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Abstract
We have previously shown that, in vitro, monoclonal antibodies (mAbs) labeled with the Auger electron emitter 125 I are more
cytotoxic if they remain at the cell surface and do not internalize in the cytoplasm. Here, we assessed in vivo the biological efficiency
of internalizing and non internalizing 125 I-labeled mAbs for the treatment of small solid tumors.
Methods
Swiss nude mice bearing intraperitoneal tumor cell xenografts were injected with 37 MBq (370 MBq/mg) of internalizing (anti-HER1)
125 I-m225 or non-internalizing (anti-CEA) 125 I-35A7 mAbs at day 4 and 7 following tumor cell graft. Non specific toxicity was
assessed using the irrelevant 125 I-PX mAb and untreated controls were injected with NaCl. Tumor growth was followed by
bioluminescence imaging. Mice were sacrificed when the bioluminescence signal reached a value of 4.5 ×107 photons/s. Biodistribution
analysis was performed to determine the activity contained in healthy organs and tumor nodules and total cumulative decays were
calculated. These values were used to calculate the irradiation dose by the MIRD formalism.
Results
Median survival (MS) was 19 days in the NaCl-treated group. Similar values were obtained in mice treated with unlabeled PX (MS =
24 days) and 35A7 (MS = 24 days), or with

125

I-PX mAbs (MS = 17 days). Conversely, mice treated with unlabeled or labeled

internalizing m225 mAb showed a significant increase in survival (MS = 76 days and 77 days, respectively) as well as mice injected
with

125

I-35A7 mAb (MS = 59 days). Irradiation doses were comparable in all healthy organs independently from the mAb used,

whereas, in tumors, the irradiation dose was 7.4 fold higher with 125 I-labeled non-internalizing than with internalizing mAbs. This
discrepancy might be due to iodotyrosine moiety release occurring during the catabolism of internalizing mAbs associated to high
turnover rate.
Conclusion
This study indicates that 125 I-labeled non-internalizing mAbs could be suitable for radioimmunotherapy of small solid tumors, and
that the use of internalizing mAbs should not be considered as a requirement for the success of treatments with 125 I Auger electrons.
MESH Keywords Animals ; Antibodies, Monoclonal ; chemistry ; metabolism ; pharmacokinetics ; therapeutic use ; Biological Transport ; Cell Line, Tumor ; Female ;
Iodine Radioisotopes ; chemistry ; Isotope Labeling ; Mice ; Peritoneal Neoplasms ; metabolism ; pathology ; radiotherapy ; Radioimmunotherapy ; Radiometry ; Survival Rate ;
Tissue Distribution ; Tumor Burden

Author Keywords radioimmunotherapy ; Auger electrons ; solid tumors

INTRODUCTION
Development of clinically effective radiolabeled monoclonal antibodies (mAbs) has been limited to the treatment of lymphomas.
Indeed, only Zevalin and Bexxar, two anti-CD20 mAbs conjugated to 90 Y and 131 I, respectively, have been approved by the Food and
Drug Administration for the therapy of lymphomas (1 ). Conversely, the few candidates for the therapy of solid tumors that have
progressed to phase III clinical trials have not given clear-cut results (2 , 3 , 4 ).
This can be explained by inhomogeneous targeting related to poor vascularization and high interstitial pressure due to insufficient
lymphatic drainage (5 –9 ). Uptake of radioactivity in solid tumors is generally between 0.001% and 0.01% of the injected dose per gram
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of tumor and is inversely proportional to the tumor’s size. In addition, solid tumors show low sensitivity to radiations. Therefore,
myelotoxicity is usually attained before the dose required for tumor eradication is reached inside the cancer mass. Consequently, it is now
admitted that, in case of solid tumors, radioimmunotheapy (RIT) should be considered only for the treatment of small tumors ( 10 , 11 ),
microscopic residual disease, or metastasis (12 ).
The other issue concerns the choice of emitter used to label the mAbs. The two strong energy beta emitters (i.e., 90 Y and 131 I) produce
electrons having ranges between 2 and 10 mm, respectively. The long range of energetic beta particle of 90 Y and γ rays associated with 131
I are responsible for non-specific irradiation that may cause undesirable effects like myelosuppression. However, in mice, several studies
showed that 131 I-mAbs could efficiently treat micro-metastases (size below 1 mm), but not tumors of 2 —3 mm in size (13 , 14 ). Other
emitters, like high linear energy transfer (LET) particles, may be more attractive candidate for the therapy of solid tumors. They include
alpha- and Auger electron-emitting radionuclides. Alpha emitters, which are suitable for RIT, include mostly 212 Bi or 225 Ac/213 Bi and 211
At. Alpha particles have a short path length (<100 μm) that minimizes damage to normal tissues. They also possess a very high LET with
energy deposit of about 100 keV/μm compared to 0.2 keV/μm of the beta emitters [for review (15 )]. However, their use in RIT requires the
development of cost-effective radionuclide production and protein labeling chemistry. Another drawback of alpha emitters is the
production of radioactive daughter isotopes that can be hardly withheld in a chelator and tend to escape from targeted cells and accumulate
in bone (16 ).
By contrast, Auger electron emitters are available for clinical use. Although Auger electron ’s energy ranges from eV to about 20—25
keV, those with high LET characteristics (i.e., between 4 and 26 keV/μm) (17 ) have an energy comprised between few tens of eV and 1
keV and their path length in biological tissues ranges from about 2 nm to 500 nm. Therefore, in this work, we used the term “low-energy
Auger electrons” to indicate this category of Auger electrons with high LET features. Several studies underscored the advantages of such
emitters in comparison to conventional 131 I and 90 Y in RIT of solid tumors due to their much less toxic side effects (18 –21 ). However,
because of their short path length, their final localization within the cell has to be taken into account. Many studies using 125
I-iododeoxyuridine highlighted the requirement for the emitter to be located within the DNA molecule to observe a cellular toxicity similar
to that of alpha particles (22 ). However, in RIT, the final localization of radiolabeled mAbs is either the cytoplasm or the cell surface
depending on whether internalizing or non-internalizing mAbs are used. We previously showed that, in vitro , non-internalizing 125 I-mAbs
were more harmful than internalizing ones. Although the strongest toxicity of 125 I is observed when the isotope is incorporated within the
DNA molecule (23 –25 ), these results suggest that the cell membrane also is a sensitive target ( 26 ). Here, we investigated the efficacy of
non-internalizing and internalizing 125 I-mAbs in the treatment of mice with tumor cell xenografts. For this purpose, nude mice bearing
intraperitoneal A-431-derived tumors were injected twice with 37 MBq of internalizing or non-internalizing 125 I-mAbs. Tumor growth
was followed by bioluminescence imaging and endpoint was a bioluminescence signal of 4.5 × 107 photons/s. Our results demonstrate that
125 I-mAbs

are an efficient tool for the treatment of small solid tumors and that the use of internalizing

125

I-mAb is not a pre-requisite for

RIT.

MATERIALS AND METHODS
Cell line and monoclonal antibodies
The vulvar squamous carcinoma cell line A-431 expressing the Epidermal Growth Factor Receptor (EGFR or HER1) was transfected
with vectors encoding for the CarcinoEmbryonic Antigen (CEA) gene as described in (27 ) and for luciferase as described in (28 ). Cells
were grown as described in (26 ) and medium was supplemented with 1% geneticin.
The mouse hybridoma cell line producing the m225 mAb, which binds to EGFR, was obtained from ATCC. The non-internalizing
murine IgG1k 35A7 mAb, specific for the CEA Gold 2 epitope (29 ), was used to target CEA in transfected A-431 cells. The irrelevant PX
antibody was used for control experiments. PX is an IgG1 mAb that has been purified from the mouse myeloma MOPC 21 ( 30 ). The
m225, 35A7 and PX mAbs were obtained from mouse hybridoma ascites fluids by ammonium sulfate precipitation followed by ion
exchange chromatography on DE52 cellulose (Whatman, Balston, United Kingdom).
Radiolabeling for therapy and biodistribution analysis
Iodine 125 (125 I) and Iodine 131 (131 I) were from Perkin Elmer (Boston, MA, USA) and mAbs were radiolabeled as described in (26
). Specific activity was generally around 370 MBq/mg. For RIT, two injections of 37 MBq (equivalent to 100 μg mAb) were used. For
biodistribution experiments a solution containing 185 KBq of 125 I-mAbs together with 320 KBq of 131 I-mAbs, respectively, was
completed with unlabeled mAbs to a final amount of 100 μg mAbs. Immunoreactivity of 125 I-mAbs against CEA or EGFR was assessed in
vitro by direct binding assays. The binding percentage was determined by measuring the antigen-bound radioactivity after 2 washes with
PBS and ranged from 70 to 90%.
Animals
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Swiss nude mice (6–8 week/old females) were obtained from Charles River (Lyon, France) and were acclimated for 1 week before
experimental use. They were housed at 22°C and 55% humidity with a light/dark cycle of 12h. Food and water were available ad libitum.
Body weight was determined weekly and clinical examinations were carried out throughout the study. Experiments were performed in
compliance with the French guidelines for experimental animal studies (Agreement no. B34-172-27).

Radioimmunotherapy experiments and tumor imaging
For RIT experiments, Swiss nude mice were intraperitoneally grafted with 0.7 × 106 A-431 cells suspended in 0.3 ml DMEM medium.
Tumor growth was assessed 3 days after cell xenograft by bioluminescence imaging and animals were segregated in homogeneous groups
according to the type of treatment (i.e., NaCl, 125 I-m225, 125 I-35A7 and 125 I-PX or unlabeled m225, 35A7 and PX mAbs).
Then, 37 MBq 125 I-mAbs (specific activity = 370 MBq/mg), NaCl or unlabelled mAbs (100 μg) were intravenously injected at day 4
and 7 after the graft. Tumor growth was followed weekly by bioluminescence imaging. Mice were sacrificed when the bioluminescence
signal reached a value of 4.5× 107 photons/s. In summary, 31 mice were included in the NaCl group, 13 in the PX, 14 in the 35A7, 7 in the
m225, 19 in the 125 I-PX, 12 in the 125 I-35A7 and 6 in the 125 I-m225 group.
A third intravenous injection of

125

I-m225 or

125

I-35A7 mAbs was carried out in two additional groups of mice (n = 7 for each

125

I-mAb) at day 10 and animals were followed until the bioluminescence signal reached a value of 4.5 × 107 photons/s or until death.
Bioluminescence imaging
In vivo bioluminescence imaging was performed following intraperitoneal injection of luciferin (0.1 mg luciferin/g) and as described
in (28 ).
Biodistribution experiments
On day 1, 48 Swiss nude mice were intraperitoneally grafted with 0.7 × 106 A-431 cells suspended in 0.3 ml DMEM medium. Mice
were then separated into two groups. Group one received one single intravenous injection of labeled mAbs at day 4, while group two
received two intravenous injections (day 4 and 7). Injected solutions (250 μL) were made up of 100 μg of 35A7 or m225 mAbs containing
185 KBq of

125

I-mAb (specific activity = 370 MBq/mg), and of 100 μg of irrelevant PX mAb containing 320 KBq of

131

I-PX (specific

activity = 370 MBq/mg). Mice of group one were sacrificed at 1, 24, 48, 72, 96 and 168h after the injection and mice from group two at
the same time points but after the second injection. At each time point, animals were anaesthetized, image acquisition was performed and
then they were euthanized, bled and dissected. Blood, tumor nodules and organs were weighed and the uptake of radioactivity (i.e., UOR
125 I versus 131 I, was done. The percentage of injected activity per gram
Biodis ) was measured with a γ-well counter. Dual isotope counting,
of tissue (%IA/g), corrected for the radioactive decay, was calculated. For time points later than 72h (i.e., after the second injection), the
injected activity of group two was defined as the sum of the residual radioactivity due to injection 1 and of the radioactivity due to
injection 2. We assumed that the radioactivity detected in the different organs of mice from group 1 after this time point was not
specifically bound to receptors any longer and could be mobilized again in the blood circulation. Four mice were used for each time point.
In addition, a control group of mice injected only with NaCl was sacrificed at the same time points as the animals used for the
biodistribution analysis to follow the natural growth of the tumors.
Tumor weight assessment
In RIT experiments, direct measurement of tumor size could not be performed because it requires mice sacrifice and also because of
the high activities. Therefore, we used the intensity of the bioluminescence signal collected weekly after tumor graft to determine tumor
size. To do this we used biodistribution data to calibrate the bioluminescence signal (photons/s) as a function of tumor size. The values of
the bioluminescence signal of tumor nodules were collected at different time points during the biodistribution analysis and plotted versus
their weight directly determined as follows. Initially, tumor nodules were weighed. However, these values appeared to be less accurate
than estimation from size measurement because of blood or water content, or contamination by other tissues. Therefore, their length, width
and depth were measured at each time point of the biodistribution study and used for volume determination. A density of 1.05g/cm 3 was
then used for calculating the weight of each nodule.
Uptake of radioactivity per organ and tumor
The uptake of radioactivity per tissue (expressed in Becquerel) in RIT experiments (UORRIT ) was extrapolated from the uptake per
tissue (UORBiodis ) measured during biodistribution experiments. Since activities used in RIT experiments were 200 times higher than those
used in biodistribution analysis for the same amount of injected mAbs (100 μg), all the UORBiodis values were multiplied by 200 to mimic
the therapeutic conditions. We considered that the weight of healthy tissues did not change all along the study period and did not differ
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between RIT and biodistribution experimental conditions. Therefore, the 200-fold factor’s rule was enough to determine the UORRIT from
UORBiodis . However, since tumors were smaller in animals subjected to RIT than in controls, their UORRIT was calculated by taking also
into consideration this weight variation. Hence, the real tumor weight was assessed as follows: UOR Biodis per gram of tumor was calculated
by dividing UORBiodis by the measured tumor weight. This value was then multiplied by the calculated weight of the tumor in RIT
conditions (as described in “Tumor weight assessment”). This approach was supported by the finding that in biodistribution studies uptake
of radioactivity increased in a linear way with the tumor size. Thus, we could extrapolate the UOR from large to small tumors and
calculate their UORRIT . The end point of the analysis was calculated by hypothesizing that the remaining activity at 240h would
exponentially decrease to reach a value lower than 1% IA/g at 700h.
Dosimetry
The total cumulative decays per tissue were calculated by measuring the area under the UOR RIT curves. Following the MIRD
formalism, resulting values were multiplied by the S factor. This parameter was calculated by assuming that all the energy delivered at
each decay was locally absorbed and we checked that the contribution of X and γ-rays could be neglected (31 ). A global energy of 19.483
keV/decay was then considered for calculating the irradiation doses.
Statistical analysis
A linear mixed regression model (LMRM), containing both fixed and random effects ( 32 , 33 ), was used to determine the relationship
between tumor growth (assessed by bioluminescence imaging) and number of days post-graft. The fixed part of the model included
variables corresponding to the number of post-graft days and the different mAbs. Interaction terms were built into the model; random
intercepts and random slopes were included to take into account time. The coefficients of the model were estimated by maximum
likelihood and considered significant at the 0.05 level.
Survival rates were estimated from the date of the xenograft until the date of the event of interest (i.e., a bioluminescence value of 4.5 ×
107 photons/s) using the Kaplan-Meier method. Median survival was presented and survival curves compared using the Log-rank test.
Statistical analysis was performed using the STATA 10.0 software.

RESULTS
Tumor growth assessment
The presence of tumor nodules in control mice was observed as early as 3—4 days after the graft of A-431 cells (Figure 1A ). Total
number of tumor nodules per mouse and their size increased with time. For example, the mean number of nodules in control mice was 2.7 ±
0.9 at day 4, 4.8±0.8 at day 7 and 6.6±3 at day 20 after graft. Mean tumor weight was 1.4±0.9 ×10−2 g at day 4, 4.2 ±0.9 ×10−2 g at day 7
and 16±0.7×10−2 g at day 20. Similar tumor growth rates were observed in mice treated with unlabeled 35A7 or PX mAbs, whereas tumor
growth was much slower in the group treated with unlabeled m225. Presence of ascite was never observed throughout the study and the
number of collected nodules always corresponded to the number of bioluminescence spots.
To indirectly measure tumor size in mice subjected to RIT, we calibrated the bioluminescence signal (photons/s) as a function of
tumor size. We used a linear relationship to plot the signal intensity of control tumor nodules versus their weight. This procedure was
satisfying only for tumors weighing less or about 1×10−1 g (Figure 1B ). For bigger tumor nodules, the dose-response relationship was
saturated and therefore tumor size was underestimated. Indeed, according to the calibration curve, the value of 4.5 ×107 photons/s should
correspond to a mean tumor weight of about 2×10−1 g, whereas, upon dissection, the real tumor weight was 2—3 ×10−1 g.
Tumor growth in RIT experiments
Tumor growth followed by bioluminescence imaging (Suppl. Fig. 2A, B, C) rose similarly among mice treated with NaCl or unlabeled
PX and 35A7 mAbs (Figure 2A, 2C ). While no changes in tumor growth were observed with 125 I -PX mAbs (Figure 2C ), treatment with
125 I

-35A7 mAbs slowed down tumor growth and endpoint values of 2—3 ×10−1 g were only reached at day 99 after xenograft (Figure 2A

). The internalizing m225 mAbs had a strong inhibitory effect on tumor growth both in the unlabeled and labeled form ( Figure 2B ).
Indeed, mean tumor weight in mice treated with m225 mAbs remained below 2 ×10−1 g for the entire duration of the study. This could be
explained by the slower and heterogeneous growth rate of tumors in m225-treated mice compared to others groups. Therefore, sacrifice of
m225-treated mice was less frequent than in the other groups and the highest registered signal did not affect the global mean
bioluminescence value of this group.
Survival of mice exposed to therapeutic activities of 125 I-labeled or unlabeled mAbs
Mice were sacrificed when the bioluminescence signal reached 4.5×107 photons/s. The median survival (MS) was about 19 and 24
days in mice treated with NaCl or unlabeled 35A7, respectively. Conversely, survival was significantly higher in the group treated with

125
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I-35A7 mAbs (MS=59 days; p=0.0132) (Figure 3A ). Both unlabeled m225 (MS=76 days; p = 0.0014) and

125

I-m225 mAbs (MS= 77

days; p = 0.9289) improved survival in comparison to NaCl (Figure 3B ).
No statistical difference was observed in the NaCl, the 35A7, the PX or
NaCl vs PX; p = 0.5109 for NaCl vs

125 I-PX;

p = 0.5095 for PX vs

125 I-PX)

125 I-PX

groups (p= 0.3189 for NaCl vs 35A7, p = 0.9046 for

with MS = 19, 24 and 17 days, respectively, underscoring the

low non-specific toxicity of 125 I-mAb (Figure 3C ).
To cope with the lower toxicity of Auger emitters towards the target tumors in comparison to beta emitters and to assess the side
effects of repeated injections, a third injection of 37 MBq of 125 I-mAbs (m225 or 35A7) was carried out at day 10 following xenografts in
two additional groups of mice. In this case, mice treated with 125 I-35A7 mAbs died before the bioluminescence signal reached 4.5×107
photons/s suggesting that the maximum tolerated dose was attained and MS dropped to 14 days. Conversely, a non significant increase in
MS was observed in the 125 I-m225 group (MS about 94 days) (data not shown).
Biodistribution analysis
After injection of non-internalizing

125

I-35A7 mAbs (Figure 4A ), tumor uptake increased progressively from 10.5%, 1h after

injection, to 48.1% after 120h. An intermediary value of 27.8% was observed at 48h. These results indicate that the maximal uptake of
radioactivity per tumor was reached 2 days after the second injection.
Maximal uptake in blood was 28.1±2.4% and 21.2±1.1% immediately after injection 1 and 2, respectively.
By contrast, tumor uptake of internalizing

125

I-m225 mAbs was much lower (Figure 4B ) with a maximal uptake of 17.8±6.8%

observed 24h after injection 1 and no increase after injection 2. Uptake in blood was maximal immediately after injection 1 and 2 with
values of 30.9±3.9 and 23.5±1.2% like with non-internalizing mAbs.
Non specific tumor uptake of the 131 I-PX mAbs was comprised between 2.8±0.5 and 11.5±4.6% (with 125 I-35A7) and between 5.9 ±
3.2 and 9.7±1.8% (with 125 I-m225) (data not shown).
For all the other organs, no significant differences were observed between the two targeting models and values were lower than those
measured in tumors and blood.
Uptake of radioactivity per organ and tumor
The uptake of radioactivity per tissue (expressed in Becquerel) in RIT experiments (UORRIT ) was extrapolated from the uptake per
tissue (UORBiodis ) measured during the biodistribution experiments and these values were plotted versus time ( Figures 5A and B ). Both
targeting models presented similar UORRIT values in all tissues analyzed with the exception of tumors. Carcass, liver and blood contained
the highest peak activity (10 MBq—30 MBq) because of their larger volume (Suppl. Fig. 5A and 5B), whereas the other organs showed
lower values, generally below 1.7 MBq. Maximal peak uptake by tumors reached values of 1.8 MBq with non-internalizing and of 0.05
MBq with internalizing 125 I-mAbs. For all the tissues, two peak values corresponding to the two injections were observed.
Dosimetry
To obtain accurate information about the total energy absorbed by tumors and healthy organs we calculated their irradiation doses. The
highest irradiation doses were delivered to tumors, blood, liver, skin and lungs and the lowest to small and large intestine and stomach (
Figure 6 ). Similar irradiation doses were delivered by the two targeting models in healthy organs and tissues. Therapy with the
internalizing 125 I-m225 mAb produced slightly higher irradiation doses in stomach (+14.4%), liver (+16.3%), kidneys (+3.5%), muscle (+
31.8%), small intestine (+1.1%), large intestine (+3.9%), bone (+5.1%) and skin (+9.9%). Conversely, lower irradiation doses were
calculated for lungs (−7.4%) and blood (−7.0%). For heart and carcass less than 1% discrepancy in irradiation doses was determined
between both targeting models. However, a huge difference was observed in tumors since internalizing mAbs delivered only 15.1 Gy in
comparison to the 111.6 Gy of non-internalizing mAbs.

DISCUSSION
In this study, we investigated the efficiency of 125 I-labeled internalizing and non-internalizing mAbs in eradicating small solid
intraperitoneal tumors. We show that labeling of the non-internalizing 35A7 mAb was accompanied by a statistically significant increase
in the median survival (MS) from 24 days (controls) to 59 days. Unlabeled m225 mAb showed by itself a very strong efficiency with a MS
of 76 days that was not improved by labeling with 125 I. The standard treatment of patients with peritoneal carcinomatosis is based on
cytoreductive surgery followed by heated intraperitoneal chemotherapy (HIPEC) (34 ); however, several studies have started to compare
the efficiency of RIT versus HIPEC. For instance, Aarts et al. targeted, in rats, carcinomatosis of about 1 mm after cytoreductive surgery
with RIT or HIPEC. They obtained a MS of 97 days (versus 57 days in untreated controls) after one intraperitoneal injection of 74 MBq of
177 Lu- MG1 mAbs and of 76 days with HIPEC (35 ). Moreover, they showed that RIT was less detrimental for healthy tissues ( 36 ). Our
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study indicates that significant increase in MS could be achieved also with 125 I-mAbs and suggests that 125 I-mAbs could be as efficient as
177 Lu-mAbs in the case of small tumors.
More experiments need, however, to be performed because direct comparison between studies cannot be accurate due to the different
experimental models used and, particularly, the possibility of variable radiation sensitivity of the targeted tumor cells.
Compared to conventional more energetic beta emitters, the interest of Auger electrons emitters relies on their very low myelotoxicity
that allows repeated injections (18 , 19 ). This is important as it has been speculated that the failure of phase III trial with 90 Y-HMFG1 in
ovarian cancers was linked to the low irradiation dose delivered by a single administration [for review (37 )]. Therefore, by using
low-energy Auger electrons the injected activities could be increased in order to cope with their lower tumor toxicity and a therapeutic
gain of about 2 in comparison to beta emitters has been already demonstrated (38 ). Here, we show that, in the mouse, two injections of 37
MBq of 125 I-mAbs are well tolerated and greatly increase MS. However, mice which received a third injection of 125 I-35A7 mAbs died
before the bioluminescence signal reached 4.5×107 photons/s. These results suggest that the maximum tolerated dose was reached and that
the maximal therapeutic gain, under our experimental conditions, is obtained with two injections of 125 I-mAbs time over 3 days. Studies
are under way to determine the toxic effects of this regimen on bone marrow, although overt signs of myelotoxicity were not observed.
Conjugation to 125 I was accompanied by a significant increase in survival (i.e., 40 days) in the case of the non-internalizing mAb
35A7, whereas labeling did not further increase the positive effect of the internalizing mAbs m225. Moreover, the mean irradiation dose
for tumors was 111.6 Gy with 125 I-35A7 and 15.1 Gy with 125 I-m225. These findings indicate that labeling m225 with 125 I does not
improve its therapeutic efficiency, mainly because the delivered irradiation dose was too low. This was not due to lack of EGFR
expression in A-431 cells because flow cytometry analysis revealed that CEA and HER1 antigens were expressed at similar level (Figure
1A ). Since 35A7 and m225 immunoreactivity and immunoaffinity are comparable in vitro , we think that catabolism of internalizing
mAbs must have been the cause of the low number of total cumulative decays in tumors treated with 125 I-m225, an effect linked to its
short retention time within the tumor. Indeed, the %IA/g of tumors reached 48.1% with 125 I-35A7, but only 17.8% with 125 I-m225.
Internalizing 125 I-mAbs are catabolized within the cells and one of the catabolism products is a diffusible iodotyrosine moiety.
Methodologies aimed at producing residualizing peptides, which can be conjugated to mAbs before the iodination process, have been
developed. In this case, catabolism produces iodinated residual peptides that are trapped within the lysosomes to increase tumor retention
time (39 –42 ). However, with residualizing peptides tumor irradiation could be increased by a factor of 3–4, while in our study a 7.4 fold
increase (i.e., from 15.1 Gy to 111.6 Gy) was observed with non-internalizing mAbs in comparison to internalizing mAbs. Moreover, the
high turnover rate of cell surface antigens represent a limiting factor for mAb penetration within solid tumors (43 ).
Nevertheless, the limits of dosimetry in the case of Auger electrons must be kept in mind. Indeed, since most of the energy is delivered
within a sphere of several nm around the decay site, the calculation of the mean irradiation dose for an organ or even for a cell could lead
to approximations that do not take into account the real dose distribution. If this type of approximation is acceptable in the case of low
LET radiations, like gamma rays, the correlation between mean irradiation dose and biological effects must be used carefully in the case of
high LET particles, particularly in the case of low-energy Auger electrons. Indeed, due to the strong heterogeneity of the energy deposits,
some areas of a tumor nodule could be not irradiated and cells therein could grow in spite of a high mean tumor dose. In our study, mean
calculated irradiation doses might appear rather high. This can be explained by a strong initial uptake of 125 I-35A7 mAb by tumors (48.1%
) that led us to consider a long interval (700h) before reaching the endpoint of 1 % IA/g of tumor. Then, dose rate is finally rather low and
would explain the lack of overt toxicities towards safe tissues. Behr et al. have reported radiation absorbed doses to the blood up to 24.3
Gy in mice administered 125 I-CO17-1A mAbs at a maximum tolerated dose of 111 MBq (18 ). These radiation absorbed doses are almost
identical to those estimated for 125 I-35A7 mAb using a similar observation period of 500 h (20.1 Gy; not shown) but exceed by about
10-fold those normally found to be dose-limiting for energetic β-emitters, indicating a different relationship between radiation absorbed
dose and biological effect for Auger electron emitters.
Another point could be that inhomogeneous UOR in solid tumors could alter the linearity of the relationship between tumor mass and
UOR that was used for dosimetric assessment. Therefore calculated irradiation doses could be overestimated.
Our study is in agreement with our previous in vitro study showing that the cell membrane (targeted by non-internalizing mAbs) was
sensitive to 125 I decays (26 ). Non-internalizing 125 I-mAbs might produce strong energy deposits which are localized at the cell
membrane, while internalizing 125 I-mAbs mostly segregate within lysosomes. However, these conclusions cannot probably be
extrapolated to other Auger electron emitters, like 111 In, 123 I or 67 Ga. Indeed, although their disintegration produces 8, 11 and 20 Auger
electrons, respectively, with energy ranging from 12 eV to 24 keV [for review (44 )], their decays are also associated to more or less
energetic photons rays or conversion electrons that contribute mostly to the irradiation dose. For this reason, 125 I can be considered the
Auger electrons emitter that produces the most localized energy deposits and the lowest toxic side effects. One of the main drawbacks of
125 I for clinical use is its rather long physical period. However, this could be minimized if 125 I-mAbs were administered following HIPEC,
because the latter procedure allows to remove non-cell bound radiolabeled antibody from the peritoneal cavity.
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Conclusion
We show that growth of solid tumors can be significantly reduced and survival of mice improved by RIT with
non-internalizing mAbs.

125

I-labeled

Catabolism of internalizing 125 I- mAbs, labeled with non-residualizing labeling methods, release diffusible iodotyrosine moieties. This
might explain the drastically reduced efficiency of these antibodies in our study, preventing accurate comparison between cytoplasmic and
cell surface localizations. However, these results confirm our previous in vitro work showing that the cell membrane is sensitive to 125 I
decays. They indicate that the use of internalizing mAbs, that drive radioactivity in cell in close proximity to the nucleus, is not a
pre-requisite to the success of a therapy with 125 I.
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Figure 1
Tumor growth and bioluminescence calibration curves. A) Swiss nude mice bearing 1—2 mm xenograft A-431 tumor nodules were followed
by bioluminescence imaging. Flow cytometry analysis (inset) indicated similar levels of expression of EGFR and CEA receptors at the surface
of A-431 cells. B) In vivo relationship between bioluminescence signal and mean tumor weight per mouse.
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Figure 2
Swiss nude mice bearing intraperitoneal A-431 tumor cell xenografts were injected twice with 37 MBq of 125 I-mAbs (370 MBq/mg) or with
unlabelled mAbs (100 μg). A) non-internalizing 35A7 mAbs, B) internalizing m225 mAbs, C) irrelevant PX mAbs. Untreated controls were
injected with NaCl. Tumor growth was followed by bioluminescence imaging. The corresponding mean tumor weights were next calculated
using the calibration curve reported in Figure 1B and they are shown as a function of time in A, B, C, respectively..
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Figure 3
Swiss nude mice bearing intraperitoneal A-431 tumor cell xenografts were intravenously injected twice with 37 MBq of 125 I-mAbs (370
MBq/mg) or with unlabeled mAb (100 μg). A) Non-internalizing 35A7 mAbs, B) Internalizing m225 mAbs, C) Irrelevant PX mAb. Survival
rates were estimated using the Kaplan-Meier method. Mice were sacrificed when bioluminescence signal reached 4.5 ×107 photons/second.
Censored mice are indicated on the graph by vertical bars.
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Figure 4
Biodistribution. Swiss nude mice bearing intraperitoneal A-431 tumor cell xenografts were intravenously injected twice with a solution
containing specific 125 I-mAbs or irrelevant131 I-PX as described in Materials and Methods. The percentage of injected activity per gram of
tissue (%IA/g tissue) was determined in healthy organs and tumors. A) Non internalizing 125 I-mAbs. B) Internalizing 125 I-mAbs. Four mice
were analyzed at each time point.

Figure 5
Uptake of radioactivity. Uptake of radioactivity per tissue (Bq) was determined using the values obtained during the biodistribution
experiments (see Figure 4 ) as described in Materials and Methods. A) Non internalizing 125 I-mAbs. B) Internalizing 125 I-mAbs.
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Figure 6
MIRD dose calculation. From Figure 5 , total cumulative decays per tissue, Ã, was calculated by measuring the area under each curve. Ã was
next multiplied by 19.483 keV, corresponding to the mean energy delivered at each 125 I decay.
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