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These studies highlight several factors that affect monoclonal
antibody (Mab) localization to a tumor in the brain, including
tumor permeability, nonspecific and specific binding, plasma
half-life, radiolabeled antibody stability and the blood-brain bar
rier. Methods: A pancarcinoma Mab [L6 IgG, F(ab')2 and Fab]

and an irrelevant isotype-matched antibody [P1.17 IgG and
F(ab')2] were given with and without osmotic blood-brain barrier

disruption in a LX-1 human small-cell lung carcinoma intracere-

bral xenograft model. Results: Intracerebral tumor size and per
meability to antibody increased with the selection of 10,14 or 17
days postinoculation when antibody was administered. Barrier
disruption increased the delivery, particularly at earlier time
points, which was dependent on antibody-specific and nonspe

cific binding and tumor permeability. Dehalogenation and/or an
tibody binding stability also appeared to affect the percent deliv
ery. Conclusion: These studies demonstrate important
variables that should be considered when clinical trials are de
signed or Mab delivery and localization in intracerebral tumor
models are evaluated.
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JLn initial clinical trials, localization of intact immunoglob-
ulin (IgG) and Fab fragments to brain tumors (1-4) has
been poor in the absence of any method to increase tumor
permeability (0.0006%-0.0043% of the injected dose/g of
tumor) (3). Delivery to tumors outside the central nervous
system (CNS) has been higher (0.005% of the injected
dose/g of tumor) (5). Houghton et al. (6) reported systemic
tumor regression with a melanoma IgG3 antibody concur
rent with CNS progression. Some intracerebral human tu
mor xenografts in the nude rat (7) are significantly less
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permeable to a variety of intravascular agents than are
subcutaneous tumors in the same animal (8,9), but many of
these intracerebral xenografts in animals are far more per
meable to a variety of agents than are human brain tumors
(3,12,11). The blood-tumor barrier, however, can be os-
motically disrupted to increase drug delivery to a brain
tumor (2,12-16). The concentration in the brain of small
molecular weight markers, such as fluorescein and metho-
trexate (MTX), and high molecular weight markers, such
as albumin, can be increased after osmotic blood-brain
barrier disruption (BBBD) (8,17,18). Fab fragment deliv
ery in human patients with CNS melanoma can be in
creased after BBBD, but persistent localization to the tu
mor has not been observed (79). It has been suggested by
several investigators that methods or techniques that result
in increased permeability in the intracranial tumor and
surrounding tumor infiltrated normal brain may be required
for effective therapeutic strategies that use monoclonal an
tibodies (Mabs) (4,20), and such was a major goal of this
study. Previous studies evaluated tumor-specific IgM Mab
delivery to the normal brain in rats and the effect of BBBD
as a means to increase permeability to the antibody (21).
The results showed a significant 20-fold increase in perme
ability to immunoreactive IgM Mab with BBBD but also
demonstrated significant nonspecific binding that may
greatly limit the use of IgM as a targeting agent in brain
tumor therapy. This series of studies extends those obser
vations to a brain tumor model and the evaluation of a
tumor-specific Mab with more desirable properties.

Antibody delivery and localization with and without os
motic BBBD was sequentially evaluated using the pancar
cinoma Mab L6 Fab, IgG and F(ab')2 and an irrelevant

isotype-matched IgG^ Mab in LX-1 human small-cell lung
cancer (SCLC) intracerebral xenografts. Because increas
ing tumor permeability was observed with increased tumor
size, the authors also evaluated progressively smaller in
tracerebral xenografts at 17,14 or 10 days postinoculation.
The results suggest several factors that present problems in
targeted delivery of an antibody to the CNS, in addition to
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TABLE 1
Selected Characteristics of the Monoclonal Antibody Studies

In vitro binding to LX-1 cells (%)*
Specific activity (/tCi/jig)*
Weight loss (%)t
Intracranial tumor weight (g)*
DayspostinoculationTHalf-life

in plasma (hr)L6Fab

(n =34)9.8

Â±1.5
6.87 Â±0.72
6.57 Â±1.52

0.0739 Â±0.0146
16.5 Â±0.6

(17-day model)

11.5L6lgG

(n =56)74.3

Â±2.9
6.32 Â±0.82
6.06 Â±1.33

0.0376 Â±0.0081
13.5 Â±0.5

(14-day model)

30.4Monoclonal

antibodyP1.17lgG

(n =31)14.9

10.27
2.82

0.0384
13.8

(14-day

412.7

3.07
1.51
0.0138
0.3

model)
.4L6

F(ab')2
(n =36)88.3

Â±1.8
7.81 Â±1.34
1.42Â±0.6

0.0183 Â±0.0036
10.0Â±0.1

(10-daymodel)
15.9P1.17F(ab')2

(n=42)7.3

Â±3.8
8.81 Â±5.1
0.34 Â±0.67

0.0184 Â±0.0048
9.9 Â±0.1

(10-day model)

63.8

'Mean Â±standard error of the mean.
tMean Â±2 standard errors.
'Median Â±2 standard errors.

the classic issues related to Mabs, such as tumor hetero
geneity, antigen density and tissue clearance.

MATERIALS AND METHODS

Animal Tumor Model
Athymic nude rats from a colony maintained at the Oregon

Health Sciences University were used for all experimental studies
(Â«).Human SCLC LX-1 (22) were grown in culture (5% CO2 at
37Â°C)in RPMI-1640 media with L-glutamine supplemented with

10% heat-inactivated fetal bovine serum, penicillin (10,000 units/

ml), streptomycin (10,000 /Â¿g/ml)and gentamicin (50 /Â¿g/ml).Cul
tures of free-floating cell suspensions were harvested by centrif-
ugation at 250 x g (1200 rpm) for 3-5 min. The cell pellet was

resuspended in media to achieve a final packed cell volume of
20% Â±1% as measured in a microhematocrit tube. Cell viability
was more than 85%, as determined by trypan blue exclusion.
Inoculation of LX-1 tumor cells into the nude rats was stereotac-

tically performed as previously described (8). In each animal,
10-12 /Â¿I(8-10 x 10s cells) and 500 Â¿d(4 x IO7 cells) of the

prepared suspension was inoculated into the right hemisphere and
subcutaneously into the right flank, respectively. The subcutane
ous flank tumor was included in this model not only for the
purpose of comparison with the intracranial tumor but also to
provide a more clinically relevant model in which cranial mÃ©tas
tases are usually present with extracranial lesions.

Monoclonal Antibodies
L6 is a mouse monoclonal IgG2a antibody reactive with a pro-

pressophysin-like protein cell surface antigen abundant on human

SCLC, breast carcinoma and colon carcinoma (23,24). PI.17, the
nonspecific control antibody, is an IgG,., mouse myeloma protein.
These antibodies were provided by Bristol-Myers Squibb Phar

maceutical Research Institute (Seattle, WA). L6 and P1.17 Mabs
have been well characterized both in vitro and in vivo by immu-

nohistochemistry and Scatchard analysis. Membrane extracts
from LX-1 cells and the propressophysin-like antigen extract have
been studied by Western blot analysis (23-27). These studies have
shown immunoreactivity of L6 IgG and L6 F(ab')2 and the lack of

immunoreactivity of PL 17. Fragments were prepared by papain
digestion of the IgG, as previously described (19,28), but resulted
in the loss of immunoreactivity of L6 Fab. Antibodies were la
beled with 125Iby the chloramine-T method (19) and bound versus
unreacted 125Iseparated on a Sephadex G-25 M column (Pharma

cia LKB, Biotechnology, Piscataway, NJ). After purification, pro
tein binding of the radiolabel was determined by trichloracetic acid
(TCA) precipitation. Binding to LX-1 cells was periodically deter

mined by an in vitro cell binding assay (13,29). The percent binding
for the L6 IgG, L6 Fab, L6 Ffcb'k, P1.17 IgG and P1.17 F(ab')2

were 74.3, 9.8, 88.3,14.9 and 7.4, respectively (Table 1). The spe
cific activity for L6 IgG, L6 Fab, L6 Ffcb'k, P1.17 IgG and P1.17
F(ab')2 was 6.32, 6.87, 7.81, 10.27 and 8.81 /Â¿Ci///g,respectively.
Preparations were stored at 4Â°Cin 1% bovine serum albumin. Ani
mals were given a dose of 18 to 19 x 10* TCA-precipitable cpm

(0.76-1.23 /ig), measured just prior to each animal experiment.

Localization Experiments
These studies were performed in three phases in which Fab,

IgG or F(ab')2 was evaluated. Animals were anesthetized with

sodium pentobarbital (50 mg/kg intraperitoneally), and BBBD in
the rat was performed as previously described (30). Experimental
groups were established in which L6 or PI. 17 IgG or their frag
ments were administered as an intracarotid bolus immediately
after intracarotid normal saline (control) or intracarotid 25% man-
nitol (BBBD) 10-17 days postinoculation. Because L6 Fab did not
localize to the LX-1 tumor, further control studies with PI.17 Fab

were not performed. To simulate the clinical situation better rel
ative to tumor permeability, progressively smaller tumors were
used (Table 1). Prior to the saline or mannitol infusion, Evans blue
(2%, 0.5 ml) and fluorescein (10%, 0.12 ml) were administered
intravenously. The mortality rate in this study was approximately
15%; two-thirds of the deaths occurred in mannitol-infused ani
mals and one-third in normal saline control animals. The mortality

rate was equal among males and females. Ninety percent of all
deaths occurred in the 24-hr and 72-hr studies, presumably from

complications of anesthetic recovery in animals with symptomatic
brain tumors. For at least 4 days prior to the study, the animals
received potassium iodine in their drinking water to block thyroid
uptake of the radioactive iodide (21 ).

After saline or mannitol and Mab infusion, the animals were
killed at 0.5, 3, 24 or 72 hr. A plasma sample was obtained before
whole-body perfusion, which consisted of an intravenous infusion of
40-60 ml of normal saline warmed to 37Â°Cwith concurrent with

drawal from the intracarotid catheter until the heart stopped (30).
This perfusion technique resulted in greater than 95% diminution of
the intravascular radioactivity. With clean gloves, the brain (lowest
count tissue) was removed first and Evans blue staining was mac-
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roscopically graded as previously described (30) followed by re
moval of the subcutaneous tumor (SQT). Prior experience with
nonperfused animals showed this technique does not result in radio
active contamination from blood. Samples were then rapidly frozen
(-80Â°Q for at least 24 hr prior to regional sampling.

StatisticalAnalysis
The results are expressed as the percentage of the total TCA-

precipitable injected dose (TO) per gram of tissue. The effect of
disruption was evaluated in integrated periods of (1) 0-0.5 hr, (2)
0-3 hr, (3) 0-24 hr and (4) 0-72 hr after saline or mannitol infusion

and Mab administration. The percent difference (R) in the area
under the curve (AUC) was calculated for each integrated period
as follows:

R =
100 (AUC after mannitol - AUC after saune)

AUC after saline

The localization index for L6 IgG and L6 F(ab')2 was calculated

in nondisrupted animals with the AUC for the 72-hr experimental

period as follows:

Localization index

Mean AUC for specific (Mab in tissue)/(Mab in plasma)

Mean AUC for nonspecific (Mab in tissue)/(Mab in plasma)

The data were analyzed as three separate experiments (Fab,
IgG or F(ab')2) with multivariate analysis of covariance (31 ) in

which the principal response variable was Mab concentrations in
tissues. The design factors were (1) antibody L6 or PI.17, (2) time
of sacrifice at 0.5, 3, 24 or 72 hr after treatment and (3) saline or
mannitol treatment. The covariables evaluated were sex, days
postinoculation when Mab was given and animal weight at inoc
ulation. The preliminary analysis showed systematic differences
in variance of all responses except weight loss. Homogeneity of
variation was obtained by a transformation of the responses to a
logarithmic scale. To estimate half-lives, exponential lifetime dis

tributions in the plasma were assumed.
The analysis of covariate effects within each of the three major

studies (Fab, IgG and F(ab')2) was measured by a step-up variable

selection procedure with the multivariate likelihood ratio test sta
tistic. The percent weight loss of animals was the most significant
covariate (p = 0.003, p = 0.018, p = 0.0001). Higher weight losses

were associated with higher concentrations in the plasma. The
animal's weight at inoculation had a significant effect in the IgG
and F(ab')2 studies (p = 0.0001 and p = 0.004, respectively) but

not in the Fab study (p = 0.81) in which heavier animals had

generally lower concentrations in the contralateral left hemi
sphere, subcutaneous tumor and plasma. Within each of the three
studies, intracerebral tumor weight had no strongly significant
overall associations with tissue concentrations, and no statistical
association was found between sex and concentrations. Although
it was believed that days postinoculation had a strong influence on
the different results between the three different studies, there was
little variation within a study, and these variations had no signif
icant associations with tissue concentrations (p = 0.19 [Fab], p =
0.63 [IgG] and p = 0.065 F(ab')2).

Figures and discussions are based on the concentrations ad
justed within each study for differences in all covariates. The
unadjusted raw data (in counts per minute per gram or milliliter),
expressed as the mean Â±standard error of the mean (s.e.m.), for

each treatment group in selected tissues and plasma are also
presented in Table 2.

RESULTS
LX-1 Tumor Model

A typical coronal section from an LX-1 intracerebral
tumor-bearing nude rat at 14 days postinoculation is shown

in Figure 1A. These tumors were generally well demar
cated and occasionally contained multiple lobes or demon
strated some ventricular seeding. In this model, the median
survival was approximately 20 days. Quantitative whole-

body autoradiography demonstrated excellent localization
of L6 IgG to intracerebral and subcutaneous LX-1 tumors

72 hr after administration (Fig. IB). The autoradiography
was performed by Dr. Irwin Fand (32). Periodic immuno-
histochemical evaluation with L6 IgG and L6 F(ab')2 con

sistently showed excellent binding to tumor cell surface
antigens (26). In vitro cell binding assays were regularly
performed throughout this study and continuously demon
strated a high percentage binding for L6 IgG and L6
F(ab')2. Specific Mab binding ranged from 74% to 88%, and

nonspecific binding ranged from 7% to 15% (Table 1).

IntravascularRadioactivityClearance
The saline perfusion technique used to remove intravas-

cular radioactivity effectively removed 96.63% Â±0.28%
(mean Â±s.e.m. of all treatment groups) from the vascular
compartment (Table 2). Separate studies in this model that
used a poorly penetrating macromolecule (dextran, molec
ular weight 70,000) after 10 min following intracarotid bolus
administration determined the intravascular volume at
8-16 days postinoculation of tumor cells (manuscript in

preparation). When the approximate plasma volume for
each tissue was known, the influence of remaining plasma
radioactivity on tissue levels was evaluated. Intravascular
volume for the Fab, F(ab'2) and IgG studies, respectively,

were 0.0493, 0.0225 and 0.0359 ml/g in intracranial tumor
(ICT), 0.0289, 0.0209 and 0.0294 ml/g in normal brain dis
tant to tumor (BDT) and 0.0254, 0.0352 and 0.0303 ml/g in
SQT.

From the treatment group mean values in the ICT and
SQT groups shown in Table 2, there was only one instance
in which the intravascular concentration after perfusion
contributed more than 10% of the tumor radioactivity
(14.2% in ICT in Group 17). There were an additional
seven instances in which tumor radioactivity was influ
enced by postperfusion plasma radioactivity by 5%-10%.

In all eight instances, this occurred at 0.5 hr after admin
istration when the preperfusion and postperfusion plasma
concentrations were the highest and the tissue concentra
tion was the lowest. In most tumor samples, the effect of
the plasma concentration was less than 2%.

In the BDT, the contribution of the remaining plasma
radioactivity was less than 2% in the BBBD groups (Table
2). However, in the normal saline groups in which the BDT
concentration was extremely low (less than 0.02% of the
administered dose), there was a significantly higher contri-
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TABLE 2
Raw Unadjusted Data (in Counts per Minute per Gram or Milliliter) After Monoclonal Antibody Administration with or without

Blood-Brain Barrier Disruption in LX-1 SCLC Xenografts*

ICTGroup12345678910111213141516171819202122232425262728293031323334353637383940TXTNSNSNSNSBBBDBBBDBBBDBBBDNSNSNSNSBBBDBBBDBBBDBBBDNSNSNSNSBBBDBBBDBBBDBBBDNSNSNSNSBBBDBBBDBBBDBBBDNSNSNSNSBBBDBBBDBBBDBBBDTime0.5324720.5324720.5324720.5324720.5324720.5324720.5324720.5324720.5324720.532472AgentL6FabL6FabL6FabL6FabL6FabL6FabL6FabL6FabL6

F(ab')2L6
F(ab')2L6
F(ab')2L6
F(ab')2L6
F(ab')2L6
F(ab')2L6
F(ab')2L6
F(ab')2P1.17F(ab')2P1.17F(ab')2P1.17F(ab')2P1.17F(ab')2P1.17F(ab')2P1.17F(ab')2P1.17F(ab')2P1.17F(ab')2L6lgGL6lgGL6lgGL6lgGL6lgGL6lgGL6lgGL6lgGP1.17lgGP1.17lgGP1.17lgGP1.17lgGP1.17lgGP1.17lgGP1.17lgGP1.17lgGNo.553355444544544455464544108661176634444444Mean25,29525,44125,821356183,06898,63424,495343023,27537,02426,394557251,37387,75969,51316,697703037,13123,379373149,424117,46056,464746924,46378,996211,356228,54765,575107,017173,960156,93318,82233,87472,47867,67740,55140,77393,59463,315s.e.m.10,373794311,363146038,04028,3575145593303357885374222713,30012,03110,246682720426846593891821,49860,85716,1631813421122,30635,94838,68912,03722,17221,24435,34211095266917570887315316175005135BDTMean19975227165124790,23670,66215,342944179916255147998,749156,07736,20612,80215961715717654122,670138,44784,69311,504536323357338677091,443106,52498,56817,42911241744263935,440161,98059,15248,83830,723s.e.m.68535058218931,49531,36649954894683351122318,78425,85311,045677022028716923047,68816,84229,193392117624863642385715,73619,92526,531371022144548017,35544,347550017,13417,428SQTMean21,48044,64641,61515,90432,52833,18821,92814,22515,04837,92129,05514,04920,07530,05241,33511,76819,32241,81924,481356822,50460,31916,745600220,81065,350258,470370,16630,54794,186159,699391,32815,68455,850107,858117,81629,97839,64781,313107,056s.e.m.393119,64322,642126810,4714505528034761651582933803144394440353763325225862264044920243015,96423632363195210,56751,68941,054590129,17218,99847,0202073908821,24932,0367049629310,69929,743Preperfuston

plasmaMean490,559240,55131,0417340857,052173,25126,34429741,652,652918,06922,70820501,557,573866,05238,81125361,437,196713,409115,25562641,389,181795,45572,27962101,965,6441,611,732616,830363,8511,886,5601,496,984672,901389,2401,958,6551,456,715642,060547,6141,628,1191,464,284545,525419,547s.e.m.54,40483,6773004173495,05036,85710,23251848,180101,239310450172,363116,08312,48155472,71765,85133,522189748,46040,22017,242594147,417177,07968,10349,937112,763118,38994,90739,702241,982115,549109,46822,999244,853108,34357,61966,028PostperfusionplasmaMean19,9955081158345424,328872114448741,11526,43412854219,78418,06712277944,44017,001286931836,69017,267167466553,97044,19737,893997635,48523,65333,04113,12132,58538,09728,41716,90726,01234,43119,9798877s.e.m.79882408617224419524335411712,35768873248243376624772111,30341924011497779274723224813,759960010,74029178154676269415706560047045497715111,556635652973596

â€¢Monoclonalantibodies L6 Fab, F(ab'), or IgG and P1.17 F(ab')2 or IgG (18-19 x 10s cpm) were given by intracarotid injection after NS or

mannrtol (BBBD) infusion. Animals were killed by saline perfusion at 0.5,3, 24 or 72 hr after Mab administration.
ICT = intracranial tumor; BDT = normal brain distant to tumor; SQT = subcutaneous tumor; TXT = treatment; NS = normal saline; BBBD =

blood-brain barrier disruption; s.e.m. = standard error of the mean.
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RGURE 1. (A)Brain:tumorinterfaceofa typicalLX-1small-celllungcarcinomaxenograftina nuderat14 daysafterinoculationwithl_X-1
cells (H & E 400 X). (B) Whole-body autoradiogram of an LX-1 SCLC intracerebraland subcutaneous tumor-bearing nude rat 72 hr after
intracarotid saline (nondisrupted)and iodinated L6 IgG administration (0.75 /Â¿Ci/gbody weight) (Courtesy of Dr. Irwin Fand).

bution from the plasma (20%-85%), particularly at the
earlier time points.

Fab FragmentStudies
Based on studies in normal nontumor-bearing rats, it

was initially thought that the Fab fragment was likely to
have the most desirable pharmacokinetic characteristics,
i.e., rapid plasma clearance and the rapid clearance from

nontumor-infiltrated brain because of the absence of the Fc
portion of the Fab fragment (30,33). However, the L6 Fab
fragment served as a control Ig in terms of tumor specific
ity because the immunoreactivity was lost during prepara
tion. In the current studies, the plasma half-lifewas 11.5hr.
As illustrated in Figure 2, compared with the saline control,
there was a significant increase in the concentration of L6
Fab in ICT after BBBD over the initial 24 hr of observation

10 20 30 40
Sacn fice Time (hours)

0-1/2 hours:

0 - 3 hours:

0-24 hours:

0-72 hours:

R = + 366 X

R = + 308 X

R = + 132 X

R = + 55 X

P = .003

P = .0002

P = .028

P= .17

RGURE 2. Concentration (percent of
total dose/g tissue) in intracranial tumor
following intra-arterial administration of
125l-labeledL6 Fab after mannitd (BBBD) or

saline as compared with intervals over time
(0-72 hr). R = percent difference in the area
under the curve for each integrated period.
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(0.35% of the injected dose at 3 hr). The increase was
particularly marked during the initial 3 hr in which the
AUC increased by 308% (p = 0.0002). The plasma curves

were virtually superimposable, which indicated that
plasma concentration was not responsible for this increase
(Fig. 2). Most of the L6 Fab was cleared from the tumor
and normal brain rapidly within 24 hr after administration.
In the absence of disruption, less than 0.1% of the injected
dose was measured in ICT.

The L6 Fab study was performed in animals with rela
tively large ICTs with a median weight of 0.0739 Â±0.0146
g (Table 1). The average weight loss at the time of sacrifice
was 6.57% Â±1.52% of their total body weight. This oc
curred at an average time of 16.5 days after ICT cell inoc
ulation. At this time, the animals were preterminal and
symptomatic, as evidenced by the weight loss. The lack of
antigen binding with the L6 Fab (Table 1) resulted in tran
sient delivery of the Fab fragment to both the ICT and
SQT.

IgG Studies
In the second phase of this study, intact IgG was eval

uated. The in vitro binding to LX-1 tumor cells was 74.3%

for the L6 IgG in contrast to 14.9% for the irrelevant
antibody PI.17 (Table 1). In the IgG studies, Mabs were
administered at an earlier time point (average 13.6 days) in
which the animals were less symptomatic. The resulting
tumors were approximately half as large as in the first
phase of the study (average 0.0379 g). The plasma half-life

was three to four times longer for IgG compared with Fab.
There was an increase in antibody delivery after BBBD but
only during the initial 3 hr of study with L6 IgG (Fig. 3A)
and over the entire 72-hr experimental period with PI. 17

IgG (Fig. 3B). There was greater and more persistent lo
calization to both ICT and SQT with the L6 IgG compared
with the irrelevant PI. 17 antibody, as illustrated in Figure
4. After BBBD, the concentration of L6 IgG and PI.17 IgG
remained in both the brain around the tumor (BAT) and
normal brain. The localization index in the absence of
BBBD for L6 IgG in ICT was 3.29 Â±0.79, 3.38 Â±0.68 in
SQT and 0.36 Â±0.15 in BDT.

An additional study was performed to evaluate intact
IgG delivery at an earlier time postinoculation (10 versus 14
days) when the ICT may be even less permeable and,
thereby, more relevant to the clinical situation (34,35).
Tumor permeability to L6 IgG measured 72 hr postadmin
istration, in the absence of disruption, was decreased at 10
days postinoculation, as evidenced by antibody levels of
0.350% Â±0.163% of TD (n = 4) compared with levels at 14
days postinoculation of 1.238% Â±0.192% TD (n = 6, p =

0.04). In addition, the mean ICT weight was much less in
the 10-day postinoculation group (0.0111 versus 0.0400 g).

F(ab')2 Studies
Based on these results, L6 F(ab')2 was evaluated in the

smaller, less permeable 10-day postinoculation model. The
in vitro cell binding for L6 F(ab')2 was 88.3%. The concen
tration of the F(ab')2 in ICT again showed a significant

increase after BBBD compared with that in the nondis-
rupted control animals over the 72-hr experimental period

(Fig. 5). The concentration in BAT and normal brain were
also significantly increased after BBBD followed by rapid
clearance. In the absence of disruption, 0.1% TD and 0.2%
TD of PI.17 F(ab')2 and L6 F(ab')2, respectively, were

measured in ICT. For unclear reasons, the plasma half-life

is significantly different for the L6 (15.9 hr) and PI.17 (63.8
hr) F(ab')2 (Fig. 5). The localization index, which controls
for plasma differences, of L6 F(ab')2 was 3.80 Â±1.00 in

ICT, 5.29 Â±0.96 in SQT and 1.15 Â±0.28 in BDT.
Although the L6 F(ab')2 in vitro cell-binding capacity

(88.3%) was higher than intact IgG (74.3%), concentration
of L6 F(ab')2 in ICT or SQT was much lower and did not

persist compared with intact IgG (Fig. 4). There are two
possible explanations for the lower measured L6 F(ab')2
concentrations. The F(ab')2 fragment may not be as stable

in vivo and, thereby, have decreased antigen binding ca
pacity and be cleared rapidly from the tumor. Another
possibility is more rapid dehalogenation of F(ab')2. A pre
liminary study with the L6 and PI. 17 IgG and F(ab')2

showed a three- to fivefold greater accumulation of radio-
iodine in the thyroid after F(ab')2 administration, suggest

ing accelerated dehalogenation. There was also no differ
ence in delivery of L6 F(ab')2 to tumor, whether iodinated

by the chloramine-T or iodogen methods. Thus, it appears
that F(ab')2, whether intact or degraded, is dehalogenated

much more rapidly than IgG.

DISCUSSION

Factors that Influence Mab Delivery to Brain Tumors
Tumor Permeability. Several factors influence Mab de

livery to experimental brain tumors (11,32,36-44). The

largest variable is the permeability of the animal tumor
model. Permeability measurements vary widely among and
within animal tumor models. However, nearly one-third of

human malignant gliomas have an intact BBB to contrast
agents, and virtually all malignant gliomas and probably
most brain mÃ©tastaseshave areas of tumor with an intact
BBB (45-48). Although therapeutic efficacy can be dem

onstrated with radiolabeled antibody in experimental brain
tumor models (20,49), such models are often much more
permeable than human tumors and thus may not relate to
clinical circumstances (3,11). For instance, a number of
studies have been reported in the D54 human glioma xe-
nograft model. However, the permeability of this intra-

cerebral xenograft is one of the highest in the reported
literature, and brain tumor levels of irrelevant antibody are
in the same range as in an SQT or in other organs that do
not have a BBB (10,34).

The current studies were performed at three different
time points after tumor cell inoculation. The ICTs in the L6
Fab studies, at 17 days postinoculation, were very large,
vividly stained with Evans blue albumin, as in the SQTs,
and the animals were at the end stage of disease progres
sion. This tumor did not seem clinically valid in a study that
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evaluated a method for increasing tumor permeability to
large molecular weight antibodies. Thus, the IgG studies
were evaluated in the 14-day model in which the tumors
were smaller and the animals less symptomatic. Tumor
size has been reported to affect both permeability and
antibody uptake (11,20,50). However, as reported in these
results, the ICT in the 14-day model still was relatively
permeable and allowed three to four times more delivery of

L6 IgG compared with concentrations at 10 days postinoc
ulation. Thus, the last series of studies with F(ab')2 were

performed at 10 days postinoculation.
Specific and Nonspecific Binding. Tumor cell binding

capacity of the antibody has obvious importance. Except
for the L6 Fab studies, this does not appear to be a major
issue with L6. The affinity of the L6 antibody is certainly
acceptable (3 x IO8)(24), and the localization to the SQT,
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in which the barrier is not a factor, was far from the
maximum even at 72 hr. In addition, the in vitro binding
was higher than that reported for many antibodies (3). The
explanation for the lower localization of L6 compared with
that in the literature may be the result of the use of a less
permeable brain tumor model.

The presence or absence of the Fc portion on the anti
body and the rate of clearance of Mah from plasma and
normal tissue has also been evaluated (4,30,33,38,51). In
the reports by Colapinto et al. of localization (38) and
therapy (5/ ) in the D54 human glioma model that used IgG
Mel-14, the percent of injected dose per gram of tissue was

approximately 2% for both the specific and nonspecific
antibody at 40 min. At 48 hr, the percent of the dose per
gram of tumor rose to nearly 16% with the specific anti
body but remained at 4% with the isotype-matched irrele

vant antibody. This is an example of both nonspecific and
specific binding of intact antibodies (10,38). Colapinto et
al. (38) also demonstrated higher tumor-to-normal tissue
ratios of the F(ab')2 fragment compared with intact IgG,

but studies have consistently reported lower concentration
of fragments localized to tumor compared with IgG
(38,52,53). The L6 IgG localization to the tumorwas higher
than both PI.17 IgG or L6 F(ab')2- There can be a decrease

in binding affinity inherent in the generation of fragments,
and loss of immunoreactrvity was the case with L6 Fab
where in vitro binding was less than 10%.

A major problem that complicates the interpretation of the
F(ah')2 studies appears to be dehalogenation and/or a faster

catabolism throughout the body; this results in the liberation
of radioiodine. The stability of the radiolabeled antibody is

not a new issue and appears to be a significant problem,
particularly in these L6 F(ab')2 studies (54,55). Zalutsky et

al. (54,55) examined the issues of halogen labeling in detail.
Thyroid uptake is proportional to the rate of dehalogenation
(55), and a preliminary study demonstrated dehalogenation
for L6 and P1.17 F(ab')2 was fourfold faster than for IgG.

Additional experiments in which more stable labels are used
and immunologie studies of Mab degradation will be required
to help determine the mechanisms of dehalogenation. In vivo
antibody extraction studies in which immunoreactrvity is
evaluated will be necessary to determine if there is also in
vivo binding instability (21).

The localization index was calculated from concentra
tions over the 72-hr experimental period in control nondis-

rupted animals. The localization index for L6 IgG in ICT
was in the same range as that reported for Mel-14 IgG and

81C6 IgG (38,54,56). However, the localization index for
L6 F(ab')2 was much lower than that reported for Mel-14
F(ab')2, probably because a less permeable tumor model

was used and the effects of dehalogenation were a factor.
Delivery and Localization of Fab, IgG and Ffab')? L6

Fab behaved in a manner most analogous to a standard
drug, such as MTX, in that it had a relatively short plasma
half-life and no biologic specificity. Delivery to ICT was

also increased after BBBD. In addition, similar to most
drugs, Fab was cleared from both tumor and surrounding
brain rapidly because there was no antigen binding and no
nonspecific binding to the Fc receptors present in the brain
and tumor.

The tumor-specific L6 IgG not only has a prolonged
plasma half-life and contains the Fc portion of the immuno-
globulin but also has a high degree of antigen-specific bind

ing. Delivery of L6 IgG to ICT showed good localization in
nondisrupted animals and was only increased at early time
points after BBBD. This may have an important effect when
short half-life therapeutic isotopes or Pharmaceuticals are

used. In both nondisrupted and disrupted studies, L6 IgG
persisted in tumor and normal brain for an extended period,
probably as a result of the combination of a permeable brain
tumor model, Mab specificity and nonspecific binding. The
high level of antigen-specific binding resulted in the greater

delivery and localization to both ICT and SQT compared
with the control P1.17 IgG. Delivery of P1.17 IgG to the ICT
demonstrates the effect of nonspecific binding, which
showed significant nonspecific localization in nondisrupted
animals, an increase after BBBD and a moderate rate of
clearance between 24 and 72 hr after BBBD.

For unclear reasons, the PI.17 F(ab')2 had an unusually
long plasma half-life; L6 F(ab')2 had an intermediate
plasma half-life between that of Fab and intact IgG. F(ab')2

fragments also lack the problem of nonspecific binding to
Fc receptors. The results with the F(ab')2 demonstrate

minimal localization in nondisrupted animals and increased
delivery after BBBD. However, localization did not per
sist. The explanation for this is thought to be, at least in
part, more rapid dehalogenation of the F(ab')2 compared
with the intact IgG. Although L6 F(ab')2 has an in vitro
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antigen binding capacity that is similar to L6 IgG, an addi
tional factor may be that the F(ab')2 fragment antigen bind

ing capacity is less stable in vivo.

CONCLUSION

The current studies showed increased Mab delivery with
osmotic BBBD, most prominently with Fab and F(ab')2.

With or without BBBD, localization was greater for the
specific Mab compared with the nonspecific Mab. These
animal studies emphasize several factors aside from those
that characterize systemic antibody pharmacokinetic prop
erties (57) that collectively make it difficult to predict the
outcome of future clinical Mab trials. Corticosteroids, used
in most patients with brain tumors, are another variable
that can effect Mab delivery (58). Clinical studies would
most effectively determine which of these factors actually
present problems in such patients. Such clinical trials
would also provide direction for future animal studies.
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