2: number of hours required for 50% of the activity
to be cleared from the blood, as calculated from bior monoexpo-

nential modeling, depending upon the best curve fit). Total-body
clearance rates were determined from whole-body scans obtained
from 4 hr postinjection until the end of imaging.

Dosimetry
ROIs of organs and tumors were generated from the anterior and

posterior planar views obtained during each imaging session.
Appropriate adjacent soft tissue regions served as background
regions for the organs. The background regions for tumors were
chosen in the normal, nontumor-bearing parenchyma of the respec
tive organ, as close to the tumor as possible. The activities in these
regions were generated by using the buildup factor methodology
for Compton scatter compensation (27). The individual time-
activity curves of organs and tumors were fit to a mono- or
biexponential function by a nonlinear, least-squares analysis or by
the trapezoidal method, and then integrated to obtain the cumulated
activity in each region. The blood time-activity concentration data
were also fit by a mono- or biexponential function to obtain the
cumulated activity in the blood. The red marrow cumulated activity
was calculated from these data by multiplying this concentration by
1500, as the assumed weight in grams of the marrow in an average
adult. The mean dose in cGy was calculated for organs and tumors
according to the Medical Internal Radiation Dose (MIRD) scheme,
with correction for the remainder of the whole-body activity
(22-24). For tumor dosimetry, the self-to-self, self-to-host, and
host-to-self doses were considered. The masses of normal organs
were generated from MIRD standard tables, and tumor volumes
were obtained from CT or calculated by a voxel-counting proce
dure from SPECT data (12). If not otherwise stated, all data on
tumor pharmacokinetics and dosimetry reported in this paper rely
exclusively on studies where imaging was started no later than 48
hr after antibody administration (i.e., diagnostic or low-activity
therapeutic injections), in order to avoid any bias of the results due
to missing early phases of the tumor or organ kinetics (12).
Reported maximum tumor uptake values were determined as the
intercept of a pseudolinear back-extrapolation from the logarithm
of measured uptake values with the ordinate ([i.e., the virtual
uptake at the time of MAb injection (22)]).

Statistical Analysis
All reported values represent the arithmetic means with the

corresponding s.d. Statistical analysis was performed by Student's

t-test. Linear regression lines were fitted using the weighted
least-squares method. Standard deviations were estimated via
residuals, and pointwise 95% confidence intervals were con
structed using normal distribution tables. Differences in the slopes
of regression lines were assessed using a t-test constructed for this
purpose. If there were several rumors in the same patient, the data
of each tumor were considered separately. Whenever necessary,
appropriate measures were taken to ensure the validity of the
models used, including histogram plots and residual analysis. The
data analysis and statistical computing were based on statistical
software S (25).
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TABLE 3
Tumor Dosimetry with Anti-CEA MN-14, NP-4 and Anti-CSAp Mu-9 According to Different Cancer Types

AntibodyformColorectal

cancerMN-14hMN-14NP-4Mu-9Medullary

thyroidcancerMN-14NP-4Lung

cancerMN-14hMN-14NP-4Ovarian

cancerMN-14Â§hMN-14NP-4Pancreatic

cancerMN-14hMN-14NP-4Tumor

dose
(cGy/mCi)7.2

Â±6.2'6.7
Â±5.6*6.3
Â±0.8*14.9
Â±12.7*18.0Â±

10.7*11.
3Â±2.9*6.9

Â±3.22.0N/D8.9

Â±13.06.8
Â±4.8N/D6.5

Â±5.24.8N/DTumor/Nontumor

ratiosT/Red

marrow3.2

Â±2.2*3.5
Â±1.9*2.9
Â±0.4*3.6
Â±2.5*5.0

Â±3.3*4.0
Â±1.4*1.9

Â±0.90.7N/D2.8

Â±3.61.6
Â±1.0N/D1.3

Â±0.71.0N/DT/Whole

body11.

7Â±9.8*12.0
Â±7.8*10.7
Â±1.5*14.1
Â±10.0*18.2

Â±13.2*16.3
Â±4.3*7.6

Â±3.03.0N/D12.9

Â±16.15.8
Â±4.8N/D5.8

Â±4.24.4NADT/Kidney2.3

Â±2.21.6
Â±1.3N/D2.6

Â±2.63.7

Â±2.32.8
Â±0.41.1

Â±0.80.7N/D4.9

Â±6.21.2
Â±0.6N/D2.4

Â±1.92.3NADTAJver3.3

Â±2.83.0
Â±2.22.8

Â±1.63.8
Â±2.93.0

Â±1.44.8
Â±1.02.4

Â±1.40.8NAD5.2

Â±7.81.9
Â±0.6N/D2.6

Â±2.5N/DNADTA-ung3.7

Â±2.13.5
Â±2.02.7
Â±0.43.8
Â±3.03.9

Â±1.54.2
Â±2.71.6

Â±0.70.8NAD4.9

Â±6.31.6
Â±1.2NAD1.9

Â±1.121.2N/DNo.331210199481â€”85â€”21â€”

"Tumor doses in colorectal cancer are significantly lower (p < 0.05) with anti-CEA antibodies than with Mu-9.

*Tumor/red marrow and tumor/whole-body ratios of colorectal and medullary thyroid cancer patients are significantly higher at p < 0.05 than in all other

tumor types.
*Tumor doses of medullary thyroid cancers are significantly higher at p < 0.05, than in all other cancers.
SThe high means and standard deviations of MN-14 in ovarian cancer are due to one patient with exceptionally good targeting and resulting extraordinarily

high tumor doses.

RESULTS

Patients, Cancer Types and Pharmacokinetics
Table 1 summarizes the characteristics of the 93 patients with

solid, CEA-expressing tumors who underwent RAIT with the
13ll-labeled IgG anti-CEA monoclonal antibodies, MN-14,
hMN-14 and NP-4, as well as the anti-CSAp Mab, Mu-9.
Previous studies have shown identical pharmacokinetics of the
anti-CEA antibodies NP-4, MN-14, as well as its humanized
form, hMN-14, within the same histogenetic tumor type
(12,19). In contrast, profound differences were found between
tumor types, especially between colorectal cancer at elevated
plasma CEA levels and other CEA-expressing tumor types (72).
This holds true for this patient population as well and, therefore,
Table 1 does not further differentiate the different MAbs within
the same cancer type.

As was demonstrated in detail in previous studies (12),
colorectal cancer patients had, at comparable plasma CEA
levels, the unique feature of clearing anti-CEA antibodies faster
from the blood and whole body than patients with all other
CEA-expressing tumors, a phenomenon that we could show to
be most likely due to CEA-receptor-mediated clearance of
immune complexes between the injected antibody and circulat
ing antigen (12). This phenomenon can be seen in the patients
included in this study as well (Table 1), whereas the anti-CSAp
antibody, Mu-9, shows normal clearance rates in these patients
(72). Therefore, with anti-CEA antibodies, the blood-t,/2s, red
marrow and whole-body doses in colorectal cancer patients
were approximately only half as high as in patients with all
other forms of CEA-expressing tumors (p < 0.001 ). As was
shown also in previous studies, tumor targeting and sensitivity

were independent of the plasma CEA levels or the antibody
protein dose applied (72).

Overall Tumor Dosimetry
Table 2 summarizes the overall tumor dosimetry of murine

and humanized MN-14, NP-4 and Mu-9, as well as the
tumor-to-nontumor ratios observed in HAMA- and HAHA-
negative patients. In 119 tumors, no significant overall differ
ences were observed between the various antibodies with
respect to absolute tumor doses achieved, as well as tumor-to-
normal organ ratios.

Table 3 differentiates these data further according to different
histogenetic cancer types. In colorectal cancer patients, tumor
doses (cGy/mCi) of the anti-CEA antibodies were significantly
lower (about half the value) than with the anti-CSAp antibody,
Mu-9 (p < 0.05). Interestingly, no significant differences are
noticeable between NP-4 and MN-14/hMN-14, despite the
tenfold higher affinity of the latter. With Mu-9, the normal
organ doses also were higher in colorectal cancer patients,
which is a consequence of its lower blood and whole-body
clearance as compared to the anti-CEA MAbs. This explains
why no differences in the tumor-to-nontumor ratios were found
between the four antibodies.

Medullary thyroid cancer patients had the highest tumor
doses (two- to threefold higher than all other cancer types), as
well as tumor-to-nontumor ratios. Also, no significant differ
ence was observed between MN-14 and NP-4. Although, in
other cancer types, absolute tumor doses were comparable to
those of colorectal cancer patients, tumor-to-normal organ
ratios generally were significantly (p < 0.05) lower. This is due
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FIGURE 1. Relationship between tumor mass and tumor uptake (expressed
as percent of the injected dose per gram) of the anti-CEA antibodies, MN-14
and NP-4, and the anti-CSAp MAb, Mu-9.

to the differences in antibody clearance, leading to higher red
marrow and organ doses in these noncolorectal cancer patients.

Quantitative Tumor Uptake in Relationship to Tumor Mass
and Cancer Type

Figure 1 shows the relationship between tumor mass and
tumor uptake for the three antibodies and different tumor types.
The solid line in the upper panel represents the linear regression
line for colorectal and medullary thyroid cancer, the dashed one
for all other cancer types (difference statistically significant at
p = 0.022). Open symbols represent data from HAMA-negative
(>1000 ng/ml) and HAHA-positive (measured in a complex-
ation assay as described in Methods) patients, respectively.
With both anti-CEA antibodies, NP-4 and MN-14, as well as
with the MN-14 humanized form, an inverse logarithmic
relationship was found when analyzing the overall data of all
tumor types (slope statistically significantly different from zero
at p < 0.0001 for MN-14/hMN-14 [r = -0.81], and p < 0.001
for NP-4 [r = -0.91]). Usually, uptake values ranged between
5 X 10~3 and 10~'%ID/g. Occasionally, in very small tumors

(<2 g), uptake values of up to more than 1% of the injected
dose per gram were observed, which is higher than would have

FIGURE 2. Patient 892, a 54-yr-old man with two liver mÃ©tastasesfrom
colorectal cancer (1 and 3 cm diameter). The whole-body scan 120 hr
(anterior view) after the injection of131l-NP-4 IgG shows intense uptake in the

small lesion (0.95% ID/g, arrow) and only very moderate uptake (0.05% ID/g)
in the larger one (arrowheads).

been predicted by a logarithmic back-extrapolation from the
data of larger tumors.

Figure 2 shows, as a typical example, a 54-yr-old patient with
two liver mÃ©tastasesfrom a colorectal cancer (1 and 3 cm in
diameter). The scan 120 hr after the injection of 131I-NP-4 IgG

showed intense uptake in the small lesion (0.95%ID/g), and
only very moderate uptake (0.05%ID/g) in the larger one.
Consistently, the smaller lesion responded to RAIT (two injec
tions with 116 mCi/7.8 mg and 159 mCi/8.8 mg '31I-NP-4 IgG

2 mo apart, yielding a calculated total dose of more than 50,000
cGy). This small lesion could not be demonstrated any longer in
the 3-mo follow-up CT, whereas the larger one remained
essentially unchanged in size.

There was no significant difference in tumor uptake between
both anti-CEA antibodies, NP-4 and MN-14, in tumors smaller
than 100 g, despite their tenfold difference in affinity (Fig. 1).
In larger rumors, the uptake values may be slightly higher for
the higher-affinity MN-14 when compared to NP-4. This was
statistically significant (slope of the regression line for MN-14
and NP-4 statistically different at p < 0.001), but would need to
be confirmed by more observations for NP-4.

When differentiating further into different cancer types, at

FIGURE 3. Patient 1528, a 72-yr-old woman with diffuse peritoneal carcino-
matosis of an ovarian cancer. The scan, performed 72 hr after injection of
MN-14 131l-lgG, shows very strong uptake in the carcinomatosis (asertes).
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FIGURE 4. Correlation between antibody uptake and the radiation doses.

comparable tumor sizes, the percent tumor uptake values of
MN-14 were similar for colorectal and medullary thyroid
cancer (overall 0.045% Â±0.075% versus 0.033% Â±0.010%
ID/g for colorectal compared with MTC in the size range
between 10 and 100 g; solid line in Fig. 1, upper panel). In
contrast, the uptake values were significantly lower (0.011% Â±
0.007% ID/g) for most other types of CEA-expressing tumors
(i.e., lung, pancreatic, etc.) at comparable sizes (dashed line in
Fig. 1, upper panel; the difference between the two regression
lines [r = -0.83 for the solid, r = -0.71 for the dashed line]
is statistically significant at a p = 0.022 level).

However, these macrodosimetric considerations apply only
bulky, solid tumors and not to micrometastatic disease. For
example, in ovarian cancer, the actual doses to single tumor
cells or cell clusters within an ascites may be much higher than
estimated from an imaging-based macrodosimetry. Figure 3
shows, as an example, a 72-yr-old woman with diffuse perito
neal carcinomatosis of an ovarian cancer. The scan 72 hr after
the injection of MN-14 l31I-IgG shows very high uptake in the

carcinomatosis (ascites). The macrodosimetrically (imaging-
based) calculated dose was 8.5 cGy/mCi, but the actual micro-
dosimetry to single tumor cells or cell clusters within the ascites
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FIGURE 5. Relationship between the biological half-life of the radiolabeled
antibody and the tumor doses of anti-CEA and anti-CSAp MAbs.

may be much higher than estimated from an imaging-based
macrodosimetry. This is consistent with an antitumor response
(complete remission) achieved in this patient.

No tendency towards higher tumor uptake in smaller tumors
was seen with the anti-CSAp antibody, Mu-9 (i.e., the slope of
a regression line between tumor size and uptake is not signifi
cantly different from zero). Indeed, small tumors even tended
toward lower uptake values than were observed in larger ones
(Fig. 1, lower panel).

Determinants of Tumor Dosimetry
Figure 4 shows the relationship between tumor uptake and

tumor doses achieved. A strong linear relationship was found
for all three antibodies between the logarithm of tumor uptake
and the logarithm of the radiation doses achieved to the tumors
(r = 0.85-0.91, slope highly significantly different from zero;
p < 0.0001). Interestingly, with MN-14 and its humanized
form, at comparable absolute uptake values, all noncolorectal-
cancer lesions resulted in higher tumor doses than colorectal
cancer lesions (Fig. 4, top; dashed compared with solid regres
sion line; difference between both lines significant at p =
0.0232). There may be an identical trend with NP-4 (Fig. 4,
middle panel), but the difference is only subtle, and the number
of observations is too few to reach statistical significance.

Since a radiation dose to a given tissue is defined by the
uptake and the effective half-life of the radioisotope in this
tissue, this phenomenon must rely on differences in the biolog
ical half-lives of the radiolabeled antibody in the tumor. Indeed,
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Figure 5 shows that the biological half-lives of the anti-CEA
antibodies in colorectal tumors were significantly shorter (48.6
hr Â±19.8 hr) than in all other types of cancer (132.9 hr Â±68.8
hr; p < 0.01). The higher tumor doses in medullary thyroid
cancer at comparable tumor sizes are, therefore, a consequence

of a higher tumor uptake (which is similar to colorectal cancer,
see above), and of a longer biological t1/2 than in colorectal
cancer, resulting in a longer residence time in the tumor. In
contrast to the strong correlation between uptake values and
doses, however, the overall correlation between tumor half-
lives and doses was, at r = 0.51, rather weak (Fig. 5). The

dashed line in Figure 5 represents the regression line between
the biological t1/2s and the logarithm of the tumor doses (r =
0.51; slope significantly different from zero at p = 0.03). The
regression curve was obtained by computing the linear corre
lation between the effective t,/2s and doses. The equation
describing this line was transformed by substituting the effec
tive t,/2 by the biological t]/2 according to t,/2 bio, =
0/*l/2 eff ~ l/t1/2 phys) â€¢

A trend was noticed towards shorter tumor half-lives with
NP-4 as compared to MM-14. In most cancer types, biological
tumor half-lives of NP-4 were approximately half the values
obtained with MN-14. Due to a relatively broad variation and
the small number of observations, however, statistical signifi
cance was reached only in colorectal (33.7 hr Â±10.6 hr versus
52.6 hr Â± 23.5 hr for NP-4 and MN-14; p < 0.05) and
medullary thyroid cancer (61.4 hr Â±21.3 hr versus 124.6 hr Â±
36.7 hr for NP-4 and MN-14, respectively; p < 0.01).

Since we assumed that the shorter tumor half-lives in colo
rectal cancer are most likely due to their shorter blood and
whole-body half-lives, the relationship between the plasma-t,/2
and the tumor doses also was examined (Fig. 6). For colorectal
cancers, increasing tumor doses and tumor-to-nontumor ratios
were found with increasing half-lives in blood (the dashed line
in the upper panel of Fig. 6 represents the linear regression line
between the blood-t, 2 and the logarithm of the tumor doses in
colorectal cancer patients), whereas in all other tumor types the
tumor dosimetry was independent of the the plasma t1/2s.

Influence of HAMA and HAHA on Tumor Dosimetry
The absolute tumor uptake, as well as the resulting radiation

doses, were by 1 to 2 orders of magnitude lower in patients with
pre-existing HAMA at the time of antibody injection, depend
ing on the actual HAMA titer (Figs. 1, 4-6; all patients shown
with HAMA in these graphs had levels above 1000 ng/ml at the
time of their antibody injection). Also, tumor-to-red marrow
and tumor-to-other normal organ ratios were significantly lower
in these patients than in HAMA-negative patients (data not

diagnostic therapeutic
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FIGURE 7. Patient 1615, a 62-yr-old man with lung mÃ©tastasesof a rectal cancer (plasma CEA 2.3 ng/ml) developed HAMA under therapy but remained
HAMA-negative for at least the first 72 hr after the therapy injection (kinetics in Fig. 8, right panel). SPECT at 168 hr postinjection (therapy injection), in

comparison to the CT, shows high MAb retention in the tumor, whereas the blood pool (heart, lungs) is almost completely cleared.
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FIGURE 8. MAb targeting kinetics. Solid symbols and lines show the
diagnostic, open symbols and dashed lines the respective therapeutic
injection. HAMA development in Patient 1615 during therapy (starting ap
proximately 150 hr postinjection) led to an enhanced organ clearance without
significantly affecting tumor kinetics.

shown). An exception to this rule was when HAMA developed
several days after antibody administration, when tumor target
ing had already reached its apogee. In this situation, tumor
targeting was not compromised, and the HAMA-induced en
hanced background clearance led to markedly enhanced tumor-
to-nontumor ratios. An example is Patient 1615, a 62-yr-old
man with lung mÃ©tastasesof a rectal cancer (plasma CEA 2.3
ng/ml) who was HAMA-negative in his diagnostic study but
developed HAMA during therapy, approximately 1 days after
the radioantibody injection (Fig. 7; for kinetics, Fig. 8, right
panel). The comparison of diagnostic and therapeutic imaging
at 168 hr postinjection (Fig. 7) shows much better tumor-to-
background ratios in therapy due to a HAMA-induced enhanced
background clearance. Tumor uptake (14.3 versus 17.1 and 7.5versus 8.7 X 10~2 %ID/g in the 3.5-g and 16-g lesions,

respectively, for the therapeutic compared with diagnostic
injection) was not influenced; the biological tumor half-lives
(97 hr versus 107 hr and 67 hr versus 93 hr) were only slightly
affected by this late developing HAMA. The resulting tumor
doses were not compromised at 65.3 and 33.7 cGy/mCi.

Whereas HAMA hindered tumor accretion because of rapid
uptake of the injected antibody by the reticuloendothelial
system of the liver, spleen and bone marrow, with rapid
metabolism and excretion of the metabolites through the urine
(Behr et al., unpublished data), the influence of human antihu-
manized MN-14 (HAHA) on tumor uptake was different in
patients with anti-idiotypic HAHA against the antigen-binding
site of MN-14. Figure 9 shows Patient 1517, a 31-yr-old man
with a history of poorly-differentiated metastatic colorectal
cancer after chronic ulcerative colitis. His first exposure to
murine IgG was an "'in-labeled B72.3 study 8 mo before the

first MN-14 IgG scan. At this time-point he was HAMA- and
HAHA-negative. The scan with hMN-14 (0.6 mg, 8.1 mCi 131I)

shows strong accumulation in a peritoneal implant (tumoruptake 15 X 10~3 %ID/g in a 30-g lesion), as well as

delineation of the whole peritoneal cavity (peritoneal carcino-
matosis). One week after receiving 6.0 mg of murine MN-14
IgG for RAIT, he developed HAMA, including an anti-idio-

FIGURE 9. Patient 1517, a 31-yr-old man with colorectal cancer and
pre-exposure to B72.3. The left scan made with hMN-14 shows strong
accumulation in a peritoneal implant (arrow), as well as delineation of the
whole peritoneal cavity (peritoneal carcinomatosis). After the development of
HAMA to murine MN-14, including anti-idiotypic HAHA, a second diagnostic
study with hMN-14 3 mo later (right scan) showed only faint targeting despite

no significant alterations in the overall pharmacokinetics.

typic response (HAHA). A second diagnostic study with 10.0
mg hMN-14 3 mo later showed only faint targeting (uptake only
approximately 7 X 10~3 %ID/g in the 30-g implant, in other

words less than half of the original value), and absence of
targeting of the peritoneal carcinomatosis, despite there being
no significant alterations in the overall pharmakokinetics
(blood-t,/2 17.65 hr compared with 18.63 hr in the first study 3
mo earlier).

Tumor Targeting Kinetics
Different targeting kinetics were seen between the antibodies

in patients with different tumor types. With MN-14, the
maximal tumor uptake was seen in 10 of 28 assessable patients
by 4 hr (all of them had plasma t1/2 shorter than 15 hr), in 12
patients by 24 hr, and in five patients at 48 hr postinjection.
Consistent with the short blood half-life of anti-CEA antibodies
in this cancer type, in 8 of 14 colorectal cancer patients, the
maximum uptake was reached already at 4 hr, whereas in four
assessable lung cancer patients, two had maximal tumor uptake
at 48 hr, and one even at 72 hr postinjection. In accordance with
the longer serum half-lives of Mu-9 in colorectal cancer
patients, maximal tumor uptake was seen in two of seven
assessable patients at 24 hr, and in the other five of seven
patients at 48 hr postinjection.

With anti-CEA antibodies in the group of colorectal cancer
patients, the time of maximal tumor uptake depended on how
fast the antibody cleared from blood. Figure 8 shows two
typical organ and tumor targeting profiles for a rapidly, as well
as a normally clearing colorectal cancer patient. In patients with
plasma half-lives longer than 30 hr, usually a monoexponential
clearance pattern from the normal organs and the whole-body
was observed (Fig. 8, right panel). In this situation, tumor
targeting was seen over 24 to 48 hr postinjection. In contrast,
colorectal cancer patients with rapid clearance followed a
biexponential organ and whole-body clearance pattern (Fig. 8,
left panel), tumor uptake being confined to only the first few
hours. In contrast, plasma-CEA level-matched colorectal cancer
patients showed a monoexponential clearance pattern with the
anti-CSAp Mab, Mu-9.

DISCUSSION
Whereas in lymphoma, probably due to its radiosensitivity,

complete response rates of over 80% have been reported with
RAIT (1,2), the objective response rates are still rather low in
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solid tumors (2,3, and Behr et al., unpublished data). In external
beam radiation, doses between 30 and 70 Gy are required for
achieving responses in adenocarcinomas. Although some recent
studies showed higher or at least a comparable effectiveness of
low dose-rate RAIT (26), the generally accepted view is that

even higher radiation doses are necessary to achieve a similar
biological effectiveness, especially given the lower dose rate of
RAIT. Our study, therefore, has attempted to identify subgroups
of patients which may be especially suitable for a radioimmu-
notherapeutic approach. Several preclinical studies have at
tempted to define the relationship between tumor size, antigen
expression, interstitial pressure, vascular leakage, etc., and
tumor uptake with radiolabeled antibodies (8-] 1). Also, math
ematical models were developed to describe these data (7,9).
However, only a few studies exist that examine these parame
ters in patients.

An inverse relationship between tumor size (mass) and
absolute tumor uptake of antibody is a well-known phenome
non (8-10,28-30). In these small lesions, probably optimal

conditions are found with respect to vascularization, antigen
accessibilty, interstitial pressure, and several other factors
(7-11). No such relationship exists with Mu-9, which recog

nizes a mucin found intracellularly, as well as in especially high
concentrations in necrotic tumor tissue (20), which is more
abundant in larger tumors. This may explain why small lesions
had an even lower Mu-9 uptake than larger ones. Interesting is
the fact that with the anti-CEA antibodies, extraordinarily high
uptake values have been observed in very small lesions,
resulting in tumor doses exceeding 100 cGy/mCi. This favors
the concept of radioimmunotherapy as a treatment modality for
either minimal residual disease or in adjuvant settings (5).

The observation that a tenfold difference in affinity does not
lead to any significant difference in tumor uptake was observed
in clinical studies by others as well (31,32), which is in contrast
to data from animal (16,17) or mathematical models (33). Our
data indicate, however, that the difference in affinity might
cause a different retention of antibody in the tumor. Longer
half-lives in the tumor are consistent with the superior imaging
qualities of MM-14, when compared to NP-4 (17). Earlier

studies on the uptake of antibodies of different affinity were
usually relying on well counter measurements of tumor biopsy
specimens. This method may have advantages with respect to
the accuracy of the absolute uptake determination, but this
single time-point sampling does not allow the determination of
the biological tumor t1/2 (31,32). This is probably the reason
why such differences in tumor half-lives with antibodies of
different affinity have not been described until now.

In contrast to reported data on Na131I therapy of differenti

ated thyroid cancer, where the retention-half-life of the nuclide
in the tumor was identified as the major dose-determining value
(27), in radioimmunotherapy the absolute antibody uptake is the
most important factor determining the actual tumor dose. The
shorter tumor half-lives in colorectal cancer patients, when
compared to other cancer types, are most likely due to their
shorter blood half-lives. In a recent study (12), we showed that
colorectal cancer patients have a tendency to clear anti-CEA
antibodies quickly from the circulation (most likely a CEA-
receptor-mediated clearance of immune complexes between
CEA and the MAb). In contrast, Mu-9 showed a normal
pharmacokinetic behavior in these patients (12), since its mucin
epitope is not recognized in the circulation (20). These different
clearance rates are most likely due to microheterogeneities in
the chemical structure of the CEA produced by different cancer
types (12,34,35).

The highest tumor uptake values of MAb were observed for

colorectal and medullary thyroid cancer patients. Due to their
longer half-lives, the latter had higher mean doses when
compared to most colorectal tumors. Taking into account the
general hypervascularity (15,36) as compared to hypovascular
colorectal tumors, our study suggests that CEA antigen content
is highest in colorectal and medullary thyroid cancer. Uptake in
all other cancer types was found to be significantly lower,
suggesting a lower CEA content, which would be in accordance
with the lower CEA plasma levels generally observed in
patients with these other cancer types.

Due to the short blood half-life, the uptake is confined to only
some hours in colorectal cancer patients with rapid clearance,
with the consequence of lower tumor doses. In those patients
with larger lesions, Mu-9, as an antimucin antibody, may
clearly have a therapeutic advantage over CEA Mabs.

Therapeutic tumor dosimetry is based on imaging data that
were obtained several days after the antibody injection, relying
on a (monoexponential) back-extrapolation to earlier time

points. This suggests that the therapeutic dosimetry underesti
mates the actual tumor doses in rapidly-clearing situations
(dotted lines in Fig. 8, left panel); the back-extrapolation will
yield an accurate dose estimate only in slow-clearing patients
with monoexponentially-defined clearance rates, whereas the
dotted lines in Figure 8 (left panel) show that in the biexponen-
tial clearance situation, pseudolinear back-extrapolation from
the imaging data at later time points would lead to a substantial
underestimation of the actual doses. Thus, any analysis of the
predictability of the therapeutic from the diagnostic tumor
dosimetry must be interpreted with great caution (12), and it
was, therefore, not performed in this study.

It is a well-known fact that HAMA leads to rapid blood and
whole-body clearance with subsequently decreased tumor up
takes and doses (22). It is interesting in this context that
late-developing HAMA (after maximum tumor uptake has
occurred) does not compromise tumor targeting, but enhances
the later tumor-to-nontumor ratios (Figs. 7 and 8). This obser
vation favors the further development of second-antibody
clearing strategies (37). Anti-idiotypic responses, in contrast to
conventional HAMA, do not seem to affect the overall biodis-
tribution, but compromise the tumor targeting ability of the
circulating antibody, most likely by blocking its antigen-
binding site. This fundamental difference between classical
HAMA and anti-idiotypic HAHA has recently been predicted
from animal data by Pimm (38).

Our study suggests that especially favorable tumor doses can
be achieved in small lesions of colorectal cancer, as well as in
medullary thyroid cancer, although comparably favorable con
ditions also may be found in other neoplasms with micrometa-
static lesions. The predicted tumor doses may exceed by far the
values generally obtainable with external beam radiation.
Therefore, an adjuvant RAIT trial or a therapy of minimal
disease in these tumor types seems to be warranted (39,40).
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