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Introduction 

Stimulating immune responses to tumors poses an interesting challenge. Tumor cells 

are not very potent immunogenic agents as they typically lack the surface receptors needed to induce 

immune responses. For example, tumors can lack class I (1-3) and/or class II (4) major 

histocompatibility complex (MHC) gene products which are needed for presentation of antigen to 

CD8+ and CD4+ T-cells, respectively (5, 6). Likewise, co-stimulatory molecules are often not 

expressed on tumors and have been shown to be important for induction of tumor-specific immunity 

(7). Thus, it has been postulated that poor immune responses to tumors are caused by 

immunological "ignorance", meaning that the immune system has the capacity to respond to tumor 

antigens presented by tumor cells but fails to respond under normal conditions (8). 

Recent advances in immunotherapy have led to the generation of protective T-cell- 

mediated immunity against primary tumors. The stimulation of CD8+ cytotoxic T-lymphocytes 

(CTL) has been the primary focus of many studies as these effector cells are capable of specifically 

and directly destroying malignant tumor cells. With our increasing knowledge regarding immune 

response mechanisms and with the isolation/identification of genes involved in CTL activation, these 

groups have begun to manipulate the immune system to their advantage by designing tumor cells 

to act as better antigen presenting cells (APC). For example, various cytokine genes have been 

transfected or transduced into tumors and have enhanced immune responses to primary tumors (9, 

10). Interestingly, while it was intended to circumvent the need for CD4+ T-cell help by allowing 

the tumor cells to directly supply cytokines to CTL, some studies demonstrated that both CD4 and 

CD8+ T-cells were necessary (11-13). 

' Methods for effective treatment of metastatic disease still need to be developed. While 

advances have been made to increase the immunogenicity of tumors, work still needs to be done to 

create effective tumor vaccines that eliminate tumor cells found in sites other than at the primary 

tumor. In some cases, such as in human breast cancer where the primary tumor has not metastasized, 

surgical removal of primary tumors can lead to full recovery of the patient. However, when the 

primary breast tumors have metastasized, other therapies such as chemotherapy are needed to 

eliminate metastatic tumor cells and may not always be successful. Therefore, by designing tumor 



cells to act as the vaccination vehicle for stimulating both CD4+ and CD8+ T-cells, it would be 

possible to induce long-lived, tumor-specific responses that can be used in combination with 

established methods. 

Optimal T-cell activation requires an antigen-specific signal plus a second co- 

stimulatory signal. T-cells recognize peptide/MHC complexes through their T-cell receptor (TCR) 

(14,15). However, to achieve maximum activation of CD4+ or CD8+ T-cells, a second TCR- 

independent signal (co-stimulation) is required (16). Several studies have demonstrated the role of 

B7.1 and B7.2 in co-stimulation (17). However, other molecules, such as ICAM-1, VCAM-1, and 

heat stable antigen, can also function in a co-stimulatory fashion (18-20). Interestingly, 4-1BB 

ligand (4-1BB-L), a newly described molecule found on activated macrophages and mature B cells, 

also enhances proliferate T-cell responses and synergizes with B7 (21-24). Ultimately, failure of 

T-cells to receive both signals from APC will result in T-cell anergy (unresponsiveness) or death. 

Designing tumor cells to act as the APC is a feasible rationale. Using tumor cells as APC 

is advantageous as relevant tumor antigen will be presented to T-cells. With the right combination 

of genes expressed by tumor cells, these APC can possess an increased immunogenicity and 

subsequently stimulate immune responses. For example, our previous studies have shown that the 

transfection of class E MHC into sarcoma and melanoma cells enhanced tumor rejection and reduced 

metastatic potential (25), respectively. Furthermore, expression of either B7.1 or B7.2 in addition 

to class II MHC increased these effects (25, 26). We would like to broaden our studies to include 

genes, such as 4-1BB-L and S. aureus enterotoxin B (SEB), which demonstrate significant potential 

to synergize with our existing approach. 

4-1BB-L can function as a co-stimulatory molecule. 4-1BB-L, a member of the TNF 

receptor family, is a recently discovered ligand for the 4-1BB co-stimulatory molecule (21). This 

molecule holds great potential as previous studies suggest its importance in co-stimulation of IL-2 

production and proliferation by T-cells (21-23). While it is not certain that this molecule alone will 

enhance the immunogenicity of tumor cells, it is possible that 4-1BB-L will synergize with other 

receptors. Studies have shown that the B lymphoma M12 expresses low levels of 4-1BB-L but is 

induced by treatment with cAMP which also induces B7.1 and B7.2 (22). Therefore, this may 

suggest   a  synergistic   effect  of these   co-ordinately-controlled  co-stimulatory  molecules. 



Subsequently and if needed, transfectants co-expressing 4-1BB-L, B7.1, and/or class IIMHC will 

be made as these signals may synergize. 

SEB superantigen (sAg) can activate CD4+ T-cells in a polyclonal manner. The toxin 

SEB is a well-known sAg that has been established as a potent stimulator of T-cells when complexed 

with class II MHC (27). Therefore, transfectants expressing both class II and SEB hold good 

potential for stimulating tumor-specific T-cells. However, the potential of this combination relies 

on the fact that SEB activates T-cells which express TCR containing Vß7 or Vß8 gene segments 

(28). This may not be a significant problem as administration of SEB either in vivo or in vitro has 

been shown to activate T-cells against the 1591 skin tumor (29) and the MCA 205/207 sarcomas 

(30), respectively. Recently, it was also demonstrated that pulmonary metastases formed by CL-62 

melanoma cells injected intravenously can be neutralized using soluble SEB (31). In our strategy, 

where the tumor cells would directly express SEB, activation of T-cells would occur more efficiently 

(smaller amounts of SEB would be needed to stimulate its effects) and would less likely cause 

adverse side effects sometimes associated with large systemic treatments. 

The mouse 4T1 mammary carcinoma is an excellent tumor for studying metastatic 

disease. The tumor system chosen for these studies is 4T1, the poorly immunogenic mammary 

tumor (32-34). This tumor shares many characteristics with human mammary cancers and expresses 

adequate levels of MHC class I MHC, making it an excellent animal model and a suitable target for 

CD8+ T cells. Because 4T1 is 6-thioguanine resistant, micrometastatic cells can be readily detected 

at very early stages of growth, allowing us to quantitatively monitor the effects of the 

immunotherapy approach on spontaneous metastasis development. 



Body 

Hypothesis/Purpose 

In breast cancer patients, primary tumor burden seldom causes the patient's demise as 

primary tumor can be surgically removed. In fact, it is spontaneous metastases that arise during the 

tumor growth or long after the primary tumor has been removed to which the patient eventually 

succumbs. Therefore, the purpose of this proposal is to design a mammary tumor vaccine using the 

tumor cells themselves to directly activate the immune system to combat spontaneous metastatic 

disease either before or after it becomes established. In particular, we will engineer the 4T1 

mammary tumor cells to express class IIMHC, 4-1BB-L, and/or SEB with the expectation that these 

cells will activate CD4+ T-cells and subsequently CD8+ T-cells, immune effectors capable of 

circulating throughout the body to destroy metastatic tumor cells specifically and provide long term 

memory. 

Technical Qhjeetive 1: Generate, mammary rnmor transfectants which Can more effectively and 

Hirectly present fnmor antipen to CD4   T-cells, 

Task 1: cDNA Expression vectors. Genes such as class II MHC (I-Aa , I-Ap ), 4-1BB-L, 

B7.1, and SEB have been subclonded into the multiple cloning site of thepHß-Apr-1-neo expression 

vector, previously described (35) (Figure 1). Using the polymerase chain reaction (PCR), cDNAs 

encoding the Aa
d and Aß

d class II MHC and 4-1BB-L genes were amplified from RNA isolated 

from A20 B-lymphoma cell line. The SEB gene was supplied by Dr. Saleem Kahn (University of 

Pittsburgh). The expression vector containing B7.1 was generated prior to this grant (36). 

Human 
Beta-Actin 
Promoter 

Figure 1: The pHß-Apr-1-neo 

expression vector. This vector 

contains a human ß-actin promoter 

and a neomycin selectable marker. 

Pvu   I 
-6200 



Tasks 2-3: Transfection of 4T1 cells. Single transfectants (4T1/A , 4T1/B7.1, 4T1/SEB, 

4T1/4-1BB-L) and double transfectants (4Tl/Ad.B7.1) were generated using the expression vectors 

described in task  1.  Expression of MHC class II  (Ad),  and B7.1  was determined by 

immunofluorescence (Figure 2). These transfectants express 

Class I MHC Class II MHC      B7.1 

Figure 2: Transfectants were made with lipofectin 

following manufacturer's instructions, selected 

with 400 ng/ml G-418, cloned by limiting 

dilution, stained for surface antigen expression, 

and analyzed by flow cytometry as described 

previously (25,26). Class I MHC expression (a-h) 

was measured using the mouse anti-H-2D mAb 

34-5-8 (37) (—) and irrelevant control mouse 

I anti-H-2KkmAb 16.3.1 (38) ( ). Class II MHC 

i expression (i-p) was measured using the mouse 

ä anti-Ad mAb MKD6 (39) (—) and the isotype 

matched irrelevant control mouse anti-A ' mAb 

3JP  (40)  ( )•     B7.1   expression (q-x) was 

measured using the rat anti-B7.1 mAb 1G10 (41) 

(—) with the conjugate alone ( ) as control. The 

x-axis shows four log cycles of fluorescence 

intensity. 

LOG FLUORESCENCE 

similar levels of MHC class I as compared to parental 4T1 cells (Figure 2, panels a-h). Two of the 

MHC class n transfectant clones (4T1/Ad-12 and 4Tl/Ad-30) express similar levels of MHC class 

n, while the third class II transfectant (4T1/Ad-1) expresses higher levels (Figure 2, panels j-1). Of 

the four B7.1 transfectants, two clones (4T1/B7.1-1 and 4T1/B7.1-6) express similar levels of B7.1 

which are slightly higher than the levels expressed by the two other transfectants (4T1/B7.1-15 and 

4T1/B7.1-23 (Figure 2, panels u-x). 4T1 cells transfected with the empty parental vector (4Tl/neo) 

9 



do not express either MHC class II or B7.1 (data not shown), as observed with untransfected 4T1 

cells (Figure 2, panels i, q). These same analyses were performed on the 4T1/A .B7.1 double 

transfectants and showed similar results (Figure 3). Unfortunately, due to difficulties with reagent 

reliability, it was not possible to screen 4T1 transfectants for expression of 4-1BB-L. staining B-cell 

lines (A20 or 2PK3), which are known to express 4-1BB-L, would not stain positive with the 

detection reagent (4-lBB-Ig) supplied by Immunex after several attempts (data not shown). 

Therefore, expression of 4-1BB-L can not be assessed at this time. However, the cell lines were 

placed in cryogenic storage until such a time when they can be re-evaluated. SEB expression by 4T1 

was determined by culturing naive spleen cells in supernatants generated from potential transfectants 

and measuring spleen cell proliferation (Figure 4). The class I MHC expression by the 4T1/SEB 

clones was measured as described above and likewise express similar levels as compared to parental 

4T1 (Figure 3). Double transfectants expressing both MHC class II and SEB still need to be 

generated. 
1.60 

Figure 3: Analysis of MHC and B7.1 expression by 

4T1/SEB and 4Tl/Ad.B7.1 transfectants. Class I MHC (a-d), 

class n MHC (e-h) and B7.1 expression (i-1) were measured 

and depicted below as described in Figure 2. 
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DILUTION 

Figure 4: (above) Supernatants from 4T1/SEB 

transfectants stimulate proliferation of na'ive spleen 

cells. Spleen cells were co-cultered for 3 days in the 

presence of either purified SEB (2mg/ml) (•), or 

supernatants collected from parental 4T1("), 

4T1/SEB-12 (□), and 4T1/SEB-14 (O). Proliferation 

was measured using MTT and read at OD 570nm. 

LOG FLUORESCENCE 10 



In summary, all necessary expression vectors are completed and transfected into 4T1 cells 

with the following results: 3 out of 59 clones expressed class IIMHC, 6 out of 10 clones expressed 

B7.1 and 4 were chosen for further study based on their expression patterns, 2 of the 3 class II+ 

clones (4T1/Ad-1 and 4Tl/Ad-30) were double transfected with B7.1, and 2 out of 12 clones 

expressed SEB. Other transfectants are still needed, such as 4T1/4-1BB-L and 4T1/A .SEB and will 

be generated at a later time. All of the transfectants created thus far demonstrated stable expression 

of the various genes and are systematically being used in the following technical objectives. 

Technical Objective 2: Characterize the immnnogenicity of the mammary tumor transfectants. 

Tasks 4-5: In vivo kinetics of tumor growth and spontaneous metastases for 4T1 

parental tumor. Previous studies by Miller and colleagues (32-34) established that the 4T1 

mammary carcinoma is highly tumorigenic and spontaneously metastatic in syngeneic BALB/c 

mice. Since we are developing immunotherapy strategies for the treatment of metastatic 

malignancies, we have confirmed these results and assessed metastatic disease in additional target 

organs as a prelude to our therapeutic studies. As shown in Figure 5 and Table 1, primary tumors 

form in 100% of BALB/c mice when as few as 5x10 cells are injected s.c. in the abdominal 

mammary gland. These tumors are palpable within 11-26 days after injection and reach 14-16 mm 

in size within 40-69 days. At higher doses (>10 ), primary tumors develop more rapidly as reflected 

in a shortened tumor onset and decreased survival time. While inoculation of lower doses of 4T1 

(103) also induces primary tumor formation, the tumor incidence decreases to 60% of inoculated 

mice. The 4T1 tumor, therefore, is highly tumorigenic, even at relatively low doses of inoculating 

cells. 

Figure  5:     4T1   cells  are  highly  tumorigenic. 

Syngeneic BALB/c mice were injected s.c. in the 
3 

abdominal mammary gland with 5x10 parental 4T1 

cells. Primary tumors were measured every 3-4 days 

and the mean tumor diameter (TD) was calculated as 

the square root of the product of two perpendicular 

diameters. Each line represents an individual mouse. 
0 30 60 

Day Post Tumor Challenge 

11 



Table 1: In vivo Tumor growth analysis of 

4T1 mammary carcinoma. BALB/c mice 

(5 mice/group) were challenged s.c. in the 

abdominal mammary gland with the 

indicated number of parental 4T1 tumor 

cells. The tumor incidence is the number of 

animals which developed progressive 

tumors. Animals which developed tumors 

were sacrificed when the TD reached 14-16 

mm or when the mice became moribund. 

Challenge 
Dose 

Tumor 
Incidence 

Tumor 
Onset 
(days) 

Time to 
Sacrifice 

(days) 
lxlO3 3/5 15-20 45-61 

5xl03 5/5 11-26 40-69 

lxlO4 5/5 8-10 35-46 

lxlO5 5/5 6-8 35 

lxlO6 5/5 4-7 30 

To confirm the metastatic potential of the 4T1 mammary carcinoma, female BALB/c mice 

were injected s.c. in the abdominal mammary gland with 5xl03 4T1 cells and metastasis formation 

was assessed. Mice were sacrificed at varying times after inoculation and the kinetics of 

spontaneous metastasis formation were assessed in the draining lymph node (LN), lung, liver, blood, 

and brain by plating out dissociated organs in medium supplemented with 6-thioguanine. Because 

4T1 cells are 6-thioguanine resistant, individual tumor cells form foci in culture, each focus 

representing an individual clonogenic tumor cell. The number of foci, therefore, is a direct measure 

of the number of metastatic tumor cells per organ and the in vitro amplification allows for the 

quantitation of micro-metastatic tumor cells which would otherwise not be detectable. 

Table 2 shows the distribution and subsequent spread of metastatic tumor cells in the various 

organs at progressive times after inoculation. For example, at day 14 or 18 after primary s.c. 

inoculation, distant spontaneous metastases were measurable in the LN of 11/12 mice and the lungs 

of 13/13 mice. By day 22, the livers of 3/5 mice had clonogenic metastases, while the blood of only 

1/8 mice contained tumor cells. Since only a portion of the blood was recovered, this value may be 

an under estimate. By week 4, the blood, liver, and lungs of 75 -100% of mice contained tumor 

cells. Some of the organs with clonogenic tumor cells showed visible metastatic lesions, however, 

many of the organs appeared phenotypically normal and showed no visible signs of tumor. Also by 

week 4, the draining LN of 5/8 mice had been engulfed by the primary tumor and, thus, could not 

12 



be tested. Metastatic cells in the brain were first detected at week 5 (27% of mice) and the frequency 

of mice with metastatic cells in the brain increased (67%) as time progressed. Metastases in the 

blood, LN, liver, and/or brain of individual mice were only present when the individual contained 

lung metastases, and not vice versa. The pathway of metastasis for the 4T1 tumor, therefore, appears 

to be from the primary tumor to the lungs and the draining LN and subsequently to the liver, blood 

and brain. 

Table 2: 4T1 mammary carcinoma cells spontaneously metastasize in BALB/c mice. 

Harvest 

Day 

14-18 

22 

30-32 

34-37 

>42 

Spontaneous Metastases 

Lymph Node 
11/12 

(2-57) 
7/9 

(5-35) 
2/3 

(15-83) 
ND 

ND 

Lung 
13/13 

(1-43) 
6/11 

(32-338) 
10/10 

(6-116,500) 
10/12 

(315-267,000) 
14/14 

(1109-200,000) 

Liver 
0/11 

3/5 

ill 
7/8 

(7-3,700) 
11/14 

(32-7,800) 
6/8 

(1,10042,200) 

Blood 
0/13 

1/8 

ill 
3/4 

(6-82) 
5/11 

6/8 

(25-490) 

Brain 
ND 

ND 

ND 

3/11 

4/6 

(5-613) 

BALB/c mice were challenged s.c. in the abdominal mammary gland with 5x10 parental 4T1 tumor 

cells. Mice were sacrificed at various times after tumor challenge and the draining lymph node, 

lung, liver, blood, and brain tissues were removed. Each organ was individually prepared and plated 

for metastatic cell outgrowth (42). Data indicate the number of animals positive for spontaneous 

metastases out of the total number tested for each organ. The numbers in parentheses show the range 

of clonogenic metastases found in the positive organs. ND, not done. 

There is frequently a correlation in human disease between the size of primary tumor and 

extent of metastatic disease. To determine if this observation is modeled by the 4T1 tumor, the 

number of clonogenic tumor cells in the lung, liver, blood, LN, and brain has been plotted as a 

13 



function of the tumor diameter (TD) at the time of harvest. As shown in Figure 6A, there is a 

positive correlation (correlation coefficient (cc): 0.684) between size of primary tumor at time of 

sacrifice and the number of clonogenic lung metastases. Similar correlations between TD at the time 

of harvest and clonogeinic metastases were also seen for liver (Fig 6B, cc: 0.520), blood (Fig 6C, 

cc: 0.396), and brain (Fig 6D, cc: 0.426). No correlation was seen between the number of clonogenic 

metastases in LN and the size of primary tumor (Fig 5E, cc: 0.134) as the number of samples were 

limiting. The 4T1 tumor, therefore, shows a pattern of metastatic spread comparable to human 

mammary carcinoma and assessment of lung metastases best approximates the extent of metastatic 

disease in tumor-bearing mice. 
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Figure 6:   4T1 tumor cells spontaneously 

metastasize to the lungs (A), liver (B), blood 

(C), brain (D), and LN (E).    Syngeneic 

BALB/c  mice were  injected  s.c.  in the 
3 

abdominal   mammary   gland  with   5x10 

parental 4T1 cells.  Mice were sacrificed at 

varying times after inoculation (weeks 2 to 7) 

and the number of metastatic tumor cells in 

the lungs determined as described in the 

Materials and Methods. Each point represents 

an individual mouse. 
-—' ■ week y 

4 8 12 16 

Tumor   Diameter   (mm)   at   Harvest 
Tasks 6-7: In vivo tumor growth and spontaneous metastases development of 4T1 

tumor single transfectants generated in task 2. To test tumorigenicity and spontaneous metastases 

development of the 4T1/Ad, 4T1/B7.1, and 4T1/SEB single transfectants, syngeneic female BALB/c 

mice were challenged in the abdominal mammary gland with 5xl03 transfectant cells. Figures 7 and 

8 show the number of clonogenic tumor cells in the lungs vs. TD at time of sacrifice (large panels), 

and the growth rate of the primary tumor (inset panels) for the various transfectants.  With the 

exception of 4Tl/Ad-30 (Figure 7D, inset panel), all of the transfectants show some reduction in 

A Week 2 
o Week 3 
a Week 4 
A Week 5 
• Week 6 
■ Week 7 
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primary tumor growth rate and/or lack of tumorigenicity, although, 4T1/A -12 and 4T1/SEB-12 

transfectants do not form primary tumors in any of the inoculated mice (Figure 7C inset panel and 

Figure 8B inset panel, respectively). In contrast, the metastatic potential of the class II or B7.1 

or SEB+ transfectants is markedly reduced relative to 4T1 cells. For example, 17/21 mice 

inoculated with class II+ transfectants contained <5,000 metastatic cells in the lung (Figure 7B-D, 

large panels), while 15/15 mice inoculated with wild type 4T1 cells have 5,000 to 120,000 metastatic 
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Figure 7: Expression of either class II 

MHC or B7.1 reduces metastatic 

potential and tumorigenicity of the 

4T1 transfectants. Female BALB/c 

mice were injected s.c. in the 

abdominal mammary gland with 

5xl03 parental 4T1 cells (15 mice) 

(A), 4T1/Ad-1 (9 mice) (B), 4T1/Ad- 

12 (10 mice) (C), 4Tl/Ad-30 (8 mice) 

(D), 4T1/B7.1-1 (5 mice) (E), 

4T1/B7.1-6 (5 mice) (F), 4T1/B7.1-15 

(5 mice) (G), or 4T1/B7.1-23 (5 mice) 

(H) and sacrificed 32 to 55 days later 

and the number of metastatic cells in 

the lungs. Primary tumors were 

measured every 3-4 days. The larger 

panels show the number of clonogenic 

lung metastases 

(x 1000) versus TD at the time the mice were sacrificed. Each triangle represents an individual 

mouse. The smaller inset graphs show mean TD (y-axis) vs. day post inoculation (x-axis). Each line 

represents an individual mouse. Note that the number of clonogenic lung metastases shown on the 

y-axis ranges from 0-120 in panel A, as opposed to 0-30 for panels B-H. 
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cells in the lung (Figure 7A, large panel). For the B7.1+ transfectants, 19/20 inoculated mice 

contained 0 to 432 metastatic cells, with only one mouse displaying >10,000 tumor cells in the lungs 

(Figure 7E-H, large panels). In 8/10 mice inoculated with SEB+ transfectants, the lungs contained 

0 metastatic cells (Figure 8B-C, large panels) while 5/5 mice inoculated with parental 4T1 contained 

>13,000 metastatic cells (Figure 8A, large panel). Primary tumor growth in immunocompetent 

syngeneic mice, therefore, is inconsistently reduced by expression of MHC class II or B7.1 genes, 

however, metastatic potential is reproducibly decreased. 
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Figure 8:    Expression of SEB reduces metastatic potential and rumorigemcity of the 4T1 
3 

transfectants. Female BALB/c mice were injected s.c. in the abdominal mammary gland with 5x10 

parental 4T1 cells (5 mice) (A), 4T1/SEB-12 (5 mice) (B), 4T1/SEB-14 (5 mice) (C), sacrificed 43 

days later and the number of metastatic cells in the lungs determined.   Primary tumors were 

measured every 3-4 days. Data are plotted as in Figure 6. 

Tasks 8-9: In vivo tumor growth and spontaneous metastases development of 4T1 

tumor double transfectants generated in task 3. As proposed in the SOW, these studies were 

projected to occur approximately during months 11-18. As expected, studies using the 4T1/A JB7.1 

double transfectant are currently in progress. As other double transfectants become available, they 

will also be analyzed. 

In summary, the in vivo analyses of the parental 4T1 tumor and the single transfectants have 

been completed, with the exception of the 4T1/4-1BB-L transfectants as they can not been screened. 
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Likewise, work is currently under way with the 4Tl/Ad.B7.1 double transfectant. The 4T1 parental 

tumor appears to be an excellent model to study the effects of immunotherapy on metastatic breast 

cancer as our data shows that the pattern of metastatic spread is comparable to human mammary 

carcinoma. Assessment of the lung metastases will best approximate the extent of metastatic disease 

in tumor-bearing mice. More importantly, all of the single transfectants tested thus far have 

exhibited a decrease in metastatic potential and/or tumorigenicity as compared to parental 4T1. 

Technical Objective 3: Examine the ability of the immunogenic transfectants to prevent disease 

and/or eliminate established spontaneous metastases. 

Task 10: Radiation sensitivity of 4T1 tumor cells. Before immunizations began, the 

radiation sensitivity of 4T1 was determined. Cells sustained increasing dosages of radiation ranging 

from 0 to 50,000 rads. Proliferation was measured 48 hours after exposure to radiation by using an 

MTT assay and was reduced by half at doses ranging 5000 to 10,000 rads. Final analysis was 

performed in vivo, as mice were injected i.p. with lxlO6 parental 4T1 cells exposed to 0, 5000, 8000, 

or 10000 rads. Average survival time for mice injected with non-irradiated 4T1 cells was 14 days, 

whereas the remaining animals lived long past 45 days. In the end, a dosage of 5000 rads was 

chosen for immunizations described in tasks 11-15. 

Tasks 11-13: Therapy regimen one- Immunization of non-tumor bearing (naive) mice 

prior to challenge with parental tumor. The experiments in tasks 4-7 suggest that the reduced 

primary tumor and metastasis formation of the transfectants vs. 4T1 cells are due to increased tumor 

cell immunogenicity. As a result, we proposed 2 different regimens to analyze the efficacy of the 

transfectants as immunotherapeutic agents. In the first regimen, naive, tumor-free syngeneic 

BALB/c mice were immunized i.p. with 10 irradiated transfectants and challenged s.c. 4 weeks later 

with 5xl03 live 4T1 parental cells. Because the double transfectant was not available when these 

experiments were conducted, a mixture of 4T1/Ad and 4T1/B7.1 cells was used as one of the therapy 

groups. Mice were sacrificed 5 weeks after the 4T1 challenge and clonogenic tumor cells measured 

in the lungs. As shown in Figure 9, the class IF and B7.T transfectants provided some protection 

against 4T1 metastasis, with 4T1/Ad-12 and the mixture of 4T1/A -12 plus 4T1/B7.1-23 providing 
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fte maximum protection (<1,400 clonogenic cells in each individual lung), and inununizat.cn w,ft 

wild We 4Tlprovidingminimal protection. Clonogenic metastatic cells in the liver andblood were 

a!so similarly reduced in the transfectant-treated animals (data not shown). Other organs were not 

monitored for me.asta.ic cells. However, none of fte transfers significantly reduced the growth 

of the primary tumor (data not shown). Immunization of naive mice with the class n and/or B7.1 

ftansfectarnssi^ficantlyprotects against spontaneous metusUic disease but does not affect pnmary 

tumor growth of wild type 4T1 tumor. 
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Figure 9:  Immunization with MHC class II   or 

B7.1+ transfectants protects naive mice against 

metastatic   disease   from  parental   4T1   tumor 

challenge.   BALB/c mice (3 mice/group) were 

vaccinated i.p. with lxlO6 irradiated parental 4T1 

(A) 41/Ad-1 (•), 4T1/Ad-12 (O), 4T1/B7.1-6 (■), 

4T1/B7.1-23 (□), or a 1:1 mix of 4T1/A -12 + 

4T1/B7.1-23 (A).   Four weeks later, mice were 

challenged s.c. in the abdominal mammary gland 

with 5xl03 live parental 4T1 cells   Five weeks 

post-parental   tumor   challenge,   the   TD   and 

clonogenic lung metastases were measured. 

Tasksl4-15-TheraPyregimen two- Treatment ofmice bearing established 4T1 primary tumor 

Thesecond regimen was devised in order to model a more realistic clinical situation and to test the 

transfectants more rigorously. The therapeutic efficacy of two transfectant clones was furmer tested 

inmice against estabhshedmetastases. BALB/c mice were challenged s.c. with 5x10 wild type 4T1 

tumor cells and, starting at either day 9 or 14 after 4T1 challenge, they were given mjectums of 

irradiated transfectants (4T1/Ad-12 and/or 4T1/B7.1-6) twice a week until the day of sacnfice 

approximately 4 weeks late, At the time of sacrifice, primary tumor diameters of control-treated 

mice (ie mice given irradiated 4T1 cells), 6.8-12.5 mm, were comparable to tumor diameters m 
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transfectant-treated animals, 6.3-13.6 mm. The two-tailed p value is 0.29 when comparing the tumor 

sizes of mice treated with control cells vs. transfectant-treated mice combined. Lungs were 

subsequently removed, and the number of clonogenic tumor cells determined. Since this therapy 

will be used to treat patients with established tumor, the results of this experiment have been plotted 

as number of clonogenic cells in the lungs vs. tumor diameter at the start of treatment. As shown 

in Figure 10, administration of 4T1/Ad-12,4T1/B7.1-6, or a mixture of cells significantly reduces 

the number of lung metastases (panels B-D) relative to treatment with wild type 4T1 cells (panel A) 

when primary tumor diameters at the start of treatment were <4 mm. After transforming the number 

of clonogenic metastases to log values and analyzing as described in Materials and Methods, the 

two-tailed p value is 0.008 when comparing control-treated mice vs. transfectant-treated mice 

combined. When tumor diameters, however, were >4 mm on the initial treatment day, no significant 
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Figure 10:   Immunotherapy of established 4T1 

tumors with class II+ and/or B7.1   transfectants 

reduces metastatic disease. BALB/c mice were 

challenged s.c. in the abdominal mammary gland 

with 5xl03 live parental 4T1 cells. At days 9 or 14 

post-parental tumor challenge, TD was measured 

and therapeutic injections began.    Mice were 

treated i.p. 2x a week, until the time of sacrifice, 

with lxlO6 irradiated parental 4T1 (A), 4T1/A -12 

(B), 4T1/B7.1-6 (C), or a 1:1 mix of 4T1/A -12 

plus 4T1/B7.1-6 (D) cells. Mice were sacrificed 6 

weeks after initial 4T1 tumor challenge and the 

number of clonogenic lung metastases determined. 

The data are plotted as the TD at the time the therapeutic treatment began versus the number 

of clonogenic lung metastases (x 1000) at the time of sacrifice. Each triangle represents an 

individual mouse.  Statistical analysis was performed using a student's t-test for unequal 

variances as described in the text (two-tailed p= 0.008). 
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reduction in primary tumor growth or metastatic cells was seen (data not shown). Metastatic spread, 

therefore, can be significantly reduced by immunotherapy in mice carrying spontaneously metastatic 

established tumors, provided treatment originates when the primary tumor is <4 mm in diameter. 

Task 16: Analysis of immune response mechanism. To determine if T-cell-mediated 

immunity is involved in the reduced tumorigenicity and metastatic spread of the class II  and B7.1 
3 

transfectants described in tasks 6 and 7, T-cell deficient nu/nu mice were tumor challenged (5x10 

cells) and followed for primary tumor growth and metastasis formation.   Two MHC class II 

transfectants and two B7.1 transfectants were used. As shown in Figure 11, one of the class II 

transfectants (4T1/Ad-1; panel B) and one of the B7.1+ transfectants (4T1/B7.1-6; panel D) formed 

tumors and metastases in nude mice similar to unmodified wild type 4T1 tumor cells (panel A). In 

contrast, 4T1/Ad-12 (panel C) and 4T1/B7.1-23 (panel E) lines formed primary tumor comparable 

to 4T1, however their metastatic potential was much reduced relative to wild type 4T1 tumor cells. 

To analyze the effects of T-cells in immunocompetent vs. T-cell deficient mice, primary tumor 

incidence in BALB/c and BALB/c nu/nu mice were compared. As summarized in Table 3, 87% of 

the BALB/c nu/nu vs. 20% of the BALB/c mice developed progressive primary tumor following s.c. 

challenge. The class H+ and B7.1+ transfectants, therefore, have different primary growth kinetics 

and metastasis formation in T-cell deficient nude mice vs. immunocompetent BALB/c mice, 

suggesting that T-lymphocytes are important effector cells.for regulating tumor growth in vivo. 

Table   3:       Tumor   incidence   of   4T1 

transfectants in BALB/c vs. BALB/c nu/nu 

mice.    Mice were challenged s.c. in the 
3 

abdominal mammary gland with 5x10   of 

transfected 4T1 tumor cells.    The tumor 

incidence is the number of animals which 

developed progressive tumors. Animals were 

sacrificed when the TD reached 14-16 mm or 

when the mice became moribund. 

Tumor 
Challenge 

Tumor Incidence 
BALB/c BALB/c 

nu/nu 
4T1/Ad-1 3/10 3/3 

4T1/Ad-12 1/10 5/6 
4T1/B7.1-6 2/5 7/8 
4T1/B7.1-23 1/5 5/6 
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Figure 11: Different immune effector cells alter primary tumor growth versus spontaneous 

metastasis formation. BALB/c nu/nu mice were injected s.c. in the abdominal mammary gland with 

5xl03 parental 4T1 (5 mice) (A), 4T1/Ad-1 (3 mice) (B), 4T1/Ad-12 (6 mice) (C), 4T1/B7.1-6 (5 

mice) (D), or 4T1/B7.1-23 (6 mice) (E) and tumor growth measured every 3-4 days. Data are plotted 

as in Figure 6. Note that the number of clonogenic lung metastases shown on the y-axis ranges from 

0-120 in panel A, as opposed to 0-60 for panel B and 0-30 for panels C-E. 

In summary, experiments have begun which examine the ability of tumor cell-based vaccines 

to treat metastatic disease. The radiation dose required for immunizations has been determined as 

described in task 10. Both therapy regimens have been tested using the class II+ and B7.1+ 

transfectants and have shown promising results. It appears that our therapy will be effective in 

treating metastatic disease but not necessarily the primary tumor. Therapy experiments are currently 

in progress with the 4T1/SEB and 4T1/A .B7.1 transfectants and will be completed shortly. 

Although not extensively examined, studies to determine which effector cells are responsible for the 

enhanced immune response have begun. As described in task 16, nude mice were used to analyze 

the importance of T cells in the reduced tumorigenicity and metastatic potential observed in tasks 

6 and 7 by the class II+ and B7.T transfectants. Ultimately, T cell depletion experiments are 

necessary to determine the role of effector cells in the therapy protocols described in tasks 11-15. 
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Conclusions 

Many studies during the past 5-10 years have focussed on developing immunotherapy 

strategies for the treatment of solid tumors and have used animal systems to model human disease 

and to test the efficacy of immunotherapy. Most of these studies have used transplanted primary 

solid tumors (43, 44) or short-term established experimental (i.v. induced) metastatic cancers where 

therapy was performed very early during metastatic disease (45-48). A small number of studies 

focused on spontaneous metastases, however, these models used SCID mice or anatomically 

incorrect tumor challenge sites (49-51). In many cases, the growth characteristics and kinetics of 

the model tumors used do not closely follow the natural history of their corresponding human tumor 

and, hence, they are not optimal model systems. In contrast to many mouse tumors, the BALB/c- 

derived 4T1 mammary tumor, originally derived by F. Miller and colleagues (32-34), shares many 

characteristics with its human counterpart mammary carcinoma. For example, 4T1 spontaneously 

metastasizes while the primary tumor is in place, analogous to human mammary tumors. Sites of 

metastasis are common between the mouse and human malignancies: spreading first to the lungs and 

liver in 24-77% and 22-62% of women, respectively, vs. >95% and >75%, respectively, in BALB/c 

mice (Table 2) (52-55). Metastasis to the central nervous system is characteristically less frequent 

than metastasis to other sites in both humans and mice (30% and 40%, respectively) and statistically 

occurs later in the disease process (Table 2) (55, 56). 

In addition to its growth characteristics, the 4T1 tumor has several experimental 

characteristics that make it an ideal model for testing immunotherapy strategies. A major asset is 

its stable resistance to 6-thioguanine, enabling the precise quantitation of very small numbers of 

tumor cells, long before they could be detected visually or accurately quantitated by other methods. 

Since metastasis to the lungs precedes and always accompanies metastasis to other organs (Table 

2), quantitation of lung metastases accurately assesses metastatic disease. The similarity in growth 

between the 4T1 tumor and human mammary cancer, plus the ease of assessing metastatic disease, 

therefore, make the mouse 4T1 tumor an excellent model for testing potential immunotherapy 

strategies. 

Previous immunotherapy studies using MHC class II and/or B7.1 expressing tumor cells as 

cell-based vaccines have dealt predominantly with solid, primary tumors (25,26,44). In our studies 
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these vaccines are used for the treatment of metastatic disease. They are also distinct from earlier 

studies using a variety of cell-based vaccines, including cytokine transduced/transfected tumor cells, 

in that spontaneous, established metastases are being treated, rather than short-term experimental 

(i.v.) metastases. These disease conditions, much more closely mimic those of human breast cancer 

patients, and hence the observed results may be useful in projecting experimental animal results to 

human clinical situations. 

Treatment of mice carrying 9-14 day established 4T1 tumors with MHC class II and/or B7.1 

transfected tumor cells results in a dramatic reduction in the number of metastatic tumor cells 

relative to mice treated with wild type 4T1 (Figure 10), suggesting that such cell-based vaccines may 

be useful immunotherapeutic agents for the treatment of metastases. The finding that metastatic 

growth is greatly reduced or eliminated, while primary tumor growth is not significantly impacted, 

is surprising, and suggests that immunotherapy may be more useful against metastatic disease than 

against primary tumor. Since many primary tumors can be successfully surgically resected while 

many metastatic lesions are refractile to current therapy, immunotherapy may have a unique role in 

cancer treatment. 

Since mice with primary tumors of >2 mm contain lymph node and lung metastatic cells 

(Figure 6), the immunotherapy is limiting proliferation of pre-established metastases. Likewise, 

since treatment of naive mice produces some animals with no metastases, the immunotherapy is also 

preventing establishment of new metastases. Therefore,, although not routinely curative, this 

immunotherapy may slow progression of metastatic disease. 

Previous therapy studies with B7.1 transfected tumors and primary or experimental 

metastases indicated that costimulatory molecule expression was effective in vaccines containing 

"moderately" immunogenic tumor cells, but not in vaccines containing "poorly" immunogenic tumor 

cells (44). By definition, 4T1 cells are "poorly" immunogenic because immunization of tumor-free 

mice with irradiated wild type cells does not provide protective immunity against subsequent 

challenge with wild type tumor cells (Figures 9 and 10). Since immunization with B7.1 transfected 

tumor cells does not result in reduced primary tumor growth in the immunotherapy protocol, our 

results agree with these earlier studies (44). However, the finding that B7.1 transfected tumor cells 

promote significantly reduced metastatic growth in the therapy protocol (Figure 10), revives B7.1 
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as a potential candidate for immunotherapy. 

The mechanism by which the class II and B7.1 transfectants are providing their protection 

is not clear. As these transfectants displayed varying in vivo phenotypes, different types of effector 

cells may be activated. In most cases, T-cells were important in regulating primary tumor growth 

(Figure 11), however, their role in outgrowth of metastases is less clear cut. This could easily be 

explained by an enhancement of non-specific effectors such as LAK and/or NK, as it has been 

previously shown that B7.1 can induce NK activity against tumors (36, 57). Alternatively, limiting 

dilution cloning of the transfectants may have cloned out tumor cells which lost their ability to 

metastasize (58). Regardless of the in vitro and in vivo phenotypes of the transfectants (ie: level of 

expression of class II and/or B7.1, metastatic potential and tumorigenicity in BALB/c versus nu/nu 

mice) most clones provide some protection against wildtype metastatic disease (Figures 9 and 10). 

Thus, these studies suggest that most transfectants will be useful as vaccines and that cell-based 

vaccines may be more effective than previously thought. 

Transfection of tumor cells with MHC class II plus B7.1 genes was originally designed to 

produce tumor cells that could directly present antigen to CD4 Th cells and CD8 CTL and thereby 

facilitate optimal anti-tumor immunity (26, 59). Genetic experiments using bone marrow chimeras 

and sarcoma tumor cells support this hypothesized mechanism of CD4 T cell activation and 

demonstrate that the genetically modified tumor cells function as the antigen presenting cell (APC) 

for tumor-encoded antigen (60, 61). In contrast, class I-restricted tumor-encoded antigen appear to 

be presented indirectly via host-derived APC (62-64). Increased anti-tumor activity following 

immunization, therefore, is probably the result of enhanced presentation of tumor antigens and the 

subsequent activation of multiple helper and effector cell populations. 

' Why the effectiveness of this treatment is limited to mice with starting tumors of <4 mm is 

unclear. Factors such as immunosuppression of tumor-bearing individuals, immunogenicity of 

tumor antigens, the timing of the developing immune response versus outgrowth of the tumor, and 

involvement of non-specific effector cell types (ie: LAK, NK, macrophages) have been discussed 

at length in the context of other immunotherapy approaches (65-68) and some or all of these factors 

may be implicated here. Optimal T cell activation is achieved when B7.1 and MHC class II 

molecules are expressed by the same antigen presenting cell (26, 68).   Our cell-based vaccine, 
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therefore, might be more effective if double-transfectants were used rather than the mixture of single 

transfectants tested in this study. Regardless of the limitations, however, the promising therapeutic 

responses are encouraging for further testing and development of this approach either alone, or in 

combination with other immunotherapeutic and/or conventional modalities. 

Future Directions 

Clearly the transfection of MHC class II and/or B7.1 alone are not sufficient to completely 

eliminate metastatic disease. More factors are needed to expand the immune response and extend 

successful treatment past a TD of 4 mm at the start of treatment. As discussed in this report, efforts 

are under way to add other potential mediators. However, another potential problem could be that 

the primary tumor is not removed in our system. As a result, a potential influx of metastatic cells 

caused by the primary tumor during therapy treatment exists. It is possible that while our therapy 

is eliminating the pre-existing metastatic disease the primary tumor continues to spread new 

metastases. Therefore, it is necessary to modify this proposal by developing this model further to 

include removal of the primary tumor before therapy. 
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