


MATRIX-TARGETED RETROVIRAL VECTORS FOR LIVER METASTASIS

Fig. 1. A, transduction efficiency of matrix-targeted retroviral vectors in MiaPaca2 ¢eliglactosidase-expressing cells are shown Witte-stained nucleiB, cytostatic effects
of matrix-targeted retroviral vectors bearing mutant cyclin G1 constructs in MiaPaca cancer cells. The number of cells/well (plotted on the vertical axis) is expressed as a function of
time (days after transduction), which is plotted on the horizontal &€, control mediumNull, vector bearing only the négene;AS 587and AS 693, vectors bearing antisense
cyclin G1 constructsdnG1, dnG1 vector bearing a deletion in the Nitérminus of human cyclin GI1C, Western analysis of human cyclin G1 protein expression in dnG1
vector-transducedersusnull vector-transduced cancer cells without G418 selection. Immunoreactive dnG1 (cyclin G1 DN41) is detected as a distinct band in th&fefld@06f
(Lane 3), whereas the endogenous cyclin G1 protein is seen as an intensely stained band in the kgieBMO00 (Lanes 1-4).

metastasis simulating the route of dissemination of human colon cancer \Badays later and continued daily for a total of 9 days. The mice were sacrificed
established in nude mice. Briefly,>7 10° tumor cells were infused slowly into by cervical dislocation 1 day after completion of treatment.

the portal vein via an indwelling catheter that was kept in place for 14 days. Histological and Morphometric Analysis. The liver lobes were excised,
Intracatheter infusions of either a low- or high-dose dnG1 vector (titerBxed in 10% formalin, labeled (A, right and caudate lobes; B, left lobe; C,

3 X 10° or 9 X 10° cfu/ml at 200ul/day), a high-dose control vector bearingmedian lobe), processed separately, and embedded in paraffin blocks. The
a B-galactosidase gene (titer, 8510° cfu/ml), or PBS (pH 7.4) were begun antitumor efficacy of dnG1 vector treatment was assessed as follows:

Fig. 2. X-Gal immunostaining for detection of the
B-galactosidase transgene in metastatic tumor nodAles.
H&E- and X-Gal-stained tissue section of liver from a
B-galactosidase vector-treated mouse model of liver me-
tastasis (X40)B, X-Gal-stained tissue section Afcoun-
terstained with nuclear fast red stain (x4@, higher
maghnification of B (X200). B-Galactosidase-expressing
tumor cells (cells withblue-stained nuclei) near a dis-
rupted hepatic venule (v) are indicated byrows. D,
H&E-stained tissue section of liver from@galactosidase
vector-treated mouse model of liver metastasis (X40)
showing the tumor nodule undergoing active angiogenesis.
E, X-Gal-stained liver sections counterstained with nu-
clear fast red stain (x40}, higher magnification o
(X200). B-Galactosidase-expressing tumor stromal and
endothelial cells are indicated tayrows.
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Fig. 3. H&E-stained tissue sections of liver reveal the
tumor foci in the PBS-treated control group éhd C;
X40 andx100) and the dnG1 vector-treated animals
andD; x40 andx100). Apoptosis in the tumor foci of
the PBS-treated control group (E&;100) and the dnG1
vector-treated animals (BndH, X100 andx200; ar-
rows) is depicted aseddish-brown immunostaininig
an ApopTagPlus peroxidase situ apoptosis assays,
negative staining control without the terminal de-
oxynucleotidyltransferase enzyme; tumor foci; H,
hepatocytes in liver parenchyma.

H&E-stained tissue sections were examined by light microscopy; arfiadrmal analysis. A repeated measures analysis with lobe as the repeated

the SAs of representative liver sections and tumor foci from lobes A, B, amideasures factor was used to determine whether or not the treatment had an

C were measured by morphometric analysis using an Optimas imagféect on each of the response variables. Pairwise comparisons were also

analysis system. Evaluation of retroviral safety included assessment of figgformed for the outcome variables with overall F festof <0.05 between

integrity of the liver architecture and examination for the presence gfoups.

hepatocellular swelling or necrosis, inflammatory infiltrates, cholestasis,

and/or thrombosis. Tissue sections were also immunostained to assessi88its and Discussion

presence of3-galactosidase transgene (20), cytokeratin, apoptosis, PAS,

vimentin, and CD68. In 1994, our laboratory cloned a human G-type cyclB¥CG1),
Statistical Analysis. For thein vivo efficacy study, four treatment groups which was markedly overexpressed in a subset of osteosarcoma cells

were compared: (a) low-dose Bv1/dnG1 (titerx310° cfu/ml); (b) high-dose (23 gince then, the retroviral transfer of an antisense cyclin G1

Hs2/VSVG/dnG1 (titer, 9.5< 10° cfu/ml); (c) high-dose control vector bear- .ot t has been repeatedly shown to induce down-regulation of

ing apB-galactosidase (nBg) gene (titer, 8510° cfu/ml); and (d) PBS control. . . . RN . .
Initially, 12 mice were studied; 4 were treated with a high-dose dnG1 vect& clin G1 expression and apoptosis of target cells, inhibit proliferation

4 were treated with a high-dose control vector, and 4 were treated with Pi%, Numerous cancer cells vitro (22, 24, 25), and, subsequently,
Subsequently, four additional mice were treated with a low-dose dnG1 vec®ffe€st tumor xenograft growtim vivo (24, 25). Recently, a mutant
The response variables (total SA of the liver, total SA of the tumor, tumétuman cyclin G1 (dnG1) was created with a deletion in the cyclin box,
SAliver SA ratio, and mean SA of tumor foci) were log-transformed befora conserved region among cyclins that helps determine cyclin-Cdk
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Table 1 Inhibition of liver metastatic tumors after portal vein infusions of matrix-targeted retroviral vectors bearing a mutant cyclin G1 construct

Variable* Treatment group n Mean 95% Ct P
Liver SA PBS 4 87.72 (56.915-135.204) 0.95
High-dose nBg 4 89.85 (58.299-138.491)
Low-dose dnG1 4 101.41 (65.795-156.300)
High-dose dnG1 4 97.95 (63.550-150.967)
High-dose nBg:PBS ratio 1.02 (0.556-1.889)
Low-dose dnG1:PBS ratio 1.16 (0.627-2.131)
High-dose dnG1:PBS ratio 1.12 (0.606—-2.059)
Tumor SA PBS 4 0.847 (0.210-3.418) 0.006
High-dose nBg 4 0.188 (0.047-0.760)
Low-dose dnG1 4 0.268 (0.066-1.083)
High-dose dnG1 4 0.016 (0.004-0.063)
High-dose nBg:PBS ratio 0.222 (0.031-1.600)
Low-dose dnG1:PBS ratio 0.317 (0.044-2.280)
High-dose dnG1:PBS ratio 0.018 (0.003-0.133)
Tumor SA: liver SAX 100 PBS 4 0.965 (0.224-4.155) 0.007
High-dose nBg 4 0.210 (0.049-0.902)
Low-dose dnG1 4 0.265 (0.061-1.139)
High-dose dnG1 4 0.016 (0.004-0.069)
High-dose nBg:PBS ratio 0.217 (0.028-1.711)
Low-dose dnG1:PBS ratio 0.274 (0.035-2.160)
High-dose dnG1:PBS ratio 0.017 (0.002-0.130)
Mean tumor SA PBS 4 0.109 (0.054-0.218) 0.0002
High-dose nBg 4 0.042 (0.021-0.085)
Low-dose dnG1 4 0.012 (0.006-0.023)
High-dose dnG1 4 0.006 (0.003-0.013)
High-dose nBg:PBS ratio 0.389 (0.145-1.039)
Low-dose dnG1:PBS ratio 0.106 (0.040-0.284)
High-dose dnG1:PBS ratio 0.059 (0.022-0.158)

2Liver SA, total surface area of liver section, rﬁr@mean of lobes A, B, and C); Tumor SA, total surface area of tumor foci per lobé, (meman of lobes A, B, and C); Tumor
SA: liver SA X 100, percentage of liver lobe infiltrated by tumor; Mean Tumor SA, mean surface area of each tumor foci in lobes A, B, arfd C, mm
P Cl, confidence interval.

association that induces Cdk activatibinitially shown to exhibit ously (20) but also at points of tumor exit from the circulation (Fig. 2,
antiproliferative properties in vascular smooth muscle cells, dn@4-C). Moreover, significant transduction (=50%) of tumor-associ-
may act to inhibit the function of WT cyclin G1 or form inactiveated stromal cells and endothelial cells was observed in some tumor
complexes with target Cdk molecules. Hence, the performance ofoai undergoing active angiogenesis (Fig.[2;-F). No evidence of
series of cytocidal mutant cyclin G1 constructs were testedtro to  transduction of neighboring hepatocytes was apparent, indicating the
determine the optimal construct for additiomalvivo studies. selective retroviral transduction of actively dividing tumor cells.

A human undifferentiated cancer cell line of pancreatic origin was Histological and immunohistochemical evaluation of metastatic
selected as the prototype of a metastatic gastrointestinal cancer. Retor foci from mice treated with either PBS or the low-dose dnG1
roviral transduction efficiency in these cancer cells was excellemgctor was performed and evaluated by morphometric analysis with
ranging from 26—-85%, depending on the multiplicity of infectioran Optimas imaging system. Histological examination of liver sec-
(multiplicity of infection = 4 and 250, respectively; Fig.A). For tions from control animals revealed substantial tumor foci with at-
selection of an optimal therapeutic gene, cell proliferation studiésndant areas of angiogenesis and stroma formation (FigaBdC);
were conducted in transduced cells using vectors bearing varighe epithelial components stained positive for cytokeratin, and the
cyclin G1 constructs. Fig. 1Bhows the cytocidal/cytostatic effects ofassociated tumor stromal/endothelial cells stained positive for vimen-
mutant and antisense cyclin G1 retroviral vectors in transduced cantierand FLK receptor (data not shown). This heterogenous population
cells. Under standard conditions, the dnG1 vector consistently exhdf-tumor cells, stromal cells, and endothelial cells constituted the
ited the greatest antiproliferative effect, concomitant with the appeanmor nodule. In contrast, the mean size of tumor foci in the low-dose
ance of immunoreactive cyclin G1 at the region\f 20,000, repre- dnG1-treated animals was significantly reduced compared with that in
senting the dnG1 protein (Fig. 1C). The expression of the dn@BS controls (Fig. 3B and D, arrows; P = 0.001), simultaneously
protein in cancer cells results in unscheduled cell death; hence, tbeealing a focal increase in the density of apoptotic nuclei (Fi§. 3,
low-level expression of dnG1 protein in cell lysates from transducethd H, arrows) compared with that in the PBS-treated control group
unselected cell cultures. Based on the increased cytocidal activity(Bfg. 3E). Furthermore, infiltration by PAS+, CD68+, and hemosi-
the dnG1 vector (Fig. 1B) in transduced MiaPaca2 cancer cells, iferin-laden macrophages (Fig. 3@yow) was observed in the resid-
dnG1 vector was used in subsequintivo efficacy studies. ual tumor foci of dnG1 vector-treated animals, suggesting active

Considering the overall mass of the liver, the physiological dilutioglearance of degenerating tumor cells and tumor debris by the hepatic
factors involved, and the practical limitations of vector volumeeticuloendothelial system.

(~10% of blood volume), the efficiency of matrix-targeted gene Morphometric analysis of tumor foci confirmed that the targeting
delivery by portal vein infusions was remarkably high, ranging fromstrategy for therapeutic gene delivery was effective in that portal vein
1-3% (20) to=50% in focal areas (Fig. 2). Under these conditiongnfusions (via indwelling catheter) of high-dose matrix-targeted dnG1
repeated injections of a high-dose matrix-targeted retroviral vectgsctors induced dramatic reductions in the sizes of tumor foci when
bearing ap-galactosidase marker gene were required to detect empared with the PBS- and control vector-treated animals based on
appreciable gene transfer in the tumor foci. As shown in Fig. 3]l response variables (R 0.0002; Tables 1 and 2). In pairwise
enhanced transduction of metastatic tumor ce#${%) was ob- comparisons for the three outcome variables, a dose-dependent tumor
served not only within established tumor nodules as described prawsponse to dnG1 vector treatment was apparent, and additional stud-
ies are currently underway to better determine tumor responsiveness
4 Unpublished data. to various vector doses in terms of tumor shrinkagesuscomplete
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