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ABSTRACT

Future progress to improve the overall survival of breast cancer patients will depend on introducing new
therapies such as cancer vaccines. Because the majority of cell proteins and lipids are glycosylated, tumor
associated carbohydrate antigens (TACA) are attractive as potential targets for cancer vaccines. However,
tumor-associated carbohydrate antigens are both T-cell-independent antigens and self-antigens, impacting on
their ability to induce generate strong, sustained responses against these antigens. To maximize tumor-
protective immunity directed to TACA we have identified and characterized a number of peptides that mimic
carbohydrate structures associated with human breast adenocarcinoma cells. Our accomplishments include 1)
The induction of T cells that target naturally processed glycopeptides expressed on murine models of breast
cancer; 2) Showed that these mimotopes can inhibit metastatic outgrowth in these models; 3) that the
mimotopes can induce carbohydrate reactive antibodies that trigger apoptosis of human breast cancer cell
lines; 4) that these peptides can cross-react with sera from breast cancer patients that have reactivity with the
carbohydrate antigen. 5) Our in vivo studies demonstrate that the peptide mimotopes induce sustained
immunity to these antigens. Collectively, these data provide the experimental foundation for evaluating peptide
mimotopes as potential cancer vaccines in patients with breast cancer.



Introduction

Carbohydrates are the most abundantly expressed self-antigens on tumor cells and
consequently they are perceived as viable targets for immunotherapy. Examples of
tumor-associated carbohydrate antigens include GD2, GD3, fucosyl GM1, Globo H, STn
and the neolactoseries antigens sialyl-Lewis x (sLex), sialyl-Lewis a (sLea) and Lewis Y
(LeY). A major approach to induce responses to these tumor associated carbohydrate
antigens (TACA) is carbohydrate-conjugate vaccines. Representative examples of these
vaccines in clinical development include those directed toward gangliosides [1-3],
polysialic acid [4], Globo-H [5], Lewis Y (LeY) [6], and the STn antigen [7]. Because
TACA are T-cell-independent antigens and self-antigens, conjugation to immunologic
carrier protein is perceived essential to recruit T cell help for antibody generation.
Conjugation of TACA does not, however, ensure an increase in immunogenicity because
conjugation strategies do not uniformly enhance carbohydrate immunogenicity [8,9].
Furthermore, even with conjugation, the lack of induction of cellular immune responses
that would amplify TACA-reactive humoral responses necessitates constant boosting
with vaccine. Such deficiencies indicate that better ways to synthesize carbohydrate
immunogens reflective of natively expressed carbohydrate structures or alternative ways
to induce cross-reactive immune responses with native carbohydrate are needed.

Peptide surrogates of TACA are T-cell-dependent antigens and therefore
immunization with these surrogates is predicted to facilitate cellular responses. We are
demonstrating that peptides mimicking the breast cancer associated neolactoseries
antigens LeY and difucoganglioside (an extended sLex structure) are capable of
activating carbohydrate specific cellular immune responses that limit tumor growth in
vivo. Thus, peptide mimotopes of TACA represent a new and very promising tool to
overcome T-cell independence and to increase the efficaciousness of the immune
response to glycan antigens.

Body

The major goal of this application was to examine ways to maximize the tumor-
protective immunity directed to carbohydrate antigens expressed on breast tumors using a
DNA based vaccine approach whereby plasmids encode peptide mimotopes (Table 1) of
TACA. We had defined three objectives, organized as 5 tasks. In Objective 1 we
intended to optimize the peptide mimotopes (glycotope) encoded DNA vaccine by
combining molecular adjuvants in the immunization procedure. In these experiments we
were to immunize mice with DNA constructs encoding IL-12 to further enhance the Thl
immune response and GM-CSF to recruit Dendritic Cells that may lend to enhancement
of both humoral and cellular responses. The efficacy of priming with DNA constructs
and boosting with multivalent carbohydrate or multivalent peptide formulations was also
to be established. In Objective 2 the protective immunity of the optimized formulation
against tumor challenge was to be evaluated both in vitro and in vivo. In cytotoxic T
lymphocyte (CTL) assays, as effector cells, we were to use splenocytes from
experimental animals and as a target, transfected 4T1 cells that express histo-blood group
related carbohydrate antigens. As control target cells we intended to use 4T1 mouse
mammary cells that do not express relevant carbohydrate antigens as well as other
haplotype matched murine tumor cells. Collectively, these assays would tell us about the
general characteristics of Thl and Th2 responses induced by glycotope DNA vaccines



compared to carbohydrate and peptide formulations. Using this vaccination approach we
intend to magnify cellular and humoral immune responses to carbohydrate expressing
tumors by augmentation of NK, CD4+ and CD8+ T cell responses. This way, we might
expect to be able to clear established tumors of bigger sizes.

We made deviations from our intended tasks and objectives as warranted by
obtained results or realization of unexpected results and the work was slowed down as the
PI moved form the University of Pennsylvania to the University of Arkansas for Medical
Sciences in 2002. Nevertheless during the funding period we published 5 manuscripts
[10-14] and are at present preparing three more.

Table I. Peptides used in our studies

Peptide Sequence Synthesized DNA
104 GGIMILLIFSLLWFGGA X

105 GGIYYPYDIYYPYDIYYPYD X

106 GGIYWRYDIYWRYDIYWRYD X X
107 GGIYYRYDIYYRYDIYYRYD X X
109 GGARVSFWRYSSFAPTY

911 YRYRYGRYRSGSYRYRYGRYRSGS X X
D002 RGGLCYCRYRYCVCVGR X

Task 1. Establish murine breast tumor model. The purpose of this Task was to
develop a breast cancer model system with two objectives. One, to use a cell type
relevant to Breast cancer. The other, to use a cell line that expresses relevant
carbohydrate structures. We had established by FACS analysis that murine mammary
4T1 cells do not express LeY nor sLex or sLea as determined by the usual sct of
monoclonal antibodies reactive with these carbohydrate antigens. The 4T1 cell line (H2-
d) is highly metastatic and is weakly immunogenic in Balb/c mice. In Task 1 we planned
to transfect murine 4T1 cells with the fucosyltarnsferase gene FUTIII to express sl.ex.
However, in our initial studies we used the murine cell line Meth A (H2-d) as a model as
this cell line reacted with the monoclonal antibody FH6. FH6 antibody reacted with our
panel of peptide mimotopes. Meth A is a Methylcholanthrene-induced sarcoma of
BALB/c origin. We identified a clone of Meth A by FACS sorting with the anti-
difucoganglioside monoclonal antibody FH6. It was thought that many-proof-of-
principle experiments could be conducted with this cell line early on. In our first year we
established that immunization with a peptide mimetic of core structures of the
neolactoseries structure that reacts with an anti-Le’Y monoclonal antibody, BR55-2, and
with FH6 elicits a cellular response to Meth A cells [10].

During the transfection studies with FUTIII in 4T1 cells we came to realize that
4T1 was reactive with the anti-sLex monoclonal antibody KM93. This antibody is
suspected to react with sLex antigen expressed on lipids. Expression of sL.ex and sl.ea on
tumor cells is thought to facilitate metastasis by promoting cell adhesion to selectins on
vascular endothelial cells. Experiments supporting this concept usually bypass the early
steps of the metastatic process by employing tumor cells that are injected directly into the
blood. As a deviation of our work we investigated the relative role of slex
oligosaccharide in the dissemination of breast carcinoma, employing the spontaneous



4T1 murine metastasis model. An sLex deficient subpopulation of the 4T1 mammary
carcinoma cell line was produced by negative selection using the sLex-reactive KM93
MAD. Negatively selected 4T1 cells were to be used as a control cell line during our
immunization studies. This subpopulation found to be negative for E-selectin binding but
retained P-selectin binding. Both sLex-negative and -positive cells grew at the same rate;
however, we found that sLex-negative cells spread more efficiently on plates and had
greater motility in wound-scratch assays. We observed that mice inoculated in the
mammary fat pad with sLex-negative and -positive variants produced lung metastascs.
However, the number of lung metastases was significantly increased in the group
inoculated with the sLex-negative variant (p = 0.0031), indicating that negative selection
for the sLex epitope resulted in enrichment for a subpopulation of cells with a high
metastatic phenotype. Cell variants demonstrated significant differences in cellular
morphology and pattern of tumor growth in primary and secondary tumor sites. These
results strongly suggest that loss of sLex may facilitate the metastatic process by
contributing to escape from the primary tumor mass [14]. We are presently using this
cell line in our immunization studies.

We also came to realize that the 4T1 model could also tell us something about
tumorigencity by focusing on metabolic end-products. End-products of glycolysis as
well as phospholipid precursors and catabolites have been suggested as metabolic
indicators of tumor progression. To test the hypothesis that increased levels of such
indicators can distinguish metastatic phenotypes, we determined a limited cellular 1 H-
NMR metabolic profile of subpopulations of murine mammary 4T cells that differ in
their metastatic potential. The metabolic profile of the sl.ex-negative subpopulation
indicated higher levels of lactate and total choline metabolites than the sLex-positive
subpopulation, suggesting that altered metabolism is a critical component of the
malignant phenotype. Analysis of shed cellular material from the sLex-negative
subpopulation displayed an increased ratio of phosphocholine to glycerophosphocholine
when compared to the parental line and sLex-positive subpopulation. Serum obtained
from mice inoculated with either sLex-negative or sLex-positive tumor cells contained
broader methylene resonances (P = 0.0002; P = 0.0003) and narrower methyl resonances
(P =0.0013; P <0.0001) when compared to serum of naive mice. However, line widths
of methylene and methyl resonances were not useful for distinguishing between the two
tumor phenotypes. Results of this study further support the notion that metabolic
indicators of malignancy can correlate with in vivo metastatic behavior [13].

Contrary to the E-selectin reactivity, P-selectin reactivity on negatively selected
4T1 cells was found to be sl.ex-independent. The data indicate that E- and P-selectin
react with separate ligands on the surface of 4T1 cells. Surface heparan sulfate
glycosaminoglycans were the major P-selectin ligands. These ligands were significantly
and stably expressed on the surface of this cell line. Heparan sulfate proteoglycans were
involved in heterotypic adhesion of the 4T1 cells to HUVECs as the adhesion was clearly
enhanced after P-selectin induction on the HUVECs and suppressed after heparinase
treatment of tumor cells. The results suggest that therapeutics targeting sLex, even
having a highly sLex-positive primary tumor, may not yield a positive outcome. When
4TI cells were transfected with FUTIII there was a dramatic increase in the expression of
sLex containing structures as determined by sLex specific monoclonal antibodies. As
expected, there was an increase in E-selectin binding following FUTIII transfection.



However, FUTIII transfection caused no additional P-selectin binding. Because it is
known that both E- and P-selectin can bind to sLex it is interesting that transfection with
FUTTIII and expression of multiple sLex epitope can increase E-selectin binding without
detectable increase in P-selectin binding. This result implies that the sLex structures
produced are ligands for E-selectin but not for P-selectin (manuscript in preparation).

P-selectin reactivity with the 4T1 cells is independent of sLex expression.
To investigate the nature of carbohydrate antigens on the 4T1 cell surface, first the cells
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has anything to do with reactivity of P-selectin. Neuraminidase treatment did not change
the P-selectin reactivity (Fig 1C). The results indicate that E- and P-selectin react with
separate ligands on the surface of 4T1 cells and contrary to the E-selectin, P-selectin
binds to unsialylated ligands on these cells.




P-selectin ligands are heparan sulfate glycosoaminoglycans.

To further characterize the nature of P-selectin ligands on the surface of 4T1 cells, cells
were treated with pronase or were grown in sulfate-free medium in the presence of
sodium chlorate to inhibit sulfate biosynthesis and then P-selectin ligands availability
was tested. Treatment with pronase dropped the P-selectin reactivity to the levels of the
negative control, indicating a protein nature for the ligands (Fig 2A). Growing the cells in
sulfate free medium containing sodium chlorate led to elimination of P-selectin binding
in a huge proportion of the cells, indicating that most P-selectin ligands on the 4T1 cells
are sulfated (Fig 2B). Sulfated glycosaminoglycans like heparan sulfate and chondroitin
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Figure 2. (A) Pronase treatment reduced P-selectin reactivity with 4T1 cells. P-selectin
binding to the 4T1 cells (thin line histogram) was sharply reduced (dotted line) to the level of
secondary antibody binding (thick solid line). (B) 4T1 cells were harvested and washed with
sulfate-free DMEM medium for several times. Cells then were cultured in sulfate-free DMEM
supplemented with 10% dialyzed FBS and 100 mM sodium chlorate. The medium was
replaced with the same fresh medium after 4 hours of incubation and then incubated for
another 18 hours. Then cells were harvested with enzyme-free buffer and P-selectin binding
was determined and compared with cells grew in normal medium. C. Cells were left
untreated or treated with a mixture of heparanase/chonrotinase at 37 degree for 1 hour. For
treatment 2X1075 cell were re-suspended in 0.5 ml of HBSS and incubated with 25 U/ml of
heparanse and 5 U/ml of chondrotinase ABC.

10E4 antibody (data not shown). The data clearly indicate that P-selectin ligands on the
surface of 4T 1cells are non-sLex glycosaminaglycans.

P-selectin ligands stably express on the surface of the 4T1 cells and are involved in
interaction with HUVECs.

P-selectin binding to the cells in vitro and to the primary mass or metastatic cells from
subpopulations in situ indicate that P-selectin ligands are significantly and stably
expressed on the surface of this cell line (Fig 3A). We further examined 4T1 cell binding




to HUVECs and observed that interaction of P-selectin and its ligands play an important
role in 4T1 cells binding to HUVECs (Fig 3B). Stimulating surface expression of P-
selectin on HUVEC:s led to an increase in adhesion to the 4T1 cells. The adhesion to 4T1
cells was significantly inhibited by treatment with enzymes heparinase and
chondritanase. There was a background adhesion to HUVECs, which was also
significantly inhibited by treating the 4TIl cells with hepranase/chondritanase mix,
implying a constitutive presence of P-selectin on the HUVECs at our experimental
conditions. We further confirmed this point by examining P-selectin expression on
HUVECs (data not shown). A low constitutive expression of P-selectin was detected on
10% of cells, which was elevated to a more intense staining on about 20% of cells after
treatment with IL.-4 and PGE2 (data not shown). Adhesion was clearly enhanced after P-
selectin induction and suppressed after heparinase treatment of tumor cells (Fig3B).
Results suggest that P-selectin ligands may play a role in hematogenous metastais in this
syngeneic breast cancer model.

B)

Figure 3. (A) P-selectin histochemical binding to the primary mass and
metastatic pulmonary tumors. P-selectin ligands were expressed uniformly
and strongly on cell of primary mass. P-selectin ligands were very strongly
expressed on metastatic cells in the lung sections. (B) Monolayers of
HUVEcs were prepared and left untreated or treated for induction of surface
presence of P-selectin receptor before conducting the experiment. The 4T1
cells were labeled with Calcein AM and left unireated or treated with a
mixture of heparanse/chondritanase enzymes and added to the HUVEC
monolayers and incubated at 370C for 45 min. Unbound cells were removed
by gentle washing. Percentage of adhesion was calculated based on mean
fluoresence intensities and presented as average of 11 replications. Bars
represent SD base on 11 replications. A representative experiment out of
three is shown. Paired Student's t test was used to compare the means.

Transfection with human fucosyltransferase III induced expression of FH6- and
CSLEX-reactive sLex epitopes with no effects on P-selectin binding.

Monoclonal antibodies defined as KM93, FH6 and CSLEX1 are supposed to recognize
sLex antigen. It is shown that FH6 is specific for an extended form of sLex. CSLEX]
and KM93 antibodies are supposed to recognize the same antigen, however, there are
dissimilarities regarding the specificities. The nature of molecules carrying the slLex



determinant is supposed to display distinct reactivity with these two antibodies. Among
these antibodies we found that only KM93 reacted with the 4T1 tumor cell surface as
detected by flow cytometry. We did not detect binding to 4Tl cells with FH6 or
CSLEX! mAbs. Therefore, the lack of relation between P-selectin binding and surface
expression of sLex could be due to the specificity of the KM93-reactive epitope. In other
words, CSLEX or FH6- reactive sLex epitopes, due to a possible variation in lipid or
peptide backbone, may be reactive with P-selectin. In order to test this issue, a broader
array of cell surface sLex epitopes was needed. Therefore, we transfected 4T1 cells with
human fucosyltransferase I1I (FUTIII).
FUTIII and FUTVII are responsible for formation of Lewis-type structures. As FUTVII
1s expressed in 4T1 cells (data not shown) and still there are no detectable levels of sl.ea,
Lea or LeY epitopes, we decided to transfect cells with FUTIII to expand the expression
of Lewis epitopes to see if transfectants can produce the other epitopes.

Transfected cells were analyzed by flow cytometry (Fig. 4A). The binding of
KM93 mAb was increased to 4T1-FUTIIL. Most importantly, CSLEX-1 and FH6
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Figure 4. (A) The binding of 3 antibodies to sLex are increased in 4T1 (FUTIII) cells
relative to 4T1 (EGFP). Antibodies against sLea and LeY show no difference in binding
between 4T1(FUTIII) and the control 4T1(EGFP) transfectant. It is interesting that there is
no significant change in sLeA (GSLA-2) or LeY (BR55) since FUT3 can produce LeA,
sLeA, Leb, LeY, Lex, and sLex if the proper substrates are present. This may indicate
that glycosyltransfereases further upstream are not producing the required carbohydrate
substrates or that the proteins needed to carry LeA or LeY are not present. (B) FUTIII
transfection resulted in an increase in E-selectin but not P-selectin binding. Open
histogram is non-transfected and filled histogram is transfected cells.

reactive epitopes were expressed at detectable levels in transfected cells. Since FUTIII
expression can also produce other lactoseries antigens like sLea, LeY, Leb and Lex, we
examined the expression of these antigens. Antibodies against sLea (GSLA-2) and LeY
(BR55-2) showed no difference in binding between 4T1-FUT3 and the control 4T1-
EGFP transfectants. No reactivity for the Lex-specific lectin, lotus, was observed to



either cell lines (data not shown). Griffonia simplicifolia lectin [ (GSI) lectin, which is
reactive with Leb and LeY as well as the aGal epitope ubiquitously expressed on murine
tumors, did not react preferentially with either cell lines (data not shown). We also
analyzed reactivity of some other lectins including SNA, PHA, PNA, Jac, VVA, WGA
with the cell lines but no significant differences was observed (data not shown). The
antibody and lectin binding data suggest that among a family of carbohydrate antigens
involved in metastasis, transfection with FUTIII only improved the expression of various
sLex epitopes.

To further understand whether transfection with FUTIII and subsequent
expression of sLex alternates alters reactivity of P- and E-selectins with cell, we
examined P- and E-selectin reactivities with parental and transfected cells. We detected
little E-selectin binding in parental 4T1 cells, after FUTIII transfection the E-selectin
binding was increased significantly (Fig 4B). This was expected given the increase in
KM93, CSLEX and FH6 binding after transfection. P-selectin binding is more complex.
P-selectin bound very well to the parental 4T1 cells and the binding did not increase
significantly in transfected cells. The data indicate that P-selectin reactivity with the 4T1
cells is independent of sLex expression and that sLex presence in any form does not
affect P-selectin binding.

Task 2. To evaluate immune parameters associated with DNA vaccination of
plasmids encoding glycotope along with molecular adjuvants. We were interested in
inducing both cross-reactive antibody and cellular responses using the mimtopes. We
intended to manipulate the immune response to mimotopes by co-immunization with
genes encoding 1L-12 and GM-CSF. We made the peptide encoded constructs and tested
them in a vaccination study. In preliminary experiments addition of recombinant IL-12
to the 911 plasmid did not affect the outcome. We established that recombinant IL-12
could enhance the efficacy of immunization with the 106 peptide eradicating established
Meth A tumor cells [11]. We further established that peptide/plasmid immunization
mediates a Thl response, as did immunization with 106 peptide [10]. To further confirm
a role played by T cells activated by the peptide mimotope, nude mice were transplanted
with Meth A cells and injected ip with fresh splenocytes, isolated from cured mice [11].
Immune cells transferred had a dramatic effect on tumor size as by day 15 after transfer,
tumor was eradicated completely. These studies suggested that the mimotopes could
induce both antibodies and T cells that could eradicate establish tumors of only small size
and that [1.-2 was effective as an adjuvant.

Peptide immunization leads to an increase in T-cell population and IL-12
responsiveness of T cells

We observed that the T cell population was increased after immunization with peptide.
We used flow cytometry to examine the expression of CD3, CD4, CD8 and NK marker
(DXS5) on the surface of freshly isolated splenocytes. As shown in Figure 5A, the
proportion of CD4+ and CD8+ T cells increased in immunized/cured mice compared
with non-immunized/tumor-bearing animals. We did not detect any difference between
groups of mice regarding NK cell population using the DX5 antibody.



To determine whether this population could be stimulated by IL-12, an IL-12
responsiveness test was performed on the T-cell population. Individual mice from non-
immunized/tumor-bearing, and immunized/cured groups were sacked and T-cells purified
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Figure SA. Peptide immunization induces higher proportion of CD4+ and
CDS8+ cells among splenocytes and IL-12 responsiveness among T cells. Naive
(non-immunized), tumor bearing, and peptide immunized/IL12 treated, cured,
mice were sacrificed, splenocytes collected and deleted from erythrocytes.
Freshly prepared splenocytes were stained with anti-CD4 and -CD8 FITC-
conjugated mAbs. The results are representative of two experiments.
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Figure SB. Induction of IL-12 responsiveness in T cells of
transplanted mice after peptide immunization. Non-immunized/tumor-
bearing and peptide-immunized/cured mice were saced, splenocytes
collected and T cells purified. Purified T cells were incubated with
serial dilutions of rIL-12 for 48 hours. Then supernatants were
collected and concentration of IFNy was determined. The results are
representative of three independent experiments.




using nylon wool followed by depletion of NK cells and a subsequent positive selection
for Thyl.2 using MACS. Purity of T cells was more than 97% as assessed by expression
of CD3 molecule by FACS. Purified T cells were seeded and stimulated with various
concentrations of IL-12 and induction of IL-12 responsiveness was determined by
measuring IFN-y production. Figure 5B shows that T cells from peptide-immunized
animals produced IFN-y upon stimulation with IL-12.As it is clear from our data
regarding tumor challenge and peptide boost we had a prime and boost effect, we thought
to magnify our priming by immunization with inactivated cells. In this case we replaced
our first peptide immunization with inactivated Meth A-cell immunization. Tumor-
bearing mice seven days after tumor inoculation first were immunized with attenuated
cells (10"/mouse, i.p.), followed by a combination of peptide/IL-12 as explained before.
Unexpectedly, this immunization regimen was less efficient as we recorded 3-4 escaped
mice out of 12 in each separate experiment. The data again suggested that peptide
immunization is efficacious but it should be done early on, as large tumors are hard to
treat. Taking advantage of other effector cells, we further tried to stimulate eradication of
tumors in immunized/tumor-bearing animals by treating them with Cyclophosphamide
(Cy). Cy injected littermates were immunized with the peptide mimetic after 7 days
followed by 5 doses of IL.-12. We speculated that using this regimen, we might activate
effector cells, which may cooperate with T cells in eradicating tumors of larger size.
Following Cy and peptide/IL-12 therapy a clear tumor regression was marked in two
thirds of the cases (data not shown). To further understand what cell population was in
charge of such distinct tumor regression, we isolated splenocytes and stained cell surface
markers by flow cytometry. As shown in Figure 6, it appears T cells may be the major
effector population.

Figure 6. Treatment with Cy and
11-12 mediate an increase in CD4+
and CD8+ cells. Immunized tumor-
bearing (uncured) and a mouse that
Figure 6 is on following page. underwent Cy and IL-12 treatment
after or before eradication of tumor
were saced and freshly prepared
CD3+ splenic lymphocytes were
stained with anti-CD4 -CD8 and -
NK cell marker. The results are
representative of two experiments.
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Task 3. Evaluate priming and boosting effect of immunogens.

Mimotopes are superior immunogens than carbohydrates

A closer look at the above data revealed to us that mimotope immunization might induce a type of
memory for generation of serum IgM, which is long lasting. To examine this issue we primed
mice with 911 MAP and then boosted them with sLex (sialyl Lewis *-PAA). Serum reactivity
was then checked against sLex. As shown in figure 7, 911 peptide primes for [gM-sLex reactive
Abs. Immunization with sLex boosts the response and it lasts longer than it does in immunization
with sugar only. Sugar boosted the response and stabilized it for a longer time period. The data
suggest that there is a priming effect, with peptide immunization, for generation of cross-reactive
IgM and the generated IgM is longer lasting. We also analyzed the cross-reactive IgG response
during the course of experiments, as we reported before we also detected a prime and boost effect
for IgG of low titer (data not shown). The results suggest that despite the induction of a state of
tolerance in carbohydrate immunization, mimotope immunization induce a type of memory for
the IgM portion of the serum, priming for later sugar immunization.
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10000 A 0 slag Figure 7. Peptide immunization primes for an anti-
W 911 MAP carbohydrate cross-reactive memory IgM response.
Mice were pre-bled and groups of mice were
immunized with 911 MAP twice at weeks one and
four. Other groups were immunized with sLex
(sialyl Lewis *-PAA) once at week four. Serum was
collected at week 0 (pre-bled), after peptide boost or
after first sugar immunization for every two-three
succeeding weeks. All groups received a sugar
immunization at week 12. Mice were bled
individually, collected sera pooled and the reactivity
against indicated carbohydrates was detected by
standard ELISA. The highest serum dilution with a
2SD higher OD than pre-immune serum was
determined as end-point titer. Data are
representative of three independent experiments.
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The rationale behind a direct antigen specific staining in this model is the multiple
antigenic mimotope property of the peptide that increases the frequency of observed
cells. Even so frequency of about 1/10 000 are expected so the experiments are carried
out with large number of cells. Successful staining of antigen specific cells of similar
specificity (PC) has be reported [15]. A major difficulty visible in the experiments
reported by Newman et al. is the low fluorescence intensity of the labeled cells, which
will be dealt with by using quantum dot labels. Quantum dots (QDs) are stable, bright
fluorophores that, under 1deal conditions, can have high quantum yields, narrow
fluorescence emission bands, high absorbency, very long effective Stokes shifts, high
resistance to photobleaching, and can provide excitation of several different emission
colors using a single wavelength for excitation [16]. Quantum dots were supplied by
Quantum Dot Corporation, Hayward, CA 94545 and contained core shell zinc sulfide-
cadmium selenide QDs emitting at 565nm, or at 705nm and coating coupled to
streptavidin. The carbohydrate complexes were prepared by incubating QD with
biotinylated Lewis X or Y polyacrylamide polymers in 5:1 or 10:1 molar ratio (excess of
carbohydrate polymer). Cells were than stained with preformed complexes and analyzed
by tlow cytometry. When Lewis Y immunized mouse splenocytes, mesenteric lymph
node cells and peritoneal exsudate cells were compared to those of a naive mouse a 10
times increase of the QDLewisYPAA stained CD19 positive cells was observed after
immunization in all three compartments.(Fig. 8 )
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Figure 8. Flow cytometry data from samples of peritoneal exsudate, spleen and
mesenteric [ymph node cells from LeY immunized and naive mice stained with CD19 and
Quantim Dot-Streptavidin-LeYPAA-biotin complexes. The frame indicates LeY binding B
cells.

We are now testing if we can isolate B cells reactive with LeY after an initial
mimotope prime. The first experiments did not show a detectable increase in Lewis x or
Lewis Y binding B cells after immunization with DOO2MAP or 106MAP in QS21
respectively (data not shown). Experiments are under way to compare the occurrence of
carbohydrate binding B cells after priming with mimotope and boosting with
carbohydrate polymer as compared to priming and boosting only with carbohydrate.

Task 4. Perform tumor challenge experiments

The selective targeting of tumor-associated carbohydrate antigens by the
induction of serum antibodies that trigger apoptosis of tumor cells as a means to reduce
circulating tumor cells and micrometastases would be an advantage in cancer vaccine
development. Some plant lectins like Griffonia simplicifolia lectin I and wheat germ
agglutinin mediate the apoptosis of tumor cells. We investigated the possibility of using
these lectins as templates to select peptide mimotopes of tumor-associated carbohydrate
antigens as immunogens to generate cross-reactive antibodies capable of mediating
apoptosis of tumor cells. In this study, we showed that immunization with a mimotope
selected based on its reactivity with GSI and wheat germ agglutinin induced serum IgM
antibodies in mice that mediated the apoptosis of murine 4T1 and human MCF7 cell lines
in vitro, paralleling the apoptotic activity of the lectins. We observed that peptide
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immunogen did better than the DNA encoded form. Vaccine-induced anti-carbohydrate
antibodies reduced the outgrowth of micrometastases in the 4T1 spontaneous tumor
model, significantly increasing survival time of tumor-bearing animals. This finding
parallels suggestions that carbohydrate-reactive IgM with apoptotic activity may have
merit in the adjuvant setting if the right carbohydrate-associated targets are identified
[12]. This work showed that peptide immunization was more effective than DNA
vaccination with encoded mimotope.

We also observed that the [gM induced by the mimotopes either peptide or DNA
encoded was able to mediate apoptosis of MCF7 cells. We observed that the [gM
antibodies were able to internalize into the 4T1 cells. We see this also for MCF7 cells.

Anti-mouse IgM only 107 serum plus anti-mouse
IgM

Figure 9. IgM antibodies were visualized as intemalized intyo MCF7 cells. The
immunized serum was premixed with FITC conjugated anti-mouse 1gM, then the mixture
was added to MCF7cells and the distribution of staining was visualized using a Zeiss
LSM 410 inverted confocal microscope. FITC-conjugated anti mouse IgM was added
alone in similar conditions as negative control.

Vaccination with peptide 106 encoded DNA inhibits tumor growth. Using the DNA
encoded sequences of peptides 106 and 109, groups of mice were immunized with
respective DNA constructs. After two immunizations of the respective peptide encoded
DNAs, mice (respective groups) were rested for 110 days and challenged with Meth A
tumor cells (Fig. 10). Tumor growth inhibition was observed in mice immunized with the
106 DNA (10A) but not in mice immunized with the construct of peptide 911 (10B).
Addition of IL.-12 did not affect the outcome of the 911 immunized mice.
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Figure 10. Vaccination with DNA format of the peptide suppressed tumor growth in
further challenging the immunized mice with Meth A cells. Mice were immunized with
DNA constructs of 106 (A) and 911 (B) peptides twice at a three-week interval. 4 months
after the boost mice were challenged with 5X10° Meth A cells s.c.. Tumor growth is
expressed for each individual mouse.

B) B
e 20 ] ]
£ 18 A
L\ 16 ol 1
-
=~
€ 12
i
= 10 -
5 8-
£ 6
-t |
E
@ 2 A
b
0 i
0 7 14 21 28 35
Day after tumor inoculation

Task 5. Test Peptide binding to human DC and human T cell proliferation.

As a maker for T cell binding we first looked at baseline titers to LeY and peptide
mimotopes in human sera. To evaluate the potential immunogenicity of a LeY-targeted
vaccine, it 1s important to obtain an estimate of the frequency and mean titer of LeY
reactive antibodies that is preexisting within the general public. To obtain these
baselines, we have started to screen serum from normal healthy individuals by ELISA to
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measure the extent of reactivity by serum antibodies to LeY and to peptides 106 and 107
(Fig 11). We observed two types of pattemns. In the majority of sera, the anti-LeY, -106
and -107 IgG and IgM titers were uniformly low (<0.20D) at all dilutions of sera,
suggesting that this reactivity is due to general nonspecific background of the ELISA
with no specific antibody reactivity to these antigens in these individuals. In one healthy
individual, significant IgG (but not IgM) anti-LeY reactivity was detected (Fig. 3A);
reactivity decreased with increasing dilutions of sera, with paralle] reactivity to peptides
106 and 107 (Fig. 11B). Although these responses are being further characterized, the
data suggest that in this individual, a population of anti-LeY antibodies is present that
also recognizes peptides 106 and 107.

We have also sera from breast cancer patients. Like the healthy population, the
majority of these sera show no specific anti-LeY, anti-106, or anti-107 reactivity.
However positive LeY titers was detected in 1 individual (P76; Fig. 11 C). This patient
also displayed a significant peptide 106-reactive IgG titer (Fig 11 D). For this patient, we
propose that vaccination with the peptide mimotope could potentially augment the
existing immune response. However, the pattern of LeY/peptide 106 reactivity is
heterogeneous, because in another patient (P58; Fig. 11D), we see demonstrable anti-106
titers with no apparent reactivity to LeY (P58; Fig 11 C). It is possible that in this
patient, vaccination with mimotope can amplify a subpopulation of B cells with LeY
reactivity.
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Figure L 1. ELISA plates were coated with the peptide mimotopes or LeY antigen and binding of serum from normal

Optimization of the multiple antigenic mimotope to be taken up by cells

In previous work we showed that 106MAP stimulates cellular response in splenic T cells,
which is inhibited by anti-MHC class II antibodies and depends on APC presence[10].
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At the same time analysis of the sequence of 106 with available algorithms identifies a H-
2K¢ binding motif but not a class II one. In Xid mice 106 MAP cross reactivity with LeY
was present both in the context of TI and TD related response. Its magnitude though
correlated with the ability of the immunogen to act as a TD antigen, a property, which
was dependent on conjugating to BSA probably due to the introduction of potent Th
cpitopes. While most probably 106 peptide does stimulate a weak CD4 T cell response it
does not seem enough to make it a true TD antigen. To further improve the
immunogenicity of the peptide, the strategy of introducing a Th cell epitope and a protein
transduction domain (PTD) by the same structure is being currently developed. To this
end we synthesized a longer version of 106
(GGIYWRYDIYWRYDIYWRYDGGAYARAAARQARA) which included a PTD
(AYARAAARQARA) that coincidentally rendered the structure a I-A® binding motif.
The ability of the 106PTD peptide to penetrate liposome layer was demonstrated by SPR
using L type biosensor (Fig. 12). 4TIl mouse tumor cells treated with fluorescent
106PTD-FITC showed fluorescence indicating an efficient protein transduction (Fig.
13). In vitro 106PTD induced a stronger proliferative T cell response than 106 but
weaker than 106MAP in splenocytes derived from 106MAP immunized mice (Fig. 14
left panel). Splenocytes from 106PTD immunized mice also cross-reacted with 106MAP
although, the overall response was weaker than after 106MAP immunization (Fig 14
right panel). These results indicate the 106PTD induces T cells with the same specificity
for MAP106 antigen. The immunogenic properties of the new peptide will be defined by
comparing a 106PTDMAP version to 106MAP and proving its capacity to stimulate CD4
and CD8 T cells.

Figure 12. Binding of 106 (grey) and 106

‘ PTD (black) to liposomes coated on LI
chip, Biacore. The peptides were passed
over the liposome surface in equal
concentrations. The presence of the PTD
increases the uptake of the peptide.
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Figure 13. Uptake of 106-PTD-FITC peptide by
murine breast cancer cell line 471 — confocal
microscopy (left) compared to unstained cells
(vight). The upper panel shows the fluorescent
chanel.
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Figure 14. Proliferation assay (BrDU cell ELISA) of splenocytes from BALB/c mice
immunized with either MAP (left) or PTD (right) versions of 106-peptide and stimulated
in vitro with the linear, MAP or PTD versions as well as an irrelevant 12-mer MAP.

Key research accomplishments

1. We observed that peptide 106 can stimulate Thl response. We established
that cell proliferation, stimulated by peptide 106, was primarily MHC Class II
dependent as determined by inhibition with respective anti-MHC antibody. Cell
stimulation with peptide 106 triggered IFN-y release suggesting that peptide
immunization with QS-21 as expected polarized the Thl subset.

2. We observed that Thl cells activated by peptide mimetic express L-selectin.

Consistent with previous studies we observed L-selectin loss on CD4+ T
lymphocytes upon peptide stimulation but also saw this loss upon stimulation
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with sLex. The proliferative response was peptide, sL.ex and Lex specific since
LeY did not exhibit any cellular responses nor did splenocytes from sLex and
LeY immunized animals responded to peptide 106, sLex or Lex antigens.

We observed that the designed peptide 106 contained a CTL epitope. In vivo
stimulated effector cells from peptide 106 immunization displayed cytotoxicity
directed toward peptide 106-pulsed MHC Class 1" Class II" P815 target cells,
further verifying a role for CD8" T cell reactivity with peptide 106.

Peptide 106 boosting can affect Meth A directed CTL. While Meth A cell
priming and boosting can lead to CTL activity against Meth A cells, peptide
boosting increased the level of cytotoxicity against Meth A cells to a statistically
significant level as compared with cytotoxicity against P815 cells as control target
indicating a cross-reactive nature between peptide and tumor specific CTL
responses. CTL activity was inhibited by the addition of either anti-Class I or
anti-L-selectin antibody.

Immunization with Peptide 106 along with IL-12 can eradicate established
tumors. As it was expected, immunization with 106 MAP moderately inhibited
tumor growth. It was shown that vaccination with inactivated Meth A cells had no
effect on tumor growth, suggesting a superiority of 106 peptide vaccine to a cell-
based one in this model. Our data proposes that immunization with only 106
peptide is not sufficient for induction of a state of reliable immunity to eradicate
tumor. IL.-12 is known to exhibit potent anti-tumor activity in a number of murine
tumor models. Further treatment of peptide immunized mice with IL-12 or a
combination of Cy and IL-12 considerably helped in stimulating eradication of
tumor.

Both types of T cells seem to play a role in tumor cell eradication. Our data
shows that there is a proportional increase in the CD4+ and CD8+ T cells among
splenocytes of treated mice compared to tumor-bearing mice. We did not observe
any differences between splenocytes of these two groups of mice regarding the
expression of NK cell marker DXS5. Therefore, we propose that 106 immunization
induces a population of Thl and CTLs with production of IFNy, and that 1L-12
helps out with expanding the T cell population and activating IFNy production. As
resting T cells do not express [L.-12 receptor and IL-12 responsiveness is induced
after TCR stimulation, purified T cells were stimulated with IL-12 in vitro. The
data indicate that in tumor-bearing animals T cells were not sensitized with tumor
antigens, while peptide immunization induced T-cell responsiveness to IL-12.

The designed 106 sequence is superior to the 911 sequence as a means to
inhibit tumor growth. DNA immunization with the 911 sequence did not

mediate tumor growth inhibit even with the addition of IL.-12.

Peptide immunization performs better than DNA immunization.
Immunization with mimotope was able to reduce spontaneous metastases tot he
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lung in the 4T1 model. Antibodies were shown to trigger apoptosis of the 4T1
cells and for the human breast cancer cell line MCF7.

9. Cells lacking in sLex may actually be better at metastasizing. 4TI cells
deficient in E-selectin binding ligands are observed to metastasize quicker than
those that express the ligand. SLex ligand does not affect P selectin binding.
Deficient expression of sLex may be associated with efficient metastases.

10. There is limited cross-reactivity of human sera with peptide 106 mimotope.
The lack of cross-reactivity with peptide 106 suggests that the peptide is unique to
the immune system.

Reportable Outcomes

We have published 5 manuscripts with three more in preparation. We have
shown that immunization with peptide 106 induces cellular responses that are not
achievable by immunization with carbohydrate alone. Although cellular responses
generated by the peptide mimotope may enhance CTL induction, vaccination with
peptide alone appears not to be completely sufficient in the effector phase when
challenged with a very high tumor burden. Our CTL data using effectors from peptide
only immunized mice on Meth A cells as targets confirm this fact with marginal CTL
activity observed.

Our results are very narrow with regards to the breadth of carbohydrate directed
cellular responses. Further efforts to optimize and isolate the carbohydrate moieties
associated with presented glycopeptides may facilitate vaccine applications for
eradication of metastatic lesions by both antibody dependent lysis and cellular responses.
This possibility has yet to be proved with the appropriate models but suggests that for
certain carbohydrate antigens peptide mimetics might augment cellular responses other
than delayed-type hypersensitivity like responses in future vaccine applications. The
generated data support the idea of inhibiting metastatic outgrowth suggesting that
targeting TACA might be useful in the adjuvant setting. Consequently, peptide
mimotopes may be effective immunogens that should be clinically evaluated for their
ability to amplify carbohydrate immune responses against circulating or disseminated
tumor cells. We have submitted an invited proposal to the BCRP CTR program — July
2005. Our proposed translational studies will benefit breast cancer immunotherapy by
using a novel immunogen to generate potent, sustained LeY-reactive responses in breast
cancer patients, facilitating long-term immunosurveillance through recall of carbohydrate
immune responses that should contribute to patient survival.

Conclusions:

Defining new targets for designing effective and broad-based vaccines is considered
crucial for the immunotherapy of solid tumors. Carbohydrates are abundantly expressed
on the surface of malignant cells and induction and enhancement of a cell-mediated
immune response toward these antigens has outstanding implications in vaccination and
treatment of cancer. We have established that:
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Immunization with 106 MAP induces a peptide specific cellular response.

2. Vaccination of mice with peptide 106 eradicates established tumor.

3. Immunization with DNA format of the peptide suppresses tumor growth in
turther challenge, but not as good as the peptide form.

4. Induced immunity has a cellular nature as it is transferred to nude mice by

transferring splenocytes from cured mice.

Our results suggest that mimotopes are entering another phase in that they may be
suitable to generate cellular responses to naturally processed glycopeptides providing an
advantage over carbohydrate-based vaccines. The potential remains to further identify
mimotopes and improve upon their immunogenicity to amplify functional carbohydrate
directed immune responses against circulating or disseminated tumor cells to impact on
cancer survival. We believe that this vaccine approach is particularly interesting for
cancer prevention because: (a) TACA are expressed very early during neoplastic
transformation rendering possible immunosurveillance by CTL ; (b) the same TACA-
based vaccine can be used in a variety of tumors, circumventing the limitation of epitope
mapping; and (c) by designing appropriate peptide(s) backbone sequence(s) it may be
possible to target multiple supertype MHC class I alleles rendering feasible future CTL-
based vaccines applicable on a large population scale.
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Abstract

The metastatic potential of some tumor cells is associated with the expression of the
neolactoseries antigens sialyl-Lewis x (sLex) and sialyl-Lewis a (sLea) as they are ligands for
selectins. We have recently shown that peptide mimetics of these antigens can potentiate IgG2a
antibodies, which are associated with a Ty1-type cellular response. As L-selectin is preferentially
expressed on CD4* T,1 and CD8* T cell populations, specific induction of these phenotypes could
augment a response to L-selectin ligand-expressing tumor cells. Here we demonstrate that
immunization with a multiple antigen peptide (MAP) mimetic of sugar constituents of
neolactoseries antigens induces a MHC-dependent peptide-specific cellular response

that triggers IFN-y production upon peptide stimulation, correlating with IgG2a induction.
Surprisingly, T lymphocytes from peptide-immunized animals were activated in vitro by slLex, also
triggering IFN-y production in a MHC-dependent manner. Stimulation by peptide or carbohydrate
resulted in loss of L-selectin on CD4* T cells confirming a T,,1 phenotype. We also observed an
enhancement in cytotoxic T lymphocyte (CTL) activity in vitro against sLex-expressing Meth A cells
using effector cells from Meth A-primed/peptide-boosted animals. CTL activity was inhibited by
both anti-MHC class | and anti-L-selectin antibodies. These results further support a role for
L-selectin in tumor rejection along with the engagement by the TCR for most likely processed
tumor-associated glycopeptides, focusing on peptide mimetics as a means to induce carbohydrate

reactive cellular responses.

Introduction

Tumor-associated carbohydrate antigens are correlated with
metastatic phenotype and poor survival in epithelial malig-
nancies of different origins. The expression of the neolactose-
ries antigens represented by sialyl-Lewis x (sLex), Lewis x
(Lex) and Lewis Y (LeY) are increased significantly on a
variety of carcinomas (1-6), with sLex and sialyl-Lewis a
(sLea) also reported to be expressed on melanoma cells
(7). Early studies indicated a possible relationship between
metastatic properties of tumor cells and the expression of
these antigens leading to tumor cell dissemination (8-11). An
inhibitory effect on the establishment and growth of metastatic
colonies of tumor cells expressing these antigens has been
noted when anti-sLea or anti-sLex antibody was administered
to mice in a pancreatic tumor murine model (12).

A cellular role played by L-selectin expressed on lympho-
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cyles has also been noted in that anti-L-selectin antibody
(Mel14) can influence cytotoxic T Lymphocyte (CTL) sensitiza-
tion and metastatic colony formation (13), and Mel 14 can
inhibit CTL activity of effector cells in vitro derived from
immunization with selectin-ligand expressing cells (14), These
results strongly suggest that blood-borne tumaor cells may
utilize these antigens with selectin molecules when tumor
cells adhere to the endothelia at metastatic sites (1,12,15-
17). Over-expression of selectin ligands on tumor cells are
also targeted by NK cells (18). Consequently, targeting these
antigens may thwart tumor cell dissemination.

We have recently shown that peptide mimetics of selectin
ligands can induce a humoral response that targeted sLex in
a murine tumor model facilitating tumar growth inhibition (19).
We have gone on to show that immunization with peptide
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mimetics can elicit carbohydrate-reactive |gG2a antibodies,
associated with Tp1 (20,21). As QS-21 potentiates a T1
response (22) and L-selectin is preferentially expressed
on CD4" Th1 cells (23) and on CD8" T cells (14,24), we
were in the first instance interested in determining if peptide
mimetic immunization activated lymphocytes that expressed
L-selectin. As glycopeptides are also presented by MHC
class | that express carbohydrate constituents (25,26) and
T cells can recognize carbohydrate moieties on MHC-associ-
ated glycopeptides (27), we were also interested in whether
mimeotope immunization could augment a CTL response to
fibrosarcoma Meth A cells.

We observed that peptide immunization promotes a specific
cellular response with IFN-y production upon activation of
splenocytes and T lymphocytes with immunizing peptide or
with sLex and its homologue Lex. More importantly, we
observed that immunization with peptide mimetic facilitated
a specific cellular response to Meth A cells. Peptide boosting
of mice primed with sLex-expressing Meth A cells enhanced
the Meth A directed in vitro CTL activity. This activity was
blocked not only by anti-MHC class | but also by anti-L-
selectin antibody. This latter observation parallels other stud-
ies describing a role for L-selectin in T cell-mediated rejection
of cells that express its ligands, such as slLex (14). The
possibility of boosting lymphocyte subsets that cross-react
with tumor cells that express L-selectin ligands opens new
perspectives in designing cancer vaccines for further
reducing micrometastases.

Methods

Immunization of animals

Peptides were synthesized as multiple antigen peptides (MAP;
Research Genetics, Huntsville, AL) made by Fmoc synthesis
on polylysine groups, resulting in the presentation of eight
peptide clusters. Multivalent sLex, Lex and LeY were obtained
from GlycoTech (Rockville, MD). Each BALB/c mouse
received i.p. injections with 100 nug of MAP. or 50 ng of
carbohydrates, and 20 ug of the adjuvant QS-21 (Aquila
Biopharmaceuticals, Framingharn, MA), both re-suspended
in 100 pl of PBS as we described earlier (19). QS-21 was used
in all peptide and carbohydrate immunization as adjuvant. As
controls we used naive mice, animals injected with QS-21
(20 ug per mouse) or with multivalent sLex and LeY (50 ug
of carbohydrates and 20 ng of the adjuvant QS-21 per mouse)
antigens.

sLex-expressing Meth A cells were selected by sorting of
positive cells with anti-sLex FH-6 antibody from an original
Meth A cell line and were 100% slLex® upon prolonged
culture. Meth A cells were repeatedly passed in vitro to
decrease their tumorgenicity. Mice were immunized i.p. with
3x10° of these cells. Non-tumor bearing mice were used for
analysis or for further experiments.

Antibodies

All antibodies were purchased from PharMingen (San Diego,
CA). Anti mouse I-A% (AMS 32.1), H-2K% (SF1-1 1) and CD1d
(1B1), and their IgG2a and IgG2b isotype controls were first
dialyzed in PBS buffer and then used in the proliferation

cultures. For fluorescent staining of the splenocytes we used
biotinylated rat anti-mouse anti-CDB62L (anti-L-selectin
Mel-14) and its isotype control 1gG2a; anti-CD4-FITC (L3T4)
and its isotype contral IgG2b-FITC.

Flow cytometry

Fresh or in vitro stimulated splenocytes were blocked before
staining with PBS containing 1% BSA and 1% rat serum for
10 min at 4°C. Cells were subsequently stained with rat
anti-mouse mADb labeled with biotin, FITC or phycoerythrin.
Appropriate rat isotype controls were used to set up
background fluorescence. Streptavidin-FITC or avidin
phycoerythrin  (Sigma, St Louis, MO) were used after
biotin-labeled antibodies, as required. Acquisition of data was
performed immediately after staining by using the FACScan
analyzer and analysis performed by CellQuest software (both
from Becton Dickinson Immunocytometry Systems, Mans-
field, MA).

In vitro proliferation assays

Spleens were aseptically removed from each group. Spleno-
cytes were harvested from spleens, and isolated as the
responder cells by lysis of erythrocytes and consequent
washing several times with fresh media. Prepared responder
cells were used for detection of cell proliferation, as described
(28,29). Briefly, cells (2.5x10%well) were cultured in flat-
bottom 96-well plates and incubated with MAP, carbohydrates,
ovalbumin (OVA) or media only. After 3 days of incubation,
1 uCi of [3H]thymidine was added to each well and cells were
incubated for an additional 16-18 h. Cultures were then
harvested and radioactive emission counted on a Betaplate
liquid scintillation counter (EG & G Wallac, Turku, Finland).

Proliferation assay was also performed using CellTiter 96
Agueous One Solution (Promega, Madison, WI) based on the
manufacturer's instructions. Cell culture was exactly per-
formed as above and at the third day of incubation the
provided solution was added to each well. Plates were
incubated for an additional 1-2 h in a humidified, 5% CO»
incubator at 37°C. Absorbency was measured immediately
at 490 nm using a 96-well plate reader (Spectra Fluor; Tecan,
Triangle Park, NC) as a measure for cell proliferation

For detection of cell proliferation in T lymphocyte-enriched
populations, a single-cell suspension of isolated splenocytes
was depleted of B cells by positive selection after incubation
with pan-B (B220) magnetic beads (Dynal, Oslo, Norway), at
4°C, for 30 min. To separate adherent from non-adherent
cells, the B cell-depleted population was resuspended in
RPMI media with 20% FBS and incubated for two consecutive
adherence periods of 1 h each, at 37°C in humidified atmo-
sphere with 5% CO,. T lymphocytes were recovered and
washed 3 times with RPMI/10% FBS and used in cell prolifera-
tion assays with or without mitomycin C (MMC)-treated anti-
gen-presenting cells (APC). Adherent cells were recovered
separately, treated with MMC (100 ug/ml in RPMI supple-
mented with 10% FBS, for 40 min at 37°C) and used as APC
in proliferation of purified T lymphocytes at 10% ratio. Purified
T cell populations, checked by FACS analysis, were assessed
as >95% CD3", with no CD19* cells, and used in cell
proliferation assays as explained above. Medium used for
the proliferation assays was RPMI 1640 (Life Technologies,



Table 1. Peptides used in this study
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Peptide Sequence

106 GGIYWRYDIYWRYDIYWRYD
109 GGARVSFWRYSSFAPTY

71 GGPGQPGQPGQPGQ

Source Predicted H-2K binding motif
designed RYDIYWRYD! (2000.0)
phage display RYSSFAPT (60.00)

designed QPGQPGQPGQ (0.144)

Values in parenthesis are estimated half-times of disassociation of a molecule containing this sequence using a subsequence of 10 for
scaring (33). The score for 109 ranges from 20 to 60 for different subsequences. The score for 106 changes from 50.0 for a subsequence of
8 to 80.0 for a subsequence of 9. The score for 711 does not go above 1.0 for subseguences of 8 or 9.

Rockville, MD) supplemented with 5% heat-inactivated FCS,
L-glutamine, penicillin (100 1U/ml) and streptomycin (100
ug/ml).

Cytokine production

Supernatants were collected from the co-cultures of spleno-
cytes or purified T lymphocytes 72 h after in vitro stimulation
with carbohydrate, peptides and media. The concentrations
of IL-4, IL-10 and IFN-y were measured by quantitative
capture ELISA (PharMingen), according to the manufacturer’s
instructions.

CTL assay

Cytotoxic activity was measured by a 5 (P815 cells)- or 16
(Meth A cells)-h ®'Cr-release assay, as described elsewhere
(30,31). Briefly, effector cells were stimulated for 5 days in
the presence of stimulator cells and 10% RAT-T-STIM without
concanavalin A (Becton Dickinson Labware, Bedford, MA).
Peptide-pulsed murine mastocytoma P815 cells were used
s stimulators (10:1 effector:stimulator ratio) and targets in
5-h assay, as described before (30,32). Meth A cells were
treated with MMC and used as stimulator in 300:1 effector:sti-
mulator ratio. For MMC treatment, 1x107 cells were treated
in 1 ml of RPMI media supplemented with 10% FBS, with
100 ug MMC at 37°C for 40 min. Cells were washed 3 times
after treatment.

Untreated Meth A cells were used as target cells. All target
cells were labeled with 100 pCi/ml Nay"'CrO, and mixed with
effector cells at E:T ratios ranging from 50:1 to 3:1 Maximum
and minimum (spontaneous) releases were determined by
lysis of target cells in 5% Triton X-100 and medium respect-
ively. Lysis was calculated as [(experimental — spontaneous)/
(maximum — spontaneous)]>*100. An assay was not consid-
ered valid if the values for the ‘spontaneous release’ count
were >20% (for 5-h assay) or 30% (for 16-h assay) of the
‘maximum release’. To calculate specific lysis of targets,
the percent lysis of non-specific targets (P815 cells) was
subtracted from the percent lysis of specific targets (peptide-
pulsed P815 cells).

Statistical analysis

Data were analyzed by using Student's ttest. Values of
P < 0.05 were considered statistically significant. All experi-
ments were performed at least 3 times.
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Fig. 1. Proliferative response of splenocytes from peptide 106
immunized mice. (A) Mice (four per group) were immunized 3 times
with peplide 106 formulated in QS-21 every other week ;
after the third injection, spleens were collected and splenc :
incubated with two concentrations (10 and 2 ug/ml) of the indicated
MAP or OVA for 72 h. A ®H-incorporation assay was p( rforme
described in Methods. Results represent the :

based on four independent experiments with trip
*P < 0.05;, P < 0.025

dT&‘ k;m\pll 1gs.

Results

Peptide immunization primes for a specific cellular response

To facilitate a cellular response, we had designed peptide
106 (Table 1) with the potential to bind to H2-K® and I-A%
MHC binding prediction calculations identifies an H2-K® and
I-A% binding motif centered on the RYDIYWRYDI sequence of
the 106 peptide (Table 1) (33). Furthermore, the WRYDI
sequence tract of the 106 peptide also displays similarity to
a peptide sequence tract (DIYRW) identified in a peptide that
binds to CD1 (34), which may play a role in activating NK
T cells.

To analyze the cellular response upon peptide 106 immun-
ization, BALB/c mice were immunized with the mimeotope
and the proliferative response of isolated splenocytes to the
peptides 106, 711 (Table 1) as MAP forms, as well as OVA
(as an additional control) was determined. As expected,
in vivo primed splenocytes from 106 peptide-immunized
animals were specifically activated by peptide 106, and not
control peptides, in a statistically significant concentration-
dependent manner (Fig. 1). Peptide 106 did not stimulate
splenocytes from naive animals or from animals immunized
with QS-21 alone (data not shown). These results indicate
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Fig. 2. Cell proliferation is APC dependent, and is biocked by anti-
MHC class Il and | antibodies. Mice were immunized with 106 peptide
as explained in the legend to Fig. 1 and splenocytes were collected
7 days after the last immunization. (A) Proliferation assay was
performed on splenocytes and purified T lymphocytes (with or without
addition of inactivated APC) with a peptide concentration of
10 pug/ml. (B) Anti-I-A%, -H-2K9 and -CD1d, and IgG2a and IgG2b
isotypes were used for blocking of proliferation of splenocytes.
Isotype controls acted very similarly, so just one of those is presented.
(C) Splenocytes were stimulated using peptides 106, 711 and OVA
(each 10 pg/ml), and IFN- v levels were quantified. All results are
expressed as the mean = SEM of four independent experiments with
triplicate samplings. "P < 0.05; **P < 0.01

that immunization with peptide 106 mediates a peptide-
specific cellular response.

Anti-MHC class I and I inhibit profiferative response

A standard cell proliferation was performed with purified
T lymphocytes alone and after addition of MMC-inactivated
APC (Fig. 2A). The results indicate that proliferation is APC
dependent. Proliferation of the T lymphocytes was not
observed in the absence of APC. Proliferation was inhibited
by the addition of specific anti-I-A% anti-class II and to a
lesser extent with anti-class | antibodies (Fig. 2B). The addition

of anti-CD1 antibody inhibited proliferation to almost the same
extent as addition of anti-class | antibody. Therefore, the 106
peptide might be presented in multiple ways to T cells;
however, MHC class ll-dependent presentation appears to
be the major pathway (60% inhibition by anti-class |l antibodly).

For analysis of cytokine profiles, plates for proliferation
were doubled and the supernatant of duplicated plates were
harvested after 72 h of in vitro activation. IFN-y production
was found to be peptide specific (Fig. 2C), with no detectable
presence of IL-4 or IL-10 (data not shown). The sensitivity for
IL-4 and IL-10 detection was 7.8 and 31.3 pg/ml respectively.
Taken together, these results demonstrate that 106-MAP-
peptide immunization along with QS-21 potentially activates
lymphocyte populations with a predominant T,,1 phenotype.

Activation down-modulates L-selectin

We examined L-selectin expression on CD4" T cells
L-selectin is preferentially expressed on T,1 over T,2 cells
(23). The activation of T cells through the TCR resulits in the
differential regulation of L-selectin (24). Using FACS analysis,
we studied the expression of L-selectin on CD4™ T cells from
naive and peptide-immunized animals before and after in vitro
stimulation with peptide 106 to assess activation (Fig. 3). In
keeping with other studies, a population of cells from peptide
106-immunized mice remained clearly L-selectin™ after in vitro
stimulation (24). The demonstrated presence and loss of
L-selectin on the surface of CD4* T cells occurring upon
stimulation to the 106 peptide further confirms a Ty1 nature
for these cells. It was observed that sLex could activate these
cells as effectively as peptide 106 as assessed by L-selectin
loss (Fig. 3).

Carbohydrate stimulates proliferation of 106 peptide-primed
splenocytes

In separate experiments, isolated splenocytes were incubated
with sLex, Lex and LeY (Fig 4A). sLex and Lex, but not LeY
stimulated a proliferative response with splenocytes from 106-
immunized animals. Splenocytes from mice immunized with
the carbohydrate antigens sLex or LeY did not proliferate
upon incubation with peptide 106, LeY, sLex or Lex (Fig. 4B
and C). This result suggests that priming with the peptide
mimeotope leads to a specific carbohydrate cross-reactive
cellutar response.

MHC class Il molecule is involved in proliteration of peptide-
primed T lymphocytes by carbohydrate

stex-stimulated proliferation of peptide-primed T lymphocytes
was inhibited by the |-A%-specific anti-MHC class Il antibody,
suggesting a role played by the class Il molecule in the cross-
reactivity between the carbohydrate antigen and peptide-
primed responder cells and APC (Fig. 5A). The specificity of
the antibody for I-A9 has been assessed by others, indicating
specific MHC class [l inhibition of proliferation (35-37). IFN-y
production for sLex activation was detected (Fig. 5B). As in
the peptide case, we could not detect any IL-4 and IL-10
production after activation. This production was specific for
peptide-immunized mice compared with T lymphocytes
derived from mice immunized with QS-21 alone or from
naive animals.
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Fig. 3. Analysis of L-selectin expression on the surface of CD4* lymphocytes obtained from naive and 106/QS21-immunized animals. Staining
was performed with phycoerythrin-conjugated anti-mouse L-selectin (Mel-14) and anti-CD4-FITC (L3T4) mAb before and after 3 days of in vitro
stimulation. For stimulation either 106 or sLex (10 ug/ml) were used. Analysis of Mel-14 binding was performed on gated CD4 * lymphocytes.
Mean fluorescence values for L-selectin expression on CD4% cells are shown in the top right corner of the histograms. Naive, cells from naive
mice before proliferation. 106 immunized, cells from 106-peptide immunized mice before proliferation. Naive/106 and 106/106, cells from
naive and 106 immunized mice stimulated in vitro for 3 days with 106 peptide. Naive/sLex and 106/sLex, cells from naive and 106 immunized

mice stimulated in vitro for 3 days with carbohydrate sLex.

Peptide boost of Meth A cell-primed animals enhances CTL
activity against Meth A cells

In vitro stimulated effector cells from peptide 106-injected
animals showed high specific lysis against peptide-pulsed
P815 cells, confirming the peptide's ability to function as a
MHC class | target (Fig. 6A). As expected, cytotoxicity was
reduced in experiments in which CD8% cells were depleted.
When Meth A cells were used as stimulators and targets,
we observed moderate cell killing (Fig. 6B8). In contrast, no
significant cytotoxicity was detected on the P815 cells,
used as a negative control. P815 cells did not express
sLex, as assessed by FACS using the mAb FH-6 (data not
shown) nor did serum to peptide 106 bind to P815 cells,
also assessed by FACS (data not shown). We did not
detect any significant increase in lysis of peptide pulsed

Meth A cells (not shown). In vitro stimulated splenocytes
from naive or QS-21 immunized mice did not show
significant cytotoxicity on Meth A cells.

To examine the hypothesis that peptide immunization
could augment cellular responses to Meth A-cells, we
studied the proliferative effects of peptides and Meth A
cells in groups of mice immunized with Meth A cells only
or primed with Meth A cells and boosted with peptide. The
results are summarized in Fig. 7(A). Immunization with Meth
A cells stimulated a proliferative response to the cells, as
expected. Boosting of Meth A cell-immunized mice with
peptide 106 increased the proliferative response to peptide
106 and to Meth A cells. As the control peptide for
proliferation we used a peptide referred to as peptide 109
(Table 1). We did not detect cross-reactivity between
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Fig. 4. Cell praliferative response to carbohydrates in splenocytes
from 106 peptide (A)-, sLex (B)- and LeY (C)-immunized mice. Mice
(four per group) were immunized 3 times at a 2-week interval.
Seven days after the last immunization spleens were removed, and
splenacytes collected and prepared as explained in Methods. Cells
were incubated with peptide and carbohydrates for 3 days
Proliferation was measured at the third day after incubation. For
recording the praliferation response the number of viable cells was
detected using the CellTiter 96 Aqueous One Solution cell praliferation
assay (Promega). The absorbance in the presence of culture medium
is subtracted as background proliferation. All results present the
mean value = SD of triplicate samplings. Data are representative of
three independent experiments with pooled cells from four mice. *P
< 0:08; P < 0,025, *™P= .01

peptide 109 and Meth A cells, but this peptide showed
cross-reactivity in cellular response with 106 peptide (not
shown; attributed to the sequence homology between the
peptides). We investigated the role of Meth A and P815
cells in stimulation of splenocytes from mice immunized
with peptide 106, sLex and OVA as control. Only splenocytes
from 106 peptide immunization showed a proliferative
response in co-culture with MMC-treated Meth A cells (data
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Fig. 5. (A) Anti-MHC class Il antibody blocks activation of T cells by
sLex. Purified T lymphocytes from 106 peptide/QS21-immunized
(performed as explained above) animals were used in a proliferation
assay with or without sLex (10 pg/ml) in the presence of MMC-treated
APC. Incubation was done in the presence ar absence (No Ab) of
anti-MHC class Il antibody (10 pg/ml). Isotype control was used
at 10 pg/ml. (B) IFN-y production in the supernatant of purified
T lymphocytes stimulated with slLex (10 pg/ml) for 3 days in
the presence of MMC-treated APC. Supernatant from stimulated
T lymphocytes was collected and IFN-y was measured. All results
are presented as the mean value = SEM based on four independent
experiments with duplicate samplings. Medium, proliferation in culture
medium used as background. *P < 0.05; **P < 0.025; ***F < 0.01;
****P < 0.005. ns, not significant.

not shown), we did not detect significant proliferation using
P815 cells as stimulator (data not shown).

We observed a cytotoxic enhancement effect upon immun-
ization with peptide 106 using effector cells from Meth
A-immunized mice compared with those from Meth A-primed/
peptide-boosted mice (Fig. 7B). The level of CTL was consist-
ent with those observed in similar studies (31,32). A clear
increase in lysis was observed in the cell-primed/peptide-
boosted animals compared to mice immunized with Meth A
cells only. We did not detect any cytotoxicity using re-
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Fig. 6. Induction of cross-reactive CTL response to Meth A cells
following immunization with peptide 106. Mice (four per group) were
immunized with peptide 106 at 3 times at a 2-week interval and 7
days after the last immunization, spleens were collected and isolated
effector cells were re-stimulated with either peptide pulsed P815 cells
or Meth A cells in vitro for 5 days. CTL was performed using
106 peptide-pulsed P815 (A) or Meth A (non-pulsed) (B) cells as
stimulators and targets. @, Bulk effector celis from 106-immunized
mice; @, CD8" T cell depleted effector cells from 106-immunized
mice, A, Bulk effector cells from naive mice. To calculate specific
lysis of targets (as shown in A), the percent lysis of non-specific
targets (P815 cells) was subtracted from the percent lysis of
specific targets (peptide-pulsed P815 cells). Cytotoxicity against
P815 cells as control target (open symbols) is shown in (B). All
error bars (SD) were calculated based on triplicates. All data are
representative of three independent experiments using pooled cells
from four mice. Statistically significant compare with cytotoxicity levels
of naive effector cells at *P < 0.05 and “*P < 0.025 respectively.

stimulated effectors from either immunization groups targeting
P815 cells. Levels of cyotoxicity against Meth A cells were
compared with those levels against P815 cells, statistically
significant cytotoxicity against Meth A cells was detected only
with effectors from peptide boosted animals. Representative
results from 50:1 E:T ratio of a separate experiment are
summarized in Table 2. Cytotoxicity was dependent on both
CD4™ and CD8" cells as assessed by respective depletion
of the CD4™ and CD8" subsets. Meth A cell-mediated lysis
was found to be inhibited by both anti-MHC class | and
L-selectin antibodies, but not by anti-class Il antibody as
Meth A cells do not express MHC ciass |l molecules.

These results further suggest that immunization with peptide
or Meth A cells activates CD4" and CD8* T cells that affect
cytotoxicity. Meth A cells are known to activate both T cell
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Fig. 7. (A) 106 peptide boosts cellular responses in the Meth A cell-
primed animals. Mice were immunized with Meth A cells, rested for
1 month, and then were boosted with the 106 peptide and compared
with Meth A cell primed/boosted (at the same interval) only. In each
immunization regimen, splenocytes were callected 7 days after boost,
and proliferative response was measured using peptides 106, 109
and Meth A cells as antigens. Meth A cells were treated with MMC
and then used in the assay. Background c.p.m. is [*H]thymidine
incorporation with used medium only. (B) Anti-Meth A cells CTL. Mice
were primed and boosted with Meth A cells (circle) or primed with
Meth A cells and boosted with 106 peptide (square), as explained
above. Cytotoxicity was measured against Meth A (closed symbals)
or P815 cells (open symbols). Splenocytes were stimulated in vitro
with Meth A cells as described in Methods. All bars show SD based
on three replications. All data are representative of three independent
experiments using pooled cells from four mice. *F < 0.05
P < 0.025. In (B) asterisks compare the levels of cytotoxicity of
effector cells from Meth A/106-immunized animals with the cytotoxicity
levels of the same cells detected against P815 cells as targets

subsets that are involved in cytotoxicity targeting Meth A cells
(31,32). However, in the case of peptide mimetic boost of
Meth A cell-immunized animals, MHC class |-restricted/CD8™ -
dependent T cells showed a predominant role in the CTL
response. Our results further indicate that L-selectin may
participate in the lysis process as described previously (14).
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Table 2. Percentage of specific lysis (= SD) on Meth AP cells as targets at 50:1 E:T ratio

Cell treatment

Immunization®

None Anti-l-AY Anti-H-2k4 Mel-14 CD4" depleted CD8" depleted
Naive 5.7 (0.9) NDd ND ND ND ND
Meth A/Meth A 20.98 (6) ND ND 3.4 (4.2) 15.8 (8) 14 (7)
Meth A/106 30.06° (4.9) 27.88 (4.1) 13.3 (6.7) 13.09 (7.7) 218 (85) 14.2 (6)
Meth A/QS-21 11.2 (4.2) 15 (6.36) 13.63 (2.9) 11.8 (5.8) ND ND

Values are calculated means * SD from three replications and are representative of three independent experiments using pooled cells

from four mice in each.

bP815 cells were also used as targets and no significant lysis (6%) was detected.
SGroups of mice were primed with Meth A cells, rested for 1 month and then boosted with Meth A, 106 petide/QS-21 or QS-21 alone

Splenocytes were collected 7 days after the boost.
4ND, not determined.

Statistically significant (P < 0.05) as compared with cytotoxicity level of the same effectors against P815 cells as targets or of naive

effectors against Meth A cells.

With naive mice and QS-21-immunized mice, as before, we
did not detect any significant lysis.

Discussion

We had previously demonstrated that immunization with a
multivalent, repetitive peptide mimetic of sLex (peptide 106)
induced an anti-sLex cross-reactive antibody response to
Meth A tumor cells (19). Antibody responses to sLex can
mediate complement-dependent killing of sLex-expressing
tumor cells inhibiting the establishment and growth of meta-
static colcnies as observed in several animal models
(12,19,38).

Meth A tumor growth inhibition upon immunization with
attenuated Meth A cells is reported to be dependent on
CD4" and CD8™ T cell responses to undefined glycoproteins
(31,32,39-41). Commitment of lymphocytes to the T,1 and to
CD8" T cell phenotypes as characterized by the expression
of IFN-y, may be critically involved in tumor rejection (42,43).
However, the expression of L-selectin on these cell types may
also lend to CTL activity (14). IFN-y and lymphocytes work
together to find and eliminate tumor cells (44). As the adjuvant
QS-21 promotes the T,1 phenotype, which expresses L-
selectin, and peptide 106 can induce a Ty1-associated hum-
oral response, we examined if immunization with peptide 106
along with QS-21 could augment cellular responses to sLex-
expressing Meth A tumor cells.

Immunization with the mimeotope led to peptide-specific
cell proliferation that was concentration dependent (Fig. 1).
As expected, cell proliferation was primarily MHC class |l
dependent as determined by inhibition with respective anti-
MHC antibody (Fig. 2). Cell stimulation with peptide 106
triggered IFN-yrelease, suggesting that peptide immunization
with QS-21 as expected polarized the Ty,1 subset (Fig. 2C).
Consistent with previous studies we observed L-selectin loss
on CD4* T lymphocytes upon peptide stimulation, but also
saw this loss upon stimulation with sLex (Fig. 3). The proliferat-
ive response was peptide, stex and Lex specific since LeY
did not exhibit any cellular responses nor did splenocytes
from slLex- and LeY-immunized animals responded to peptide
106, slex or Lex antigens (Fig. 4).

We observed that sl.ex activated T lymphocytes from 106
immunized animals to proliferate and secrete IFN-y (Fig. 5).
Cell activation by sLex was inhibited by anti-MHC class |l
antibody addition, suggesting a possible role for this molecule
in the presentation process (Fig. 5B). /n vivo stimulated
effector cells from peptide 106 immunization displayed cyto-
toxicity directed toward peptide 106-pulsed MHC class |*
class II7 P815 target cells, further verifying a role for CD8"
T cell reactivity with peptide 106 (Fig. 8). While Meth A cell
priming and boosting can lead to CTL activity against Meth
A cells, peptide boosting increased the level of cytctoxicity
against Meth A celis to a statistically significant level as
compared with cytotoxicity against P815 cells as control
target (Fig. 7 and Table 2), indicating a cross-reactive nature
between peptide and tumor specific CTL responses.

CTL activity was inhibited by the addition of either anti-
class | or anti-L-selectin antibody (Table 2). However, we
could not block CTL activity by the sLex-reactive antibody
FH-6 (data not shown). It is possible that FH-6 binds to a
subtype of sl.ex carbohydrate epitopes that do not always
function as ligands for L-selectin just like it defines a subset
that does not bind to E-selectin (2). This is also similar to that
found for the antibody MECA 79 which binds to a subset of
sulfated sLex different than that of L-selectin (45). L-selectin
is known to bind to a variety of carbohydrates expressed on
glycoproteins (46,47). It is possible that L-selectin functions
as an auxiliary molecule (48) and by itself is not sufficient to
mediate CTL killing, but requires engagement of antigen-
specific TCR (14). NK cells, on the other hand, also express
L-selectin and other lectin-type molecules, and NK cells
appear to mediate cytolysis of tumor cells that express high
levels of sLex (18). However, direct evidence that fuscosylated
selectin ligands play a role in tumor rejection is still lacking.

The activation of cross-reactive T cells has been described
in many systems. What is the specificity of the CD8" T cells
targeting Meth A? Meth A cell-primed T cells maybe glycopep-
tide/glycoprotein specific (32), which are cross-reactive with
peptide 108, as glycopeptides are known to activate T cells
that recognize the carbohydrate moiety on MHC-associated
glycopeptides (49-55). Direct interaction of the TCR with the
carbohydrate (27,56) is dependent on the chemical structure



of the glycan as well as its position within a peptide. Glycopep-
tides with GlcNAc residues known to associate with class |
(25) also induce CTL responses (26). T cells primed to
glycopeptides carrying more complex saccharide antigens
sometimes show a complicated pattern of cross-responses
to glycopeptides with simpler glycan moieties (51). It argues
that the presentation of carbohydrate antigens on Meth A
should be more thoroughly characterized in terms of the
structure of glycopeptides, glycoshingolipids, etc., which is
beyond the scope of the present paper.

Proliferation by slLex and Lex is tougher to reconcile.
Carbohydrate antigens have been proposed to associate with
MHC directly (57); however, this type of association has not yet
been confirmed in our system. It is possible that proliferation
is associated with some yet undefined superantigen-like
association as we observed up-regulation of CD15s on sLex
activated T cells (data not shown). Superantigens but not
mitogens are capable of inducing up-regulation of E-selectin
ligands on human T lymphocytes (58). Likewise, bacterial
polysaccharides and mimicking peptides with a distinct
charge motif involving Lys and Asp residues have been
shown to activate T lymphocytes and that this activity confers
immunity to a distinct pathologic response to bacterial infec-
tion (59). Peptide 106 has a Arg residue homologous to Lys,
with the Asp residues identical to peptides that induce cross-
reactive cellular responses in bacterial studies (59). The
molecular details of how this occurs are not as yet known,
Further analysis of binding affinities of peptide and carbohyd-
rate with 1-A9 will be illuminating. However, immunization with
sLex did not induce T lymphocytes that reacted with peptide
106 nor itself, an effect of sLex being a T cell-independent
antigen.

Immunization with peptide 106 induces cellular responses
that are not achievable by immunization with carbohydrate
alone. Nevertheless, the induction of optimal systemic anti-
tumor immunity involves the priming of both CD4* and
CD8* T cells specific for tumor-associated antigens. Although
cellular responses generated by the peptide mimeotope
may enhance CTL induction, vaccination with peptide alone
appears not to be completely sufficient in the effector phase
when challenged with a very high tumor burden (19). Our
CTL data using effectors from peptide-only-immunized mice
on Meth A cells as targets (Fig. 6B) confirm this fact with
marginal CTL activity observed. Consequently, we did not
observe complete tumor protection in our previous study (19).

Our results are very narrow with regard to the breadth of
carbohydrate directed cellular responses. However, constitu-
ents aof sLex and sLea are proposed to be influential to the
metastatic properties of a variety of human tumor cells.
Consequently, further efforts to optimize and isolate the carbo-
hydrate moieties associated with presented glycopeptides
may facilitate vaccine applications for eradication of meta-
static lesions by both antibody-dependent lysis and cellular
responses. This possibility has yet to be proved with the
appropriate models but suggests that for certain carbohydrate
antigens, peptide mimetics might augment cellular responses
other than delayed-type hypersensitivity like responses (60)
in future vaccine applications.
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Abbreviations

APC antigen-presenting cell

CTL cytotoxic T lymphocyte

LeY Lewis Y

MAP multiple antigen peptide

Meth A cells methylcholanthrene-induced fibrosarcoma
MMC mitomycin C

OVA ovalbumin

sLex sialylated Lewis x

sLea sialylated Lewis a
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ABSTRACT

Tumor-associated carbohydrate antigens are typically perceived as
inadequate targets for generating tumor-specific cellular responses. Lectin
profile reactivity and crystallographic studies demonstrate that MHC
class I molecules can present to the immune system posttranslationally
modified cytosolic peptides carrying O-B-linked N-acetylglucosamine
(GleNAc). Here we report that a peptide surrogate of GleNAc can facili-
tate an in vivo tumor-specific cellular response to established Meth A
tumors that display native O-GlcNAc glycoproteins on the tumor cell
surface. Peptide immunization of tumor-bearing mice had a moderate
effect yn tumor regression. Inclusion of interlenkin 12 in the immunization
regimen stimulated complete climination of tumor cells in all of the mice
tested, whereas interleukin 12 administration alone afforded no tumor
growth inhibition. Adoptive transfer of immune T cells into tumor-
bearing nude mice indicates a role for CD8+ T cells in tumor regression.
This work postulates that peptide mimetics of glycosylated tumor rejec-
tion antigens might be further developed for immune therapy of cancer.

INTRODUCTION

The presence of carbohydrate antigens on the surface of common
human malignant tumor cells has led to studies directed toward the
development of synthetic carbohydrate-based anticancer vaccines (1).
Although these vaccines elicit antibody responscs, it would also be
advantageous if T cells could be directed to tumor-associated carbo-
hydrate antigens (2-6). Posttranslationally moditied cytosolic pep-
tides carrying O-B-linked N-acetylglucosamine (GlcNAc) can be pre-
sented by class | MHC molecules to the immune system that activate
CTLs, as resolved by wheat germ agglutinin (WGA)-binding profiles
reacting with GlcNAc containing glycopeptides in the MHC Class |
binding site (7, 8). Crystal structure analysis of T-cell receptor binding
to model glycopeptides has indeed shown that T cells can recognize
GleNAc-linked glycopeptides bound by the MHC molecule (9, 10). T
cells, therefore, have the potential to react with the GleNAc moiety of
glycopeptide antigens. suggesting that T cells can target to presented
carbohydrate antigens on tumor cells.

In an effort to further define strategies to augment immune re-
sponses to tumor cells, we have been developing peptide mimics of
tumor-associated carbohydrate antigens and have demonstrated that
peptides synthesized as multivalent peptides can emulate or mimic the
native clustering or presentation of tumor cell-displayed carbohydrate
antigens (11). We have shown that prophylactic vaccination with a
peptide surrogate, having the sequence GGIYWRYDIYWRYDIY-
WRYD (and referred to as peptide 106), induces a tumor-specific
humoral response inhibiting tumor growth of a methylcholanthrene-
induced sarcoma cell line (Meth A) in vive (11). This peptide also
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activates an in vitro Meth A-specific cellular response with IFN-y
production on activation of lymphocytes with peptide (12). Charac-
terization of the cellular response indicated that peptide-specific
CD8+ T cells played an important role in mediating the tumor-
specific CTL response that was inhibited by anti-Class | antibody
(12).

Here, we demonstrate the ability of this peptide to stimulate the
regression of established Mcth A tumor in a murine model via the
activation of specific antitumor cellular responses. We demonstrate
that peptide 106 is a mimic of O-GlcNAc, an antigen presented on
Meth A surface-expressed glycoproteins as resolved by reactivity with
WGA to which the peptide also binds, Immunohistochemistry dem-
onstrates infiltrates of lymphocytes targeting Meth A tumor cells in
peptide-immunized mice and adoptive transfer of peptide-specific T
cells into tumor-bearing nude mice verifies a role for CD8+ T cells in
mediating tumor regression. These studies highlight a new function
for peptide mimotopes of carbohydrate-associated antigens by dem-
onstrating that they possess in vivo antitumor activity with CD8+ T
cells as the primary effector cells.

MATERJIALS AND METHODS

Mice and Tumor Inoculation. BALB/c female mice, 6—8 weeks old, were
purchased from The Jackson Laboratory (Bar Harbor, ME). BALB/c nude
mice (BALB/cAnNTac-Foxninu N9, nu/nu) were purchased from Taconic
Farm Inc. (Germantown, NY). To establish tumor, each mouse was inoculated
s.c. into the right flank with 5 X 10° Meth A cells (Methylcholanthrene-
induced sarcoma of BALB/c origin; Ref. 11). Tumor growth was measured
using a caliper and was recorded as the mean of two orthogonal diameters
[{a + b)2].

Immunization. Asin our previous studies (11, 12), peptide 106, having the
sequence GGIYWRYDIYWRYDIYWRYD, was synthesized as a multiple-
antigen peptide (Rescarch Genetics, Huntsville, AL). Each mouse received 100
pg of 106 multiple-antigen peptide and 20 ug of QS-21 (Antigenics Inc.,
Framingham, MA) 1.p., both resuspended in 100 pl of PBS three times at S-day
intervals. Recombinant murine interleukin (IL)-12 (Sigma. St. Louis, MO) was
administered 1.p. once daily for 5 days, starting on the day of the last peptide
immunization,

Flow Cytometry. Acquisition and analysis were performed as described
earlier (12). Cells were resuspended in a buffer containing, Dulbecco’s PBS,
1% BSA, and 0.1% sodium azide and incubated with biotinylated peanut
agglutinin or WGA (10 pg/ml; Vector laboratories. Burlingame, CA) for 30
min on ice. Cells were then stained with FITC-conjugated streptavidin at 1:500
dilution for another 30 min on ice.

ELISA and Inhibition Assays. ELISA was performed as described pre-
viously (L1). Briefly, plates were coated with 106 multiple-antigen peptide.
Biotinylated WGA was added, and binding was visualized with streptavi-
din-horseradish peroxidase (Sigma, St. Louis, MO). Absorbance was read,
using a Bio-Tek ELISA reader (Bio-Tek instruments, Inc, Highland Park,
Vermont). For inhibition assay, GlcNAc and N-acetylgalactosamine, at-
tached to a polyacrylamide polymer (GlycoTech Corporation, Rockville,
MA), were used as carbohydrate competitor. Biotinylated WGA (2.5 ug/
ml) combined with serial concentrations of carbohydrates and incubated
overnight at +4°C. Lectin/carbohydrate mix was added to the peptide-
coated plates, and lectin binding was visualized by streptavidin-horseradish
peroxidase as above. Mcan absorbance was calculated from duplicates for
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each carbohydrate concentration, and percentage of inhibition was calcu-
lated as: {1 — (mean of test wells/mean of control wells)} X 100.

T-Cell Purification. Splenocytes were harvested from spleens and pre-
pared by lysis of erythrocytes and consequent washing several times with fresh
medium (12). Splenocytes were first passed through nylon wool and then,
using MiniMACS (Miltenyi Biotec, Aubum, CA), natural killer cells were
depleted using anti-natural killer cell (DX5) microbeads. Finally, T cells were
positively purified by Thyl.2-coated beads. Purified T cells were tested for
purity as >97% positive for anti-CD3 antibody. For cell transfer experiments,
after nylon wool passage, cells were enriched in CD4+ or CD8+ population
using MiniMACS and depletion of unwanted cell populations.

IFN-y Production by Purified T Celis. Purified T cells (1 X 10%ml) were
cultured in 96-well or 24-well plates with various doses of recombinant IL-12.
After 48 h of stimulation, supemnatant was harvested and stored at —20 until
use. Concentration of IFN-y was measured using a quantitative ELISA kit
(BioSource International Inc., Camarillo, CA) according to the manufacturer’s
instructions.

Adoptive Transfer of Cells. Splenocytes were collected from cured mice
after tumor eradication and were used in transfer experiments. Immune spleno-
cytes (1.5 X 107) were transferred i.p. to syngeneic nude tumor-bearing mice
7 to 10 days after inoculation of 0.5 X 10° Meth A cells into the right flank.
To in vitro deplete CD4+ and CD8+ cells, splenocytes (1.5 X 107/each
sample) were first passed through nylon wool column, and then, using MACS,
we depleted CD4+ and CD8+ cells.

Histology. Tumors with surrounding tissues were excised and fixed in
10% formalin. Fixed samples were embedded in paraffin, sectioned, and
stained with H&E. Sections were analyzed histologically for lymphocyte
infiltration.

Statistical Analysis. Statistical analyses were performed using Student’s ¢
test and the x° test; Ps </0.05 were regarded as statistically significant. EXCEL
and Statistica softwares were used for analyses. All of the experiments were
performed at least three times.

RESULTS

Peptide Mimic of GIcNAc Moiety. It has become evident that
both CD4+ and CD8+ T cells can recognize glycopeptides carrying
mono- and disaccharides in a MHC-restricted manner provided the
glycan group is attached to the peptide at suitable positions (13).
Reactivity patterns of lectins with Meth A cells indicate that GlcNAc
glycosyl epitopes are more highly expressed on Meth A tumor cells
than the T antigen GalB1-3 N-acetylgalactosamine epitope, because
WGA displays greater reactivity with Meth A cells than peanut
agglutinin (Fig. 1, 4 and B). WGA binds to the peptide 106 mimotope
in a concentration-dependent manner as assessed by ELISA (Fig. 10).
This binding is selectively and significantly inhibitible by WGA-
reactive GlcNAc in a concentration-dependent manner (Fig. 1D),
further indicating that the peptide mimotope is reactive with the
GleNAc-binding site of WGA, and, therefore, peptide 106 is an
effective antigenic mimic of GleNAc.

Therapeutic Peptide Immunization Induces Tumor Regression.
To study the outcome of peptide immunization on the growth of solid
tumors in vivo, we evaluated the antitumor effect of the peptide 106
on established Meth A tumors. BALB/c females were inoculated s.c.
with Meth A cells, and 7 days later, freatment was started with the
peptide. As shown in Fig. 24, immunization moderately affected the
growth of Meth A sarcoma, because 6 mice of 11 immunized were
cured (x” test. P = 0.01, as compared with animals that were given
IL-12 only). Fig. 2B demonstrates that treatment of animals with
IL-12 after peptide immunization tended to enhance the immune
response and was successful in mediating complete eradication of
established tumors (x* test, » = 0.008, as compared with peptide-
immunized only). Treatment of tumor-bearing mice with only IL-12
did not affect tumor growth (Fig. 2C) in keeping with other such
studies (14).

We further determined that peptide/IL-12 combination therapy is
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Fig. 1. Binding of wheat germ agglutinin (WGA) to the peptide and Meth A cells and
the inhibition of WGA binding to the peptide. Meth A cells were incubated with
biotinylated peanut agglutinin () or WGA (B) and were washed and stained with
streptavidin-FITC for fluorescence-activated cell sorting (FACS) assay. Continuous and
broken lines show streptavidin-FITC and lectins plus streptavidin-FITC, respectively. €,
96-well ELISA plates were coated with the peptide (50 pg/ml) and were incubated with
biotinylated WGA,; after washing, the plate binding was visualized by adding streptavidin-
horseradish peroxidase. D, inhibition of binding of WGA to the peptide was performed by
competitive carbohydrate N-acetylglucosamine (GleNAc). N-acetylgalactosamine (Gal-
Nac) was used as a negative control. WGA was preincubated with serial dilutions of
carbohydrates overnight at +4°C and then added to peptide-coated plates as above,
Results present the mean value * SD. #, 2 << 0.05; ==, P < 0,01, »== P < 0.0005, as
compared with the inhibition of GalNac at the same concentration.

highly eftective even at lower doses of 1L.-12, because 100 ng of daily
IL-12 treatment in the combined therapy, but not alone (y° test,
P = 001), eradicated tumors in five mice of five challenged (Fig. 3,
A and B). The time of the beginning of immunization and the size of
tumor at the time of immunization affect the efficacy of immuniza-
tion. When immunizations were started at day 14 or later or when
treating tumors with a mcan diameter larger than 7 mm, the efficacy
of immunization dropped (Fig. 3C), ruling out the possible effect of
hyperimmunization per se on the outcome of the challenge experi-
ments. To further rule out nonspecific effects of hyperimmunization,
we observed that cell-based vaccination using 10° mitomycin-C-
inactivated Meth A cells, followed by IL-12 administration, also
failed to induce tumor regression (Fig. 3D). This latter result con-
firmed a previous study in which Meth A immunization along with
[L-12 failed to induce tumor regression (14). Our results are in
agreement with other therapeutic vaccine studies on Meth A cells, in
which enhancement of antitumor T-cell responses led to quick erad-
ication of established tumors (15, 16).
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A

Fig. 2. Effect of peptide immunization on Meth A g 30 1 Peptide
tumor growth and regression. BALB/c female mice  E 25
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immunization (8) at indicated doses daily for 5 days, 3
starting on the day of the last peptide immunization. g 5
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Adoptive Transfer of Splenocytes Stimulates Eradication of
Tumors in Nude Mice. To further assess whether the antitumor
activity mediated by peptide/IL-12 therapy is T-cell dependent, we
evaluated our therapeutic strategy in nude mice. BALB/c-nu/nu mice
bearing Meth A tumors were immunized with the peptide followed by
IL-12 treatment. Combined peptide/IL-12 therapy had no effect on
tumor growth of nude mice, indicating the dependence of mediated
tumor regression on T cells (data not shown). Next, nude mice were
transplanted with Meth A cells and were give injections 1.p. of fresh
splenocytes, isolated from cured mice, 10 days later (Fig. 4). Immune
cells transferred had a dramatic effect on tumor size because by day
15 after transfer, tumor was eradicated completely in all four mice
tested (x° test, P = 0.005).

In a follow-up study, splenocytes were depleted of B cells and
enriched for CD4+ or CD8+ cells, in vitro, and then were transferred
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Fig. 3. Effect of late peptide or cell immunizations on the growth of the tumnor. Tumor
was established as explained in legend to Fig. 2. 4 and B. the same immunization as
performed in Fig. 2 but with lower doses of interleukin (IL)-12. C, peptide immunization
was started 14 days after tumor inoculation. D. 7 days after tumor inoculation, mice were
immunized i.p. with 10® mitomycin-C-inactivated Meth A tamor cells for three times at
4-5-day intervals. IL-12 was administered alone (B), after peptide immunization (4 and
), or after cell immunization (D) at indicated doses daily for 5 days, starting on the day
of last peptide or cell immunization. P ab(d), the P of x* test comparing 4 with B or D.
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to tumor-bearing nude mice. Our data indicate that CD8+ cells are
required for efficient eradication of tumor; however, the process
seems dependent on both CD4+ and CD8+ cells (Fig. 5). Histolog-
ical sections of tumor sites and surrounding tissues were prepared
(Fig. 6). Contrary to nonimmunized tumor-bearing mice, we detected
lymphocytes around the periphery and infiltrating into tumor mass of
immunized mice (Fig. 6, 4 and B). Staining of sections obtained from
the tumor site of a cured mouse shows the presence of lymphocytes,
although no fumor is detectable microscopically (Fig. 6C).

DISCUSSION

Carbohydrates are abundantly expressed on the surface of malig-
nant cells, and induction and enhancement of a cell-mediated immune
response toward these antigens has outstanding implications in vac-
cination for and treatment of cancer. T-cell recognition of nonpeptidic
and modified peptide antigens is, however, still poorly understood.
Peptide mimetics of carbohydrate antigens can activate peptide-
specific cellular responses, but they have also been shown to activate
cellular responses that might be cross-reactive with carbohydrate
moietics (12, 17). The induction of carbohydrate-reactive T-lympho-
cytes with peptide mimics is based on a functional definition of T-cell
mimotopes. One possible explanation is that the peptide mimotope
activates cross-reactive CTLs that recognize a processed O-linked
glycopeptide associated with MHC class 1. It is also possible to
generate carbohydrate-specific unrestricted CTIL. responses with MHC
class I-binding carrier peptides (18). However, we previously showed
that anti-MHC Class I antibody blocks CTL killing of Meth A cells in
vitro by T cells derived from peptide 106 immunized mice (12).

Immunization with cells in combination with IL-12 had no obvious
enhancement of anfitumor immune effects. Our data propose that
replacing cell immunization with peptide 106 enhanced a potential
immune responses resulting in a significant but moderate tumor
eradication. Further treatment of peptide-immunized mice with 1L-12
helped significantly in stimulating eradication of established tumor in
all of the animals tested. Lack of tumor shrinkage on cell-based
immunization rules out the possibility that hyperimmunization had a
bearing on tumor regression. Taken together, these results indicate
that peptide immunization enables an effective antitumor immune
response, the potential of which can be significantly enhanced with
IL-12 administration. Other groups have performed therapeutic im-
munization on Meth A cells by immunization with p53 mutant
epitope, starting the immunizations 7 days after tumor inoculations,
and have demonstrated an efficient enhancement of antitumor cellular
immune responses leading to eradication of tumor mass in the major-
ity of animals within 2 weeks after the first immunization (15, 16).
Our findings are in concert with the results of these studies.
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Fig. 4. Adoptive transfer of fresh immune splenocytes eradicated
established tumors in nude mice. Two groups (four per group) of
nude mice were inoculated s.c. with 5 x 10° Meth A cells into the
right flank, Ten days after inoculation when average of tumors
diameter was about 7 mm, one group was given injections i.p. of
1.5 % 10" of fresh splenocytes collected from already immunized
and cured BALB/c animals. Splenocytes were prepared by lysis of
erythrocytes and consequent washing several times with fresh me-
dium. Pictures shown are taken from a representative individual on
the day of cell transfer (4), 7 days later (B), 12 days later (C), and
17 days later (D). £ wmor size in control group 25 days after
transplant as one representative individual of four is shown. F,
average of umor diameter for four mice per group in naive control
(®) and splenocyte-transferred groups (W). Arrow. the date of injec-
tion of splenocytes.

Because resting T cells do not express the 1L-12 receptor (19) and
IL-12 responsiveness is only activated after T-cell receptor stimula-
tion (20), we observed that purified peptide-specific T cells were
stimulated with 1L-12 in vifro (data not shown). IL-12 treatment is
ineffective in the Meth A tumor model (14) as further observed in our
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Fig. 5. CD8+ T cells are required for successful adoptive therapy of established
twimors. Solid tumors were established in nude mice, and at day 7, enriched splenocytes
were transferred i.p. For earichment, splenocytes were passed through nylon wool after
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of CD8+ and CD4+ cells in CD4 and CD8-enriched population was less than 10%.
Results present the mean value = SD. =, P < 0.05; %, P < 0.01. »=x P < 0.0005, as
compared with mean tumor diameter of CD4+ -transferred animals.

T

8
16 1
14
12
10 1
B.
6

2

ricen tumer glameter,

-

0 7 10 M w7 2y 25
Day after tumor inoculation

studies. Because IL-12 responsiveness of T cells is induced after
T-cell receptor stimulation, the lack of IL-12 responsiveness suggests
that T cells in Meth A-bearing mice are not sensitized to Meth A
tumor antigen on immunization with Meth A cells. In contrast, our
data suggest that peptide immunization can sensitize tumor-reactive T
cells that are responsive to IL-12. It is possible that peptide immuni-
zation further expands B and T cells that have been primed via shed
glycoprotein(s) processing. We propose that peptide 106 immuniza-
tion activated a population of Th1 and CTLs with production of IFNy
(12), and in vivo 1L-12 treatment further helps to expand the T-cell
population and IFNy production. In previous studies, the failure of
IL-12 treatment to induce tumor regression was also considered to be
associated with the lack of T-cell migration to tumor sites (14). It was
argued that sensitization of T cells to tumor antigens and generation of
IL-12 responsiveness are insufficient to induce tumor regression when
sensitized T cells are not allowed to migrate to tumor sites. In our
studies, we observe lymphocyte migration to tumor sites.

In summary, this work further postulates the occurrence of saccha-
ride epitopes for T cells linked to peptides with anchoring motifs for
MHC Class I (6, 13). Although analogous to the haptens trinitrophe-
nyl and O-B-linked acetyl-glucosamine, the potential implications of
natural carbohydrates as antigenic epitopes for CTL in biology are
considerable and are understudied. Consequently, it might be possible
for peptide mimetics to activate T cells that recognize carbohydrate
moieties on native glycopeptides (21). Peptides that mimic carbohy-
drate structures attached to class 1 or class 1] anchoring peptides would
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Fig. 6. Lymphocyles infiltrate the Meth A challenge site in immunized mice. Fixed
sections from tumor site of nonimmunized tumor-bearing mice (4), immunized tumor-
shrinking mice (B), and immunized tumor-eliminated mice (C) stained with H&E. Mice
were transplanted, and immunization started 7 days later. Samples were obtained when
tumor was 16 mm (4) and 2 mm (B) and at 5 days after tumor eradication (C).

extend our notion of vaccine design for cancer immunotherapy in the
adjuvant setting.
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IH-NMR metabolic markers of malignancy correlate with
spontaneous metastases in a murine mammary tumor model
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Abstract. End-products of glycolysis as well as phospholipid
precursors and catabohtes have been suggested as metabolic
indicators of tumor progression. To test the hypothesis that
increased levels of such indicators can distinguish metastatic
phenotypes, we determined a limited cellular '"H-NMR
metabolic profile of subpopulaticns of murine mammary 4T
cells that differ in their metastatic potential. Subpopulations
with differing metastanc phenotypes were identified by sorting
for the expression of the cell surface adhesion oligosaccharide
sialylated Lewis x (sLe™). The sLe*-negative subpopulation
metastasizes to the Jung of syngeneic mice more rapidly
than the sLe¥-positive subpopulations. The metabolic profile
of the sLe®-negative subpopulation indicated higher levels
of Inctate and total choline metabofites than the sLe¥-positive
subpopulation, suggesung that altered metabolism is a
critical component of the malignant phenotype. Analysis
of shed celiular material from the sLe*-negative subpopulation
displaved an increased rano of phosphocholive fo glycero-
phosphocholine when compared to the parental line and
sLe*-positive subpopulation. Serum obtained from mice
maculated with either sLe*-negalive or sLeX-positive wmor
cells contained broader methylene resonances (P=0.0002;
P=0.0003) and narrower methyl resonances (P=0.0013;
P<0.0001} when compared to serum of naive mice. However,
line widths of methylene and methyl resonances were not
useful for distinguishing between the two tumor phenotypes.
Results of this study further suppost the notion that metabolic
indicarors of malignancy can correlate with in vivo metastatic
behavior.
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Iatroduction

It 15 well known that cancer cell metabolism dulfers from that
of normal ussue. High rates of glycolysis lead 1o anaerobic-hke
conditions, which result in the production of elevated levels of
lactate (Lac) and pyruvate, a process historically referred to as
the Warburg effect (1). Glycolytic rates in culiured cell lines
correlate with tumor aggressiveness suggesting that altered
metabolism 1s a critical component of the malignant pheno-
type (2). Glucose metabolisin is observed to be a significant
negative biomarker of prognosis and overall survival, with
high concenrrations of lactale i primary \WWmors correlating
with a high incidence of distant metastasis in cancer patients
(3).

Mechanisticaily, enhanced glycolysis has been implicated
in facilitating twinor invasion, primarily as a resull of decreased
pH (2). Other mechanisms associated with end-product
metabolites that are viewed 1o be important in malignant
processes include the activation of hyaluronan synthesis
by tumor-associated fibroblasts, up-regutation of vascular
endothelial growth factor and of hypoxia-inducible factor 1,
and direct enhancement of cellular motility that generates
favorable conditions for metastatic spread (3,4). By the same
token, diverse molecular alterations such as metastasis-
SUppressor gene expression, oncogene expression, and
malignant trapsformation converge at common end-points
i choline phospholipid metabolism, demonstrating the
important rele of choline phospholipid metabolites in cancer
progression (5). Thus, end-product metabolites and aberrant
cholime phospholipid metabolism might actively enhance and
therefore may be markers for malignancy,

The metabohic shifts of cancer cells partly mediated by
hypoxa-inducible factors significantly enhance the adhesion
of tumor cells to vascular endothelial cells through both
selectin- and integrin-mediated pathways, suggesting thal
this enhancement further facilitates hematogenous metastasis
of cancers and tusnor angiogenesis (6,7). Cell adhesion
mediated by selectins and therr carbohydrate ligands, sialyl
Lewis X (sLe®) and sialyl Lewis A (sleA) figures heavily in
the metastatic process with these antigens being linked © the
Warburg effect (6,7). These antigens are also influenced
by tumur suppressor gene expression (8). Other studies have
suggesied, however, that aggressive metastatic behavior of




feu g ok

i‘”’“_%.. ‘T’l-‘-: : oy ";i ,:

human breast tumor cells can result from a lack of sl.e* and
sLe® antigens (9,10), duninishing homotypic (tumor cell-
twmor cell) and perhaps heterotypic {tumor cell-endothelial
cell) binding.

Paralleling these latter studies, we have identified a sub-
populatuen of murine 4TI mammary cells, 2 spontaneous
mor model whose growth and metastatic spread closely
mimics stage [V breast cancer, with diminished expression of
sLe* and have observed that this subpopulation metastasizes
10 the lung more efficiently than sLeX-positive subpopulations
To better distinguish between rapidly srowing tumors and
metastatic phenotypes, we have characterized a limited
'H-NMR metabolic profile of the 4T1 subpopulations that
displays different metastatic phenatypes while maintaining
similar in vitro and in vive tamor growth profiles. Our results
confirm a positive associalion between elevated in vitro levels
of Lac and choline-conlaining compounds and increascd
malignant behavior of the sLe”-negative subpopulation in vivo.
The charactenisuce differences in Lac and choline membrane
metzbolism observed here between these breast cancer cell
subpopulations support further investigation of the role of
glyeolytic end-products and choline phospholipid metabolism
in primary and metasiatic disease. However, it is clear that
our understanding of the relationship between the Warburg
effect coupled with gene regnlation and carbohydrate antigen
expression on tumor cells is far from complete and in need of
additional study

Maierials and methods

Cell lines gnd reagenis. 4T cells were purchased from ATCC
{Manassas, YA. USA). The KM93 and CSLEXI antibodies
were purchased from Kamiya Biomedical Co. (Seattle, WA)
and BD Pharmingen (San Diego, CA), respectvely. The
anti-sLe® CA 19-9 and extended sle® FH6 antibodies were
purchased from Glycotech (Gaithersburg, MD). Recombinant
mouse E. and P-selectin/Fe (human IgG) chimera were
purchased from R&D Sysiem (Minneapohis, MN) and used
in 10 pg/ml aliquots for FACS assays. Deuterium oxide
and 3-(tremethylsilvl)-1-propane sulfonic acid (TMSP) were
purchased from Sigma Chemical Co. (St. Louis, MO).

Flow cytometry and cell sorting. Siaining, acquisition, and
analysis were petformed as described in a previous study
(11). In brict, cells were re-suspended in a buffer contaimng
Dulbecco’s phosphate-buffered saline, [% BSA and 0.1%
sodium azide, and were then incubated with biotinylated
lectins or monoclonal antihodies (10 yg/mD) for 30 mm on
ice. Following this, cells were stained with FITC-conjugated
streptavidin (2 pg/md) or anti-mouse-FITC 1gM or IgG (Sigma)
for an additional 30 min on ice. For cell sorting, sodium
azide was removed from the buffer and 10% of the most
positive and the most negative cells (based on reactuvity
with KM93 Ab) were sorted. Sorting was repeated 4 umes
For visvalizaton of E- and P-selectin, anti-human IgG-FITC
(Sigma) was used as secondary antibody. Negathve controls
were set using either biotin or mouse [gG/IgM as primaries.

Growth conditions. The 4T celt line and sorted subpopulations
either positively-selected (sLe-positive) or negatively-selected
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{sLe*-negative) for KM93 antibody binding were cultured al
37°C n 5% CO, in DMEM (Cellgro) culture medium (pH 7.2)
supplemented vath 1% (v/v) penicillin-streptomycm (Cellgro),
19 (wiv) L-glutamine (Celigro), and 10% (v/v) fetal bovine
serum (FBS) (Atlas).

Mice: nunor wmocidation and metastasis assays. 6-8 week-old
BALB/c female mice were purchased from The Jackson
Laboratory (Bar Hacbour, ME). To establish tumors, each
mouse was inoculated subcutancously in the abdominal
maminary gland with {.0x10* 4T1 cells. Tumor growth was
measured using a caliper and was recorded as the mean of
two orthagonal diameters ((a+b)/2). Spontancous metastases
were assayed as described (10). Briefly. 26 days after
inoculation mice were sacrificed and the lungs were
harvested. Following this, the number of clonogenic cells
was determined by vrowing collected cells 1n medium
containing 6-thioguanine (13). Serum was collected from
cardiac puncture post-sacrifice. All mouse studies were
approved by the University of Arkansas for Medical Sciences
animal use commutice.

Prepararion of cells and cellular shed materials. For pre-
paration of pre-shed cell samples for "TH-NMR, 1.0x10¢ sub-
confluent cells were harvested, washed twice mn 3-5 mi of
PBS (pH 7.2), and re-suspended in PBS/D,0 to give a final
volume of 500 ul. Cellular shed materials including macro-
molecules and vesicles were prepared based on methods
reported in the hterature (14): in brief, 1.0x10* sub-confluent
cells were harvested, washed twice in 3-5 ml of PBS, and re-
suspended in | ml of PBS. Cells were then tncubated at
37°C for 40 min. Following this, cells were removed by
spinning at 800 g for 5 mun and the resulting supernatant
containing the cellular shed matecials was spun for an
additional 10 min at 12000 g to remove the remaining cell
debris.

Sample preparation for NMR measurements. For itact cell
analysis, 400 pl aliquots of a solution comprised of 1.0x10*
vighle cells suspended in PBS/D,0 (pH 7.2) were added as
slurries to 5 mM NMR sample tubes contamning 100 @ of a
1.0 mg/m! selutton of TMSP for use as an internal reference
{5 = 0.00 ppm). For the analysis of shed cell samples, 200 pi
of sample were added 1o 200 ul of PBS/D,0 (pH 7.2) and
100 1l of the internal reference solunion, bringing the final
sampie volume 1o 500 pl. Serum samples were prepared by
mixing 300 pl of D,O contaming 0.05% TSP with 200 pl of
serums that had heen thawed alter storage at -80°C.

High-resolutron 'H-NMR measurements. All '"H-NMR
spectra were collected using a Varian Mercury-400 MHz
spectrometer operating at a proton frequency of 399.84 MHz
and at a temperature of 20°C (Note: spectra were also
collected at 37°C with no discernable difference; therefore,
samples were mainianed al 20°C Lo prolong cell viability).
One dimensional 'H data were collected without spmping so
that solvent suppression of the residual water resonance could
be achieved using the 3-9-19 Waiergate (Water suppression
by GrAdient Tailored Excitation) pulse sequence (15) Initial
spectra were collected with 1024 wansients using a 437 pulse
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Table [. Reactivity of anti-carbohydrate antibodies with sLe¥-negative and -positive 4T1 subpopulations®

KM93  CSLEX-1 FH6

3-selectin P-selectn [eG

1M

sLe¥-positive  63.69(x5) 6.96(+2.2)

5.63(20.8) 5 76(+1.18)

17.92(+0.64) B89.25(=17 34)

533(£1.64) 6.36(+]1.34)

sLeX-negative  12.3(3.6) 5.28(*x1.6) S538(x1) 674205 6.06(33.04) 121.14(230.7) 505(x1.39) 7.14(x2.17)

"Mean {luorescence intensities of low cytomelry assay are shown

Table II. NMR analysis of mouse serum.

Metabolite Serum Mean line width Standard t-test P-value

V2 ht. (Hz) deviation (vs. control)

Laciate sLe-positive 48.822 8.20327 4.37 0.0003
sLe*-negative 46.613 6.90233 -4.61 0.0002
Nuaive mouse 34.287 5.65683

Methy( sLe*-positive 31.955 12.53858 6.498 <0.0001
sle*-negative 31.629 S O8718 379 0.0013
Naive mouse 47.939 450721

Choline sLeX-positive 23.195 4.23905 0.27 0.7932
sLet-negative 20.162 317524 -1.39 0.1824
Naive mouse 20.599 411113 ; :

and a 2-sec relaxation delay. The spectral widih was
4803.1 Hz and a 1.0 Hz line broadening was applied prior to
processing.

Two-timensional 'H COSY (Correlated SpectroscopY)
specra were acquired using a 90%r,-90°%(, pulse sequence
with cither presatration of the water resonance or the WET
(Water suppression Enhanced by T, effects) water suppression
method (16) coupled to a gradient COSY (gCOSY) pulse
sequence with 256 repetitions in 128 7, increments. Data was
processed using a square sine bell window function in both
dimensions prior to transformation. Al NMR spectra were
processed using VNMR (Varian, Palo Alto, CA) operating
on a Sun Ultra 6 workstation.

Statistical analyses. Statistical analysis for serum was per-
formed using the two-population paired t-test (Microcal
Origin®) with a 95% confidence interval (u = 0.05). Differences
i population means were considered Lo be significant for
P<0.001 (Table 1I}. Primary tumor s1ze and established
lung lesions were compared using the Stodent's (-test option
in Excel™). Differences between groups were considered
signmificant if P<0.05. All experiments were repeated in
triphicate.

Results

Tumor cell selection and metastasis in vivo. The murine
mammary 4T1 cell bne is a spontancous tumor model that

miétastasizes (o the major organs in mice (12). The 471 celi
line was tested for binding to the sh.e¥-reactive monoclonal
antibodics KMY3 (17), CSLEX-1 (18) and FH6 (19) and to
the sLefreactive monoclonal antibody CA19-8 (203, Only
the KXM93 monactonal antibady was found to be reactive
with 4T L cells. (Table I). Sorting of the 4TY cellline into
two subpopulations was performed based o reactivity- with
the KM93 antibody. The sl.e¥:negative cells displayed weak
reactivity with E-selectin but retained P-selectin-binding
(Table T); the KM-93-reactive epilope appears fo be more
associated with E-selectin binding on HUVEC celis (8).

In vitro proliferation studies suggest that the sle®-négative
and sLeX-positive cells grow at very similar Tates (data not
shown). To compare the 1 vive growth and metastatic potential
of the respective cell fines, two groups of mice (N=10/group)
were thoculated with either sLeX-positive or sLe¥-negative
temor cells. Subcutaneous tumor srowth evaluated by tamor
size was not different among the subpopulations throughout
most of the study: As shown in Fig. YA, we observed aslight
increase in the size of tumors (P=0.05) in the sLeX-ncgative
inoculated mice near the end of the experiment. at days 21 and
26 post-teansplant. While statistically significant, differences
are not dramalic suggesling that these cells are growing at
near equivalent rates m vive. With regards 1o metastasis, we
observed that the number of tumorcells cotonized in the
lung increased dramatically for sLe*-negative cells (Fig. 1B
and C). These data indicate that sLeX-negafive cells are
highly metastaue to the lung.
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Figure |. sLe*-negative subpopulation displayed more malignant characreristics
o vive, Mice were | lated into the y fat puds and rmor growth
was measured. (A), Average of wmor dinmeter far mice m each group is
presenied. The symbol * denowes sigaificance at P<0.05 as pecformed by
Student’s t-test. Mice were then sacrifived af day 26, the lungs removed, and
cell suspensions prepared and cultured The number of clonogenic lesions was
visualized and is depicted for two representative mice out of 1en for each
group: (B), sLe*-ncgative rumers, and (C), sLeX-positive tumers

Assignment of in viiro. 'H-NMR specira. 'H-NMR spectra were
collected and interpreted for all three populations of the 471
cells {wild-type, sLeX-positive, sLeX-negative) as well as for
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Figure 2 Comporison of 400 MHz '"H-NMR specta for the alky! regions of
LO=10* AT cells, sLe® negative cells, and sLe®-positive cells in PBS/D,0
Note the increased level of toral choline compounds and Inclime i she*-
negative cells [fCho, total choline; PC. phosphocholine; GPC, glyceio-
phosphocholine; lae, hictate; wla, alamne; tle, isoleuciog, lew, leucing: val,
valine; Cr, areatine: PCr, phosphocreatine; NANA, N-acetylnesaminic acid
(stadic acid}]. Also note that the (Cho peak is resolved into two constituens,
GPC and PChu; tn sLe®-pos celis.

shed cellutar materials from the same populations. Assignments
of several resonances were made using high-resolution
asgipnments of intact breast wumor tssue and perchloric acid
(PCA) extract dawa found in the htcfature (21-24) and by
collection of ane-dimensional and \wo-dimenstonal NMR
spectra {or compounds expressed on the tumor cell surface
based upon lectin-binding analyses that have been performed
i our laboratory (data not shown).

NMR spectra of the intact cells confirmed higher levels of
total choline (tCho)-containing compaunds on both parental
4T1 cells and sLe*-negative cells when compared with the
sLe*-positive variant (Fig. 2) based on peak areas of iesonances
observed at 3.18 ppm. Analysis of shed cellular-material
provides more deiailed information with respect to - the
composition of the (Cho vesonance, indicating an-rerease 10
the ratio of phosphocholine (PChoj ta glveerophosphocholine
(GPC). A reduction of GPC and an increase of PCho are
typical for mereased malignancy {25). For both wild-iype
4T1 and sLe*-positive cells, the ratio-of PCha/GPC is roughly
1:1, while sLe¥-negative cells have a ratio closer-fo 231
(Fig. 3). This increase in PCho'suggests that sLe¥-negative
cells should be the most aggressive-of the three’tellilines
stuched. 5 E i e s

|
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Figure 3. Companson of PCHo/GPC atio waken from 400 MHz 'H-NMR
specira of shed cellular matenal from [.0x10¥ cells for munine 471 sLe¥-nog;
and sLe¥-pes. Note the PCHo/GPC rativ for the sbe®-neg cell line (incregsed
malignancy) is approxiumately 2.1 when compared w a 1:1 ratio for 4T and
sLeM-pos cells

The most notable difference in metabolites hetween cell
hines (with the excepuon of 1Cho level) is that of the glycolytic
end-product lactate (Lac, 1.3 ppm). Celis that are sLe*-negative
display a 2.5-fold mcrease in Lac production when compared
to both sLe*-positive and wild-type 4T1 cells, indicating
an increase 1n anagrobic glycolysis (Fig, 2). In addition, there
is an approximate 50% reduction in the intensity of the
composite creatine/phosphecreaune (Cr/PCr) peak (~3.0 ppm)
of sLe*-negative cells when compared to both sLeX-positive
cells and wild-type 4T1 cells (Fig. 2), suggestng a decrease
in oxidative metabolism for the sLe*-negatve subpopulation.
Finally, N-ncetylneuranunic acid (stalic acid, 1.91 ppm) levels
remain fairly consisten! between sLe*-positive and 4T1
cell lines; however, a slight reduction is observed for sLeX-
negative cells (Fig. 2), suggesting diminished sialylation of
this subpopulation and correlating well with lectin binding
analysis (data not shown).

'H-NMR spectra of mouse serum. In addition o in vitro
analysis, specira were collected for serum from mice inoculated
with sLe*-positive or sLe*-negative turnor cells as well as for
naive mouse (control) serum (Fig. 4). Dominanl resonances
observed included composite methyl (Val, He, Leu, HDL),
methylene (Lac¢, LDL), Cr/PCr and (Cho resonances, Speclra
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Figure 5. Comparison of average tine widihs at half-beight for key metabolites
preseat in serum of sLe®-positive. al.e¥-negative; and naive mouse seram

were referenced using TMSP as an internal standard. Statistical
data for the analysts of serum spectra are given in Table 11.
line widihs were measured at half-height and compared for
statisucat significance, indicating fundamental differences
between the three cell lines (Fig. 35).

Analysis of serum obtamed {rom mice inoculated with sLe*-
positive or sLe*-negative tumor cells using these resonances
(normalized against TMSP) indicated that the line width at
half height of composite methyl and methylene peaks of both
sl.e*-positive and sLe*-negative lumor bearing mice can be
useful in disiingwishing sera from these two groups of mic
from that of naive mice (sLe*-ncgative, P=0.0002; sLe*-
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posityve, P=0.0003), with a broader methylene resonance and
narrower methyl resonance both commontly obsevved in
cancerous sera and known to be linked to abnormal dis-
tribulions of plasma lipeproteins. Past studies have suggested
that (he rato of line widths between these two resonances
may be useful in detecling cancer in blood, commonly
referred to as the Fossel Index (26). However, in our study, it
was a direct comparison of the line widths of methylene and
methyl resonances to those found in control mouse sera,
and not the ratio of the two, that provided the smost useful
information.

In contrast, the direct comparison of methy} and methylene
resonance hine widths did not result i a statistically significant
difference between sLe*-negative and sLe®-pesitive serum
samples (P=0.5229). These data indicate that the use of 'H-
NMR spectroscopy line width data of methyl and methylene
resonances in sera is not suitable for distinguishing between
sLe*-posiuve and sLeX-negative tumor-bearing mice. Levels
of tCho mewbolites were foynd o not be significantly different
between the two subpopulations and controls (sLe*-negative,
P=0.1824; sle*-positive, P=0.7932) or between the Lwo
populatons alone (P=0.0877). Finally, line widths of the
composite methyl resonance were significantly ditferent
between seram from twmer bearing mice and control serum
(sLe*-negative, P=0.0013; sLeX-positive, P<0.0001) but not
to one another (P=0.9417).

Analysis of peak intensity normalized in the same manner
provided similar results with two key cxceptions. As in the
case with half-height line width data, the area of the compaosite
methylene resonance was found to be statistically different
between both sLe*-negative and sLe¥-positive sera when
compared with controls (sLe¥-negative, P=0.0012; sLe*-
positive, P=0.0018), but not to each other (P=0.4247).
Simutarly, the area of the composite methyl resonance was
also different between models and controls (sLeX-negative,
P=0.0003; sLeX-positive, P=0.0008) but not between two
models (P=0.2297). However, a statistical difference was
ohserved for the tCho resonance area between both models and
controls (sLeX-negative, P=0.0004, sLe*-positive, P=00011)
as well as between te twa models (P=0.0137), suggesting
that mice inoculated with sLe-positive tumor cells have
slightly elevated levels of tCho in their sera. Finally, the
composite Cr/PCr peak also displayed a statistical difference
hetween sLeX-negalive cells and controls (P=0.217), whiie
sLe*-positive did not (P=0.7643), indicatng a reduction in
oxidative metabolism in sLe*-negative cells compared (0 the
parenial cells. There was no statistical difference between the
Cr/PCr peak intensity between the two models (P=().1874).

Discussion

In the present study, we abserve that a subpopulution of 4T1
cells selected as sLe*-negative displays a metabolic profile
indicative of a highly malignant phenotype. fiz vitro, both intact
cells and supernatam display higher levels of Lac, with an
elevated PCho/GPC ratio compared to parental 4T1 cells and
the sLe*-positive subpopulation. This was confirmed in vive
where mice inoculated with sLe*-positive cells developed
twmors with ‘typical’ metastatic and calonization ability
whiie those inoculated with sLe®-negative cells developed

tumers with enhanced ability to metastasize. Therefore, the
observed modified metabolite profile observed for the
sLe¥-negative subpopulation is associated with its more
maltgnant behaviar in vive

Serum obtamed from mice inoculated with these cells
dispiuyed broader methylene resonances (1 3 ppm), suggestive
of altered lipid metabolism and potesually of increased
serum Lac levels when compared to naive animals. We could
not defimitively discriminate differences io Lac and choline
metabolite levels in serumm among the subpopulations
tumor bearing mice; nevertheless, we could diseriminate
mar-bearing mice from control ammals, based upon NMR
Jine widths of methylene and methyl vesonances.

luvestigating molecules mvolved n the metastatic potentaf
in an inflammatory breast carcinoma model, others have
shown that a decrease or lack of sLe¥/A promotes metastatic
dissemination of wmor cells {9,10). Our resulls support
this observation. While an argument can be made that the
lack of expression of sLe® contrrbutes to a decrease in hamo-
typic cell binding, therefore affecting the kinetics of cell
dissemnination, the observance of higher metabolite levels
for the sLed-negative subpopulation suggests that metabolic
factors may coniribute 10 malignancy facilitating metastasis
in ways not ye! defined. This observation is in accordance
with studies indhcaung that clevated Lac and choline phospho-
lipid metabolite levels are predictors of malignancy (3,27)
Therefore, although the predictive value of such metabolites 1s
still obscure, they deserve attention, considening (he mmpaortance
of metabalism 1o wmor cells, The ability to identify cells with
increased metastatic capabilities by measuring levels of
metabohic end producis in secum may compliment the
assessment of accepted tumor markers (o facilitate identifying
patients who harbor micromerastic tesions.
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Reduction of Spontaneous Metastases through Induction of
Carbohydrate Cross-Reactive Apoptotic Antibodies’

Behjatolah Monzavi-Karbassi, Cecile Artaud, Fariba Jousheghany, Leah Hennings,
Jaime Carcel-Trullols, Saeid Shaaf, Soheila Korourian, and Thomas Kieber-Emmons*

The selective targeting of tumor-associated carbohydrate Ags by the induction of serum Abs that trigger apoptosis of tumor cells
as a means to reduce circulating tumor cells and micrometastases would be an advantage in cancer vaccine development. Some
plant lectins like Griffonia simplicifolia lectin I and wheat germ agglutinin mediate the apoptosis ol tumor cells. We investigated
the possibility of using these lectins as templates to select peptide mimotopes of tumor-associated carbohydrate Ags as immunogens
to generate cross-reactive Abs capable of mediating apoptosis of tumor cells. In this study, we show that immunization with a
mimotope selected based on its reactivity with Griffonia simplicifolia lectin 1 and wheat germ agglutinin induced serum IgM Abs
in mice that mediated the apoptosis of murine 4T1 and human MCF?7 cell lines in vitro, paralleling the apoptotic activity of the
lectins. Vaccine-induced anti-carbohydrate Abs reduced the outgrowth of micrometastases in the 4T1 spontancous tumor model,
significantly increasing survival time of tumor-bearing animals. This finding parallels suggestions that carbohydrate-reactive IgM
with apoptotic activity may have merit in the adjuvant setting if the right carbohydrate-associated targets are identified. The

Journal of Immunology, 2005, 174: 7057-7065.

atural carbohydrate-reactive IgM Abs are implicated in

mediating the apoptosis of tumor cells, and these circu-

lating natural Abs are suggested as a mechanism of in-
nate immune surveillance against cancer cells (1). mAbs directed
against carbohydrate Ags expressed on tumor cells that trigger
apoptosis have been described (2, 3) and provide a possibility for
their application in the immunotherapy of disseminated cancer
cells. The selective targeting of tumor-associated carbohydrate
Ags by the induction of serum Abs that trigger apoptosis as a
means to eradicate metastases could therefore be an advantage in
vaccine development (4).

In our approach to induce sustained immunity against cancer
cells. we are developing peptide mimotopes of tumor-associated
carbohydrate Ags. Toward this end, we have shown that peptide
mimotopes can induce humoral responses that mediate tumor-spe-
cific complement-dependent cytotoxicity (CDC)* (5, 6) and tumor-
specific cellular responses (7). We have also shown that priming
with peptide mimotopes followed by boosting with carbohydrate
Ag can prolong the 1gM response in mice, a benefit that is per-
ceived to be of value for cancer vaccines in humans (8). Because
it is expected that complement inhibitors expressed on a tumor cell
surface can impair CDC, we have turned our attcntion 1o a strategy

Arkansas Cancer Research Center and Department of Pathology. University of Ar-
kansas for Medical Sciences, Little Rock. AR 72205

Recerved for publication January 19. 2005. Accepted for publication March 19, 2005,

T'he costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.8.C. Secton 1734 solely to indicate this fact.

" This work was supported by grants from the U.S. Army Breast Cancer Program
(DAMDI17-01-1-0366) and the National Insututes of Health (CA-089480) to T.K.-E.

? Address correspondence and reprint requests to Dr. Thomas Kieber-Emmons, Ar-
kansas Cancer Research Center, University of Arkansas for Medical Sciences, 4301
West Markham Sueet, Slot #824, Little Rock, AR 72205. E-mail address:
tke @uams.edu

* Abbreviations used in this paper: CDC, complement-dependent cytotoxicity; GS-1,
Griffonia simplicifolia lectin 1: Gal, galactose: GalNAc, N-acetylgalactosamine; Gl-
cNAc, N-acetylglucosamine; WGA, wheat germ agglutinin; MAP. multiple Ag pep-
tide: PAA. polyacrylamide. Pl, propidium iodide.

Copynght © 2005 by The American Association of Immunologists. Inc.

of developing mimotopes that will induce Abs that trigger apopto-
tic mechanisms.

The lectins Griffonia simplicifolia 1 (GS-1). reactive with the
a-galactose (aGal) and a-N-acetylgalactosamine (a«GalNAc) moi-
eties, and wheat germ agglutinin (WGA), rcactive with N-acctyl-
glucosamine (GlcNAc) and sialic acid moietics. mediate apoptosis
of various murine and human tumor cell lines (9-14). Screening
combinatorial peptide libraries expressing a large collection of
peptide sequences with lectins or anti-carbohydrate Abs has indi-
cated a feasible strategy to produce immunogens for inducing car-
bohydrate cross-reactive immunc responses (15). We hypothesize
that using GS-1 and WGA as templates to define and select peptide
mimotopes will enable us to induce scrum Abs capable of medi-
ating apoptosis of tumor cells upon mimotope immunization.

The teasibility of this immunological strategy is presented in the
current study, in which we find that carbohydrate-reactive 1gM
induced by a peptide mimotope in a DNA vaccine format or syn-
thesized as a multiple Ag peptide (MAP) suppresses the outgrowth
of metastases in the spontaneous murine mammary tumor 4T]
model. These observations further support the premise that Ab-
inducing vaccines against carbohydrates can be used in the adju-
vant setting, where circulating tumor cells and micrometastases are
the primary targets (16. 17).

Materials and Methods

Cell lines, culture medium, and reagents

The 4T1 and MCF7 cell lines were purchasced from American Type Culture
Collection. The 4TI cells were maintained in complete DMEM medium
(Cellgro; Mediatech), supplemented with 100 pg/ml penicillin-streptomy-
cin (Cellgro). 2 mM r-glutamine (Cellgro), and 10% (v/v) FBS (ATLAS
Biologicals). The MCF7 cells were maintained in American Type Culture
Collection complete growth medium. which contains MEM (Eagle) sup-
plemented with 0.1 mM nonessential amino acids, ! mM sodium pyruvate,
0.01 mg/ml bovine insulin, 100 pg/ml penicillin-streptomycin, and 10%
FBS. The ARK cell line was established at the Arkansas Cancer Research
Center from bone marrow aspirate of a patient with multiple myeloma (18).
This cell line was kept in a complete RPMI 1640 medium supplemented
with 100 pg/ml penicillin-streptomycin, | mM sodium pyruvate, 10%
FBS. and 2500 mg/ml glucose. Biotinylated GS-I and WGA lectins were
purchased from Vector Laboratories. FITC-conjugated streptavidin was
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purchased from Sigma-Aldrich. Peptides were synthesized as MAP (Bio-
Synthesis). Synthetic carbohydrate probes incorporated into a polyacryl-
amide (PAA) matrix were purchased from Glycotech. Vybrant apoptosis
kit no. 3 was purchased from Molecular Probes. Fluorometric caspase ac-
tivity detection kit was purchased from BD Biosciences. Apoptag, In Situ
Apoptosis  Detection kit  S7100, was purchased from Chemicon
International.

Construction of expression vectors

Oligonucleotides were synthesized and inserted 1nto a secretory plasmid
vector. First, the oligonucleotides were cloned between the restriction site
Notl and Hindlll in an intermediate shuttle vector pSL1180 (Amersham
Biosciences) and then transferred to pSecTag2/HygroB (Invitrogen Life
Technologies). Cloning was confirmed in each step by DNA sequencing.
Constructs were designated as 104-, 105-, and 107-pSec based on the
cloned peptide sequence.

Mice, tumor inoculation, immunization, and metastases assay

Six- to 8-wk-old BALB/c female mice were purchased from The Jackson
Laboratory. To cstablish tumor, each mouse was inoculated s.c. in the
abdominal mammary gland with 1 X 10° 4T1 cells. Tumor growth was
measured using a caliper and was recorded as the mean of two orthogonal
diameters ((a + b)/2) (7). DNA immunization was performed as described
earlier with minor modifications (6). Each mouse received three i.m. in-
jections (weekly intervals) of 50-ug DNA construct resuspended in 100 wl
of PBS. Immunization started 4 days posttumor transplant. Peptide immu-
nization was performed as described earlier (5). Each mouse received 50
pg of MAP and 10 pg of QS-21 (Antigenics, Inc.) 1.p., both resuspended
in 100 pl of PBS.

Spontaneous metastases were measured by methods described by Pu-
laski and Ostrand-Rosenberg (19, 20) as clonogenic assays. Briefly. 4 wk
after tumor inocutation, mice were sacrificed, and the lungs and the livers
were harvested. Following this, the number of clonogenic cells was deter-
mined by growing harvested cells in medium containing 6-thioguanine
(21). The animal studies have been reviewed and approved by Institutional
Animal Care and Use Committee of University of Arkansas for Medical
Sciences.

Flow cytometry

Staining, acquisition, and analysis were performed as described earlier
(22). Briefly, cells were incubated with biotinylated GS-1 and WGA lectins
(10 wg/ml) for 30 min and then stained with FITC-conjugated streptavidin
at 2 pg/ml for another 30 min on ice. For inhibition assay. biotinylated
GS-I lectin (10 pg/ml) was combined with serial concentrations of the
peptide and incubated overnight at +4°C. Lectin/peptide mix was then
added to the cells, and lectin hinding was visualized as above. Mean flu-
orescence intensity was calculated from duplicates for each carbohydrate
concentration, and percentage of inhibition was calculated as follows: (1 —
(mean of test tubes/mean of control tubes (only GS-1))) X 100.

ELISA

ELISA was performed as described before (5). Inhibition ELISA was per-
formed as described carlier (7). Mean absorbance was calculated from
duplicates for each carbohydrate concentration, and percentage of inhibi-
tion was calculated as follows: {1 — (mean of test wells/mean of control
wells)) X 100.

Cyroroxicity and apoptosis

4TI cells were plated into wells of a 96-well plate in medium containing
5% FBS. Lectins were added to some wells at various concentrations, and
after overnight incubation, wells were washed; cells were fixed, stained
with trypan blue, and counted; and the percentage of cytotoxicity was
calculated using the following formula: (I — (alive cells in experimental
wells/alive cells in control wells)) X 100. Cytotoxicity of MCF7 cells was
assayed by using Celltiter 96 Aqueous One Solution (Promega) according
to the manufacturer’s instructions. Briefly, 3-5 X 10° cells were seeded in
wells of 96-well plates. and lectins were added and incubated overnight.
Then, the provided solution was added, absorbance was read, and the per-
centage of cytotoxicity was calculated using the following formula: (1 —
(absorbance of test well/absorbance of control well)) X 100. To assess
apoptosis, we used Vybrant apoptosis kit no. 3 (Molecular Probes) based
on manufacturer’s instructions. Briefly, cells were incubated with or with-
out the lecting and then harvested and stained with red-fluorescent pro-
prdium 1odide (PI) and FITC-conjugated annexin V After staining, dead
cells show red and green fluorescence, apoptotic cells show green fluores-
cence, and live cells show no fluorescence. For detection of serum-medi-

INDUCTION OF APOPTOTIC ANTITUMOR Abs

ated cylotoxicity or apoptosis, cell culture was cstablished 1n complete
medium overnight, and then the medium was replaced with the medium
supplemented with 5% heat-inactivated mouse serum. and incubation was
continued. Caspase activity was assayed by a fluorometne kit (BD Bio-
sciences) using the manufacturer’s instructions. Briefly, cells were coin
cubated with medium supplemented with the lectins or the mice sera. Then,
cells were trypsinized and counted, and cell lysate was prepared. Total
protein was quantitated using a BCA Protein Assay kit (Picree). Activity of
cach caspasc was detected by using the specific fluorogenic substrates pep-
tides VDVAD (caspase 2), DEVD (caspase 3), IETD (caspase 8). and
LEHD (caspase 9) conjugated to 7-amino-4-methyl-coumarin. Fluores
cence intensity was measured using FLx 800 Microplate Fluorescence
Reader (Bio-Tek Instruments) and corrected in regard to protein concen-
tration. Lysates of nontreated cells (in case of lectins) or cells treated with
normal mouse serum prepared at the same time points were used as neg-
ative controls.

Fluorescence microscopy

Cells were grown in 24-well plates on coverslips overnight. Culture me-
dium was replaced with fresh medium containing 1% BSA and premixed
5% immunized mouse serum and anti-mouse 1gM-FITC and incubated for
4 h. Slides were then washed 1n PBS and scanned with an inverted confocal
microscope (Zeiss LSM 410) to a maximum depth of 25 wm. and repre-
sentative images were captured.

Histopathology and in situ apoptosis detection

Sections of lung and primary tumor from mice at 7, 14, and 21 days posti-
noculation were fixed in 10% neutral buffered formalin, processed, and
embedded in paraffin, sectioned at 6 um, stained with H&E. and examined
under a light microscope. Serial sections were stained by the TUNEL
method using Apoptag Peroxidase In Situ Apoptosis Detection kit S7100
(Chemicon International) based on the manufacturer’s instructions. Briefly,
6-um sections were deparaffinized. rehydrated, and treated with 20 pg/ml
Proteinase K for 15 min at room temperature. Scctions were washed with
two changes of dH,O for 2 min cach. Endogenous peroxidases were
blocked with 3% H,0O, in PBS for 5 min and washed with three changes
of PBS. Equilibration buffer containing digoxigenin-conjugated nucleo-
tides was placed directly onto the section for 10 s. Sections were incubated
with TdT enzyme in a humidified chamber at room temperature for | h.
Sections were then incubated for 10 min at room temperature in stop-wash
buffer, rinsed in three changes of PBS for 1 min each, and incubated with
anti-digoxigenin conjugate for 30 min at room temperature. Scctions were
washed in four changes of PBS. stained with 0.5% (w/v) methyl green
counterstain, and evaluated with a light microscope.

Statistical analysis

The Kaplan-Meier method was used to estimate survival rates, and the
log-rank test was performed to compare two groups. Fisher exact est was
used for comparisons made between animals regarding liver metastasis
Other statistical comparisons between means were performed using Stu-
dent’s ¢ test. Differences between groups were considered significant if p <
0.05. Statistica software was used for analyses.

Results
WGA and GS-1 lectins mediated cytotoxicity and apoptosis in
select breast cancer cell lines

Both WGA and GS-I bound to murine 4T and human MCE-7
breast cell lines with WGA showing stronger reactivity for both
cell lines as assessed by flow cytometry (Fig. 1A). Both lectins
medjated cell death upon coincubation overnight with either cell
line, validating the induction of cytotoxicity by the lectins (911,
14) (Fig. 1B). Supplementary experiments demonstrated that the
cytotoxicity cffect of the GS-1 and WGA lectins was mediated
through an apoptotic pathway as measured by an annexin V assay
(Fig. 1C), with WGA displaying a more dramaiic apoptotic effect
on MCF7 cells than GS-L.

Using 4T1 cells, we further confirmed the induction of apopto-
sis, measuring activation of caspases 2, 3. 8, and 9. Overnight
incubation of 4T1 cells with GS-1 and WGA activated all indicated
caspases (Fig. 1D). Activation was observed to start as early as 4 h
postincubation for all caspases. Activation of caspases 2 and 3
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FIGURE 1. GS-Iand WGA bound to the breast cell lines and mediated
cytotoxicity and apoptosis. A. Lectins were coincubated with the indicated
cell lines at 10 pg/ml for 30 min on ice. Similar amount of biotin was used
as negative control. Binding was visualized with FITC-conjugated strepta-
vidin using flow cytometry. Mean fluorescence intensity for each histogram
is shown. B, Cells were seeded and coincubated with indicated concentra-
tion of the lectins overnight. Percentage of cytotoxicity was calculated
based on the average of three replications as explained in Materials and
Methods. C, Cells were incubated with or without lectins at 20 pg/ml for
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Table 1. Peptides used in the study

Peptide Peptide Sequence

104
105
106
107
109

were consistently increased in treated cells compared with non-
treated cells as depicted by fold increase of fluorescent intensity
over a period of time (Fig. 1K), suggesting their critical rolc in
cytotoxicity.

DNA immunization resulted in generation of carbohydrare-
reactive serum Abs

We have defined peptides that mimic multiple carbohydrate Ags
(6) that include peptides 105, 106, and 107 (Table I) or selected
against specific carbohydrate-reactive Abs like peptides 104 and
109 (Table 1) (23). Peptide 107 was chosen for our studies based
on its consistent reactivity with both GS-1 and WGA (Fig. 24).
further indicating that this peptide can functionally mimic multiple
types of tumor-associated carbohydrate structures. In inhibition as-
says, we observed that peptide 107 binding to WGA was inhibited
by GlcNAc (Fig. 2B) and that the peptide significantly inhibited
GS-I lectin binding to 4T1 cells (C), suggesting that the peptide
binds at or near the carbohydrate binding site of the two lectins.

We have previously shown that immunization with peptide mi-
motopes of carbohydrate Ags formulated as MAPs or as DNA
vaccines can elicit carbohydrate-reactive 1gM serum Abs (5, 24).
To expand this latter strategy, the sequence of peptide 107 was
translated into oligonucleotides and DNA constructs (Table 1),
and groups of mice were immunized with the 107-pSec DNA con-
structs and serum reactivity with carbohydrate probes was assayed
(Fig. 2D). Serum IgM Abs from 107-pSec-immunized mice bound
to Gal and GlcNAc oligosaccharides. We detected Ag-specific se-
rum Abs of IgM isotype reactive with 4T1 and MCF7 cells by flow
cytometry (Fig. 2, E and F), with no Ag-specific 1gG isotype de-
tected. Ag-specific serum [gM Abs were not detected against the
myeloma cell line ARK cells (Fig. 2G) because reactivity of the
preimmune serum to ARK cells was similar to the reactivity of
serum from 107-pSec-immunized mice. The ARK cell line was not
reactive with the GS-1 lectin and only marginally with WGA (data
not shown).

DNA immunization resulted in serum Abs capable of mediating
apoptosis of wmor cells

To assess serum-mediated cell cytotoxicity. cells were coincubated
with serum from peptide encoded DNA- or vector-alone-immu-
nized mice (control), and the percentage of dead cells was detected

4 h. Cells were then harvested, washed, and stained with PI (FL-2) and
annexin V (FL-1) as explained in Materials und Methods. Percentage of
cells in each quadrant 1s shown. Both lectin-treated and nonueated cells
were stained. Control stands for cells that were not treated with the lectin
but were stained with Pl and annexin V. In 4T1 cells. the experiments with
WGA and GSI were performed separately, so for each expenment we run
a separate nontreated stained control. D and £, Cells were incubated with
or without WGA and GS-I lectins at 10 pg/ml overnight and then were
harvested, and caspase activity was measured. To compare the magnitude
of activation over a period of time, fold increase of the activation, induced
by GS-I lectin. as measured by fluorescence intensity of treated cells over
nontreated cells at the same time point is presented (F). %, p < 0.05; **,
p < 0.01; ns, not significant compared with control. All experiments above
were repeated at least three times.
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after ovemight coincubation. We observed ~20% dead cells in
wells containing 107-pSec serum when wells supplemented with
pSec (vector)-immunized serum were used as control. In concert
with the GS-1 and WGA effects, 107-pSec-immunized serum me-
diated apoptosis of both 4T1 and MCF7 cell lines with more pro-
nounced effects on 4T cells (Fig. 3A). Paralleling the lectin cy-

totoxicity, we observed a significant increase in activation of

caspases 2 and 3 after overnight incubation with serum from 107-

Serum dilution {1/X)

Serum dllution (1/X}

pSec-immunized mice (Fig. 3B). We estimated the fold increase in
activation of caspases induced by 107-pSec-immunized mouse se-
rum over normal mouse serum (Fig. 3C). Activation of caspases 2
and 3 was detected as carly as 4 h postincubation with scrum Abs
from 107-pSec-immunized mice. After overnight incubation, we
observed an increase in activation for all caspases studied; how-
ever, caspases 2 and 3 showed the highest fold increase in activa-
tion over normal-mouse serum-treated cells (Fig. 3C).



of staining was visualized using a Zeiss LSM 410 in-
verted confocal microscope. FITC-conjugated anti-
mouse IgM was added alonc in similar conditions as
negative control (£).
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Table Il Oligonucleotide sequences used for cloning and making DNA consiructs
Pepude Oligonucleotide Sequences®
104 agct EGGCGGCATCATGATCCTGCTGATCTTCTCCCTGCTGTG
ggcegcTT GAACCACAGCAGGGAGAAGATCAGCAC
105 aJ(:tu.«»:» AT AHERGCC]
ggccgcTTAGTCGTAG ; CGTAGGGGT
107 JCc L EGGCGGCATCTACTACCGCT ACATCTACTAC
ggccgeTTAGTCGTAGCGGTACTACGATGTCGTAGCCGETACTA

“ Lowercase letters show sequence of the restriction sites used for clomng. Uppercase letters show the peptide-encoding sequences.

It is argued that the above-mentioned lectins trigger apoplosis mixture was added to cells, and fluorescence microscopy was used
via intracellular signaling following internalization (9. 14). To bet- to visualize the binding pattern of murine IgM to cells. We ob-
ter understand the mechanism of apoptosis by serum, we investi- served that IgM Abs bound to the cell surface and that coincuba-
gated the possibility of internalization of serum Abs. Murine serum tion resulted in the appearance of IgM in small aggregates that
was mixed with FITC-conjugated anti-mouse IgM, and then the were present in the interior of the cells due to internalization of the
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FIGURE 3. Serum-mediated apoptosis in 4TI and
MCF7 cells. A, Medium containing 5% FBS was sup-
plemented with 5% of heat-inactivated serum from 107- 0.92 Y391
pSec or pSec (control)-immunized mice. Cells were in- MCF7 cells "~
cubated for 16 h with mouse-serum-supplemented
medium, and then cells were harvested, washed, and :
stained with PI (FL-2) and annexin V (FL-1) as ex- i 10’ 10 1ot 104
plained in Materials and Methods and analyzed by flow
cytometry. B, Cells were incubated with medium sup-
plemented with 107-immunized or normal mouse sera B 40000 O control Cc 4 a4h
as above. Cells were then harvested after overnight in- B16h £ i
cubation, and caspase activity was measured. #, p < 5 g 25 F
0.05: ns, not significant compared with cells incubated G 30000 § I
with normal mouse serum (control). C, To compare the 2 § 2 o
magnitude of activation over a period of time. fold in- § 20000 § = ‘:1‘1
crease of the activation, as cstimated by fluorescence § 2 {'*”
intensity of cells treated with 107-immunized serum g . = : i
over cells treated with normal mouse serum at the same Z 10000 3 i‘
time point is graphed. D, IgM Abs were visualized as | ne 205 ey
internalized aggregates. The immunized serum was pre- 0 ] Al — [ 2 “.
mixed with FITC-conjugated anti-mouse IgM, and then =
& S Casp-3 Casp-8 Casp-9 Casp-2 i
the mixture was added to 4T1 cell. and the distribution GESPES.  CSpE:  CUSRM  AomMpg
Caspase Caspase
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FIGURE 4. Immunization of tumor-bearing animals with DNA con-

struct of the |07 peptide induced an increase in survival rate. Mice were
inoculated with 10% cells s.c. in mammary ducts, and immunization was
started 4 days later with 7-day intervals. The percentage of survival in
immunized groups was estimated by the Kaplan-Meier method. Increase in
the survival rate observed in 107-pSec-immunized mice is statistically sig-
nificant at p = 0.021 comparcd with pSec (vector)-immunized mice by
log-rank test.

1gM Abs in endocytic vesicles (Fig. 3D). We did not detect inter-
nalization of anti-mouse IgM alone (Fig. 3E).

Therapeutic DNA immunization arrested liver metasiasis

To assess whether vaccination with peptide 107 could arrest me-
tastases, we established the 4T1 tumor in mammary fat pads and
then started immunization with the plasmids containing the DNA
sequences of 104, 105, and 107 mimotopes. Peptides 104 and 105
are carbohydrate mimics and induction of carbohydrate and cell-
reactive functional serum Abs by immunization with these pep-
tides has been shown in our previous works (23, 25, 26). Peptide
107 binds to both GS-I and WGA lectins, and the data suggest that
this peptide may mimic multiple oligosaccharides involved in tu-
mor cell apoptosis. To better evaluate peptide 107 as an antitumor
apoptosis-mediating immunogen, we also included peptides 104
and 105 in the immunization regimen.

Immunization with 107-pSec plasmid induced slight tumor
shrinkage in comparison to all other groups that was temporary
(data not shown). However. 107-pSec immunization significantly
(p - 0.021) increased survival time of the tumor-bearing animals
compared with immunization with vector (pSec) only (Fig. 4). At
day 39, 80% of the 107-pSec-immunized mice were alive, whereas
80% of vector-immunized animals died, with the remaining 20%
sacrificed at day 42 because of appearance of signs of morbidity
based on the animal use protocol. At this same day point, 80% of
107-pSec-immunized mice were still alive. Although at day 56. no
mice were alive in the 104-pSec- and 105-psec-immunized groups,
40% of the mice in the 107-pSec group were still alive in fair
condition. These mice were Jater sacrificed at day 68 postinocula-
tion due to a large tumor burden as required by the animal use
protocol.

To further characterize the effects of immunization on metasta-
ses to distant organs, we repeated the challenge experiment as

Table 1ll.  Number of mice detected positive for distant organ
metastasis of 12 total mice

Organs
Irnmunization Lung Liver
pSec (vector) T2 8
107-pSec 12 2%

= p = 0.018 compared with vector immumized. by Fisher exact test.

INDUCTION OF APOPTOTIC ANTITUMOR Abs

above. Lung and liver samples were harvested, and the presence of
melastatic cells was detected and quantified by clonogenic assay
(Table I11). The immunization regimen had no effect on lung me-
tastases but had significant positive effects on reducing liver me-
tastasis (Fisher exact test, p = 0.018). Of [2 mice used for 107-
pSec therapeutic DNA immunization, only 2 were found positive
for tumor in the liver compared with 8 of 12 positive livers in pSec
(vector)-immunized animals.

Prophylactic immunization with both DNA and the MAP peplide
affected rumor growth and lung metastasis

Therapeutic immunization had no significant effect either on the
size of primary tumor or on lung metastasis. To test whether earlicr
immunization and accumulation of Abs at the time ol tumor chal-
lenge modified the outcome of immunization. in a follow-up study,
mice were immunized before the challenge und after the challenge
with either the peptide or DNA constructs. Mice were bled 7 days
after the third prophylactic immunization and then challenged with
4TI cells 3 days after blood collection, Serum was collected in-
dividually. and all sera were pooled for 10 mice in each group.
Binding ol pooled serum to 4T cells and its apoptotic activity was
assayed (Table 1V). As shown in Table IV, immunization with
both peptide 107 and 107-pSec DNA vaccines generated serum
Abs that bound to 4T cells and mediated their apoptosis. Peptide
immunization generated Abs of higher end-point titer, which me-
diated a more pronounced apoptotic effect.

In both peptide and DNA-immunized animals, lumor grew sig-
nificantly slower. All preimmunized mice developed tumor upon
challenge; however. tumor growth was significantly slower in pep-
tide 107-immunized animals (Fig. 5, A and B). In contrast to our
therapeutic immunization regimen, in prophylactic immunization,
we observed mnhibition of primary tumor growth during the whole
experiment. Examination of TUNEL-stained slides revealed sig
nificantly more apoptotic bodies per square millimeter in the pri-
mary tumors of immunized mice at 7 days post-tumor inoculation
compared with control mice (p = 0.0072; Fig. SC).

To compare the effect of preimmunization on melastasis. we
collected lungs at day 28 posttumor transplant from both DNA-
and peptide-immunized mice and performed the clonogenic assay.
In the peptide-immunized group (with 10 mice per group). 30% of
107-peptide-immunized animals were free of lung-associated tu-
mor cells. In addition. comparison of the average of clonogenic
lung metastases showed a significant reduction of lung metastatic
cells in the 107-immunized group (Fig. 5D). In the DNA-immu-
nized group, all mice tested had established lung metastasis; how-
ever, pSec-107-immunized mice had a smaller average of colonies
than pSec-106 and pSec vector control (data not shown). Consis-
tent with results from the clonogenic assay. metastatic lesions in
the lungs from peptide 107-immunized group were significantly
smaller than those from the naive group (Fig. 5, £ and F).

Discussion

The presence of natural carbohydrate-reactive IgM Abs in humans
capable of mediating apoptosis in tumor cells has been reported
(1). In an effort to develop a strategy to induce sustained immunity
targeting carbohydrate Ags on metastatic tumor cells, we have
used lectins as a model template to further define and devclop
immunogens that elicit tumor-specific apoptosis triggering IgM
Abs. GS-I consists of two isolectins, GS-1-B4 and GS-1-A4, with
different carbohydrate specificity. GS-1-B4 1s more specific for
aGal, whereas the A4 isolectin has higher specificity toward aGal-
NAc-containing ligands (27. 28). GS-I also binds to the neolacto-
scries Ags Lewis Y and Lewis b (our unpublished obscrvation).
WGA binds to both GlcNAc¢ and sialic acid (29). Therefore, to
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Peptide Immumzation

DNA Immunization

Test Descnipuon Naive 106 107 pSec (vector) 106-pSec 107-pSec GS-1
End-point titer” 1:1280 1:2560 1:160 1:160
Annexin binding” 184 (=39) 228 (=5HN 436 (64)** 171.5 (*£43) 244.5 (23N 324 (=36)* 902 (+89)***
PI binding” 32(+3.8) 29.8 (= 1.2)N 32 (2.9 40.33 (+3.2) 38.58 (=4.1)™ 5229 (24.5)* 111 (*£21)**

“ Binding of [gM Abs to 4T cells was utered Titer was determined based on mean fluorescence intensity of flow cytometry assay. The highest serum diluton with higher

mean fluorescence intensity than the preimmune serum 1s shown as the end-point uter.
* Mean fluorescence intensity for annexin V and PI (+SD) is shown
# . p = 005 ¢, p -
negative control.

broaden the application. we decided to select for a peptide that
could potentially mimic the various tumor-associated carbohydrate
structures.

The 107-peptide was identified and selected based on its reac-
tivity with both GS-1 and WGA with an expectation that. upon
immunization, serum Abs cross-reactive with multiple carbohy-
drate structures would be induced. The peptides 104, 106, 107, and
109 ail bind to an anti-Lewis Y Ab (23, 25, 26) and induce serum
Abs cross-reactive with Lewis Y-expressing breast cancer cells,
which mediated tumor cell killing by a CDC mechanism (5). We
have shown before that mimotopes of core structures of tumor-
associated carbohydrate Ags are particularly advantageous to aug-
ment the cross-rcactive carbohydrate immune response because
they can function as priming agents to expand B cells to multiple
carbohydrate Ags upon boosting with nominal Ag (30). Such pep-
tides are considered as multiple Ag mimotopes and would simplify
the vaccine strategy by obviating the need to develop multivalent
immunogens based upon each individual immunogen.

0.025; #=#=_p - 0.005: NS. not significant compared with nave serum or pSec (vector) serum as negative controls. GS-1 was compared with either

Administration of the peptide and its genetic torm (107-pSec
construct) as vaccine induced serum IgM Abs that bound to cells
and mediated apoptosis of both 4T1 and MCF7 cells, with a more
pronounced effect on the murine cell line. This is not surprising in
that MCF7 cells are not uniform in expressing full-length caspase
3 and display diminished susceptibility to apoptotic stimuli (31).
Because the GS-I-reactive Gal epitope is not expressed on human
cells, the observation that the serum Abs can trigger apoptosis of
MCF7 cells suggests that aGalNAc, GlcNAc, sialic acid moieties,
and perhaps the Lewis Y Ag may be expressed on glycoproteins
associated with signaling functions, and reactivity with these gly-
coproteins may mediate the internalization of the serum Abs.

Internalized serum IgM suggests that the mode of action of the
induced Abs might be similar to the lectins. Like the lectins, spe-
cific binding to the cell surface oligosaccharides should be the
prerequisite for the Ab-mediated cell killing. Internalized Abs can
trigger a wide spectrum of intracellular signals that might contrib-
ute to apoptosis. For example, the serum Abs can induce their

A (o i | mimmunized
FIGURE 5. Immunization with the peptide 107 in- iz 4w Ll
hibited tumor growth and reduced lung metastases. % % =
Mice (10 per group) were immunized with peptide (A) E g 5
or DNA constructs (B) weekly for 3 wk and then inoc- = g
ulated with tumor at day 10 after the third immunization. g o
Immunization was resumed at day 7 posttransplant and = <§ 2
continued every week for 3 more weeks. Tumor size 9 13 15 17 20 23 25 o7 e e i
was measured during this period of time and are iflus- _ . P
trated as the mean values = SD. *, p < 0.025; *%, p < Daysafer tumer inocuiason
0.01, compared with 106 (A) or vector (B) immuniza- B — D
tion. C, Mice from peptide-immunized groups were sac- L e o 100
rificed weekly, lungs and primary tumors were har- E 8 ; 80
vested, sections were prepared, and TUNEL staining g & 5 . =
was performed as described in Materials and Methods. § gﬁ
Apoptotic bodies were counted in five randomly chosen o 4 *§§ a0
microscopic fields in sections of primary tumors, and S 2 é‘E’ 5 =
averages per square millimeter are shown. x, p = 0 2
0.0072; ns, not significant compared with naive tumor- 2 0 o ‘

bearing animals. D, Peptide-immunized mice were sac-
rificed at day 28, lungs were collected., and clonogenic
assay was performed. The number of clonogenic cells
was determined and illustrated as the mean values of 10
mice per group = SD. *, p = 0.009; ns, not significant
compared with the naive mice. £ and F, Groups of mice
were left unimmunized (E) or were immunized as ex-
plained above (F) and then inoculated with the 4TI tu-
mor. Mice from each group were sacrificed weekly,
lungs were harvested, sections were prepared, and H&E
staining was performed on prepared shides. Slides pre-
pared from mice sacrificed 21 days postinoculation are
shown. Bars, 50 um.

106-peptide  107-paptida
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cffect via mitochondria activation as it has been proposed for the
lectins (14). Internalized carbohydrate-reactive IgM via its inter-
action with rafts may lead to modulation of cellular ceramide,
which results in the induction of apoptosis (32). Such mechanisms
are currently under study. The caspase activation results further
suggest a similarity between apoptosis mediated by the lectins and
the serum Abs, because both predominantly mediated activation of
caspases 2 and 3 in 4T1 cells.

We propose that immunization with peptide 107 generates se-
rum Abs that bind to a subpopulation of cells that express the
target lectin-defined carbohydrate epitopes on the 4T! surface. Se-
rum Ab binding is followed by internalization of the Abs, and
apoptosis and lysis of cells. which appears as a temporary tumor
regression because we observed only a marginal effect on the size
of the tumor at the primary site of inoculation (data not shown).
Ags released from lysed cells may still initiate an immune re-
sponse, which inhibits further metastatic growth and a statistical
increase in survival rate. Segregated analysis of the effects of ther-
apy on metastasis to distant organs highlighted a definite influence
on metastatic tumor in the liver. But why does the immunization
affect only liver metastasis? Staining of tissues with lectins clearly
showed that there are lectin-positive cells also in the lung and the
solid tumor (data not shown). We postulate that by the time an
effective level of the 1gM titer is reached. tumor burden in the lung
and at the site of primary inoculation exceeds a treatable limit. This
is akin to studies in which treatment of cells with carbohydrate-
reactive Ab are effective only a few days after tumor challenge
(16). Likewise, vaccination efficacy has been implicated to be de-
pendent on the size of tumor (7, 16, 19).

To account for timing. appearance, and the strength of the Ab
response, and its influence on the outcome of the vaccination strat-
cgy, we immunized naive mice, and then challenged them with the
tumor and continued the immunization. DNA immunization sig-
nificantly slowed the growth of the solid tumor especially at the
earlier stages. The in situ apoptosis assay revealed an increasc in
apoptosis of tumor cells from immunized mice at 7 days post-
tumor transplant compared with controls. Peptide immunization
produced a stronger Ab response, which strikingly blocked initi-
ation of the lung metastasis in 30% of animals tested, with the
number of lung metastasis also significantly reduced. This is a
significant achievement because curing this tumor is difficult. Oth-
ers showed that even prophylactic immunization in a cell-based
vaccine targeting 4T1 cells with MHC and B7.1 transfectants. al-
though effectively reducing lung metastasis, neither affected the
growth of the primary tumor nor blocked lung metastasis (19, 33).
1L-12 therapy proved to be an effective strategy in reducing the
number of 4T1 lung metastases. However, it failed to affect pri-
mary tumor growth or afford protection against the initiation of
tumor growth in the lung (34).

In patients with advanced stages of breast cancer, antitumor im-
mune responses may still be present, and appropriate stimulation
of immunity may have beneficial effects in immune augmentation
leading to at least an increase of survival rate. Although the tm-
munotherapy proposed here is not curative for aggressive tumors
at advanced stages, it may postpone the progression of metastatic
disease. It is generally recognized that treatment with mAbs or
vaccines inducing Abs must be restricted to the adjuvant setting,
where the targets are circulating tumor cells and micrometastases
(16). Therefore, induction of apoptotic [gM Abs might be targeted
as an endpoint in the development of vaccination strategies against
cancer especially in the adjuvant setting for metastatic disease. Our
findings point to the fact that cell apoptosis can be specifically
targeted through a cross-reactive immune response (o a surrogate

INDUCTION OF APOPTOTIC ANTITU'MOR Abs

Ag. which has implications for the design of novel approaches for
cancer vaccines.
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Deficiency in surface expression of E-selectin ligand promotes lung colonization in

a mouse model of breast cancer
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Expression of sialyl Lewis® (sLe*) and sLe® on tumor cells is
thought to facilitate metastasis by promoting cell adhesion to
selectins on vascular endothelial cells. Experiments supporting
this concept usually bypass the early steps of the metastatic proc-
ess by employing tumor cells that are m_]ected directly into the
blood. We investigated the relative role of sLe* oligosaccharide in
the dissemination of breast carcmoma, employing a spontaneous
murine metastasis model. An sLe* deficient subpopulation of the
4T1 mammary carcinoma cell line was produced by negative
selection using the sLe*-reactive KM93 MAb. This subpopulation
was negative for E-selectin binding but retained P-selectin bind-
ing. Both sLe*-negative and -positive cells grew at the same rate;
however, sLe* -negalne cells spread more efficiently on plates and
had greater motility in wound-scratch assays. Mice inoculated in
the mammary fat pad with sLe*-negative and -positive variants
produced lung metastases. However, the number of lung metasta-
ses was significantly increased in the group inoculated with the
sLe*-negative variant (p = 0. 0031), indicating that negative selec-
tion for the sLe* epitope resulted in enrichment for a subpopula-
tion of cells with a high metastatic phenotype. Cell variants dem-
onstrated significant differences in cellular morphology and pat-
tern of tumor growth in primary and secondary tumor sites.
These results strongly suggest that loss of sLe* may facilitate the
metastatic process by contributing to escape from the primary
tumor mass.

& 2005 Wiley-Liss, Inc.

Key words: sialyl Lewis™ antigen; metastasis; 4T 1 cells; breast cancer

Tumor metastasis is a multistep process requiring detachment
of malignant cells from the primary tumor, penetration of blood or
lymph vessels, attachment to endolhdmm of distant organs and
formation of new tumor foci."* Tissue invasion and metastasis of
tumor cells are highly dependent on cell—cell interactions, many
of which involve alterations in cell surface glycosylation pat-
terns.>* Although adhesion pathways utilized by tumor cells show
considerable diversity, members of the selectin family of mole-
cules and numerous neolactoseries antigens highly expressed on
the tumor cell surface are involved in tumor metastasis by media-
ting binding of blood-bomne tumor cells via E- and/or P-selectin to
vascular endothelium.>'°

Much of what we know about selectin interactions comes from
studies of leukocytes.'*'2 Functionally, the binding of selectins to
leukocytes requires sialylated and fucosylated carbohydrate struc-
tures; their prototypes are SAa2-3Galfl-4(Fucal- 3)GlcNAc
and SAa2-3Galf31- 3(Fucal—4)G]cNAc referred to as sLe™ and
sLe?, respectively.'* '3 Both sLe* and sLe® are involved in selec-
tin-mediated adhesion of cancer cells to vascular endothelium,
and these determinants are thought to be closely associated with
hematogenous metastasis of cancers, ® These determinants not
only are markers for cancer but also are functionally implicated in
the malignant behavior of cancer cells.

Our understanding of the role of carbohydrate ligands for selec-
tins on non-blood-borne “‘epithelial cell-like’” cancer cells is still
limited. Selectins are lhoughl to function at a relatively late step in
the metastatic cascade.'® Determination of the mechanistic roles
of selectin ligands in mediating tumor cell dissemination and
organ colonization has relied almost exclusively on assessing
metastasis by injecting tumor cells with altered expression of E-
and P-selectin ligands directly into the bloodstream of experimen-
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tal animals. Experimental metastasis models such as these exclude
the early steps of the metastatic cascade that might be impacted by
expression of selectin ligands. In this regard, Alpaugh er al.*®
showed in a human-SCID model of inflammatory breast carci-
noma, which is a nonsyngeneic passive model, that the lack of
ch‘“ promotes passive metastasis. It would be advantageous to
use a syngeneic model in which tumor cells are injected into the
orthotopic site and tumor cell dissemination and distant organ col-
onization are then assessed because in such a model tumor cells
will be forced to complete all or most of the steps needed for
metastasis that are completed by cells originating in the primary
tumor. Moreover, such a model more closely mimics the situation
in human patients, where metastases are thought to arise after
seeding of distant organs with cells that originated in the organ
hosting the primary tumor.

Here, we employed a syngeneic murine mammary tumor
model with spontaneous metastatic behavior to examine how an
important adhesion molecule with demonstrated roles in tumor
dissemination can influence the metastasis process. The murine
mammary carcinoma 4T] is a highly metastatic cell line and
has been used extensively as an animal model fur spontaneous
metastasis of advanced human breast cancer.’'™ Using an
sLe” rcacuw MADb purported to bind to epitopes associated with
E-selectin,®* ¢ we employed negative selection by flow cylome-
iry to generate 4T1 cells deficient in expression of the sLe® anti-
gen, an approach that we believe better mimics the biologic
route for enrichment of subpopulations. Our findings demon-
strate that a marked decrease in surface sLe* expression and a
subsequent reduction in E-selectin binding are associated with a
morphologic phenotype showing enhanced [ung-colonizing
potential. Our studies emphasize the relative importance of sLe*
in affecting the adhesion properties of tumor cells in primary
and metastatic sites. By virtue of the cell line lacking E-selectin
ligands, our studies also suggest that spontaneous lung metasta-
sis by these breast cancer cells does not rely on E-selectin, in
contrast to observanons uxgnﬂ murine melanoma cells injected
directly into the blood."
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Material and methods
Cells and reagents

Murine 4T1 cells were purchased from the ATCC (Manassas,
VA). The KM93 and CSLEXI! antibodies were purchased from
Kamiya Biomedical (Seattle, WA) and BD Pharmingen (San
Diego, CA), respectively. Anti-Le® (BRA-4F1) and anti-sLe®
(CA19-9) antibodies were purchased from Glycotech (Gaithers-
burg, MD). Lectins used in carbohydrate profiling were purchased
from Vector (Burlingame, CA). Recombinant mouse E- and P-
selectin/Fe (human 1gG) chimera were purchased from R&D Sys-
tems (Minneapolis, MN) and used at 10 pg/ml in FACS assays.
Conjugated secondary antibodies and streptavidin were purchased
from Sigma (St. Louis, MO).

Mice, tumor inoculation and metastasis assays

BALB/c female mice (68 weeks old) were purchased from
the Jackson Laboratory (Bar Harbor, ME). NCR-nu/nu mice
(4-6 weeks old, female) were obtained from Taconic Farms
(Germantown, NY). To establish tumors, each mouse (10-12
mice/group) was inoculated s.c. in the abdominal mammary gland
with 10* 4T1 cells. The 4T1 cell line was selected without muta-
genesis for its resistance 10 6-thioguanine.”® The 4T1 wmor is
highly tumorigenic and invasive; unlike most tumor models, it
can spontancously metastasize from the primary tumor in the
mammary gland to multiple distant sites.”>**° Lung metastatic
cells in this model are detectable as soon as 14 days after trans-
plant; however, al this stage, variability is high and, due to the
low number of metastatic cells, serial dilution of a cell preparation
is impossible. Culturing of serially diluted cells is very important
in generating statistically meaningful data. Therefore, we waited
26 days to make certain that all mice had established lung metasta-
ses, which could be quantified by titration. With this timing, we
had a tumor size of §8~10 mm with minimal signs of morbidity or
stress in animals. Spontaneous metastases were measured by the
methods described by Pulaski and Ostrand-Rosenberg???? as
clonogenic assays. Briefly, 26 days after tumor inoculation mice
were Killed and the lungs harvested. Lungs were washed in HBSS
and finely minced. Minced samples were digested in 5 ml of
enzyme cocktail containing PBS, 1 mg/m! collagenase type 4 and
6 units/ml elastase for 75 min at 4°C on a rotator. After incuba-
tion, samples were filtered through 70 um nylon cell strainers and
washed 3 times by HBSS. Following this, the number of clono-
genic cells was determined by growing serially diluted cells in
medium containing 6-thioguanine.™ 6-Thioguanine kills all the
normal mouse lung cells, and only tumor cells are able to establish
colonies. Resistance to 6-thioguanine was stable, and cell sorting
did not have any effect on this property.

Flow cytometry and cell sorting

One- or 2-color flow cytometry was performed. Staining,
acquisition and analysis were performed as described in a previous
study.™ In brief, cells were harvested using trypsin-free cell disso-
ciation buffer (Invitrogen-GIBCO, Carlsbad, CA); resuspended in
buffer containing DPBS, 1% BSA and 0.!% sodium azide (FACS
buffer); and then incubated with biotinylated lectins or MAbs
(10 pg/ml) for 30 min on ice. Following this, cells were stained
with FITC- or PE-conjugated streptavidin (2 pug/ml) or antimouse
IgM or IgG (Sigma) for an additional 30 min on ice. For cell sort-
ing, sodium azide was removed {rom the butfer, Parental 4T cells
were harvested as above, washed in sodium azide-free FACS buf-
fer and coincubated with Km93 antibody (10 pg/ml in 10° cells).
Antibody binding was visualized by antimouse IgM-FITC. Ten
percent of the most reactive positive cells and 10% of the least
reactive negative cells (2 extremes) were sorted out, and the pro-
cedure was repeated 3 more times. For visualization of E- and
P-selectin, antihuman [gG-FITC (Sigma) was used as secondary
antibody. Negative controls were set using either biotin, conju-
gated streptavidin or mouse IgG/IgM as primary antibody.
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Proliferation assay

In vitro proliferation assay of sLe"-positive and -negative cells
was performed using Celltiter 96 Aqueous One Solution (Prom-
ega, Madison, WI) according to the manufacturer’s instructions.
Briefly, 5§ X 10° cells were cultured in wells of 96-well plates, and
every 24 hr the provided solution was added to each plate contain-
ing replicated wells for each cell variant and negative controls
(only medium). Plates were incubated for 1 hr at 37°C and read by
an ELISA reader at 490 nm. Cell cultures were closely monitored
and maintained. The assay was performed every day until day 5
after seeding, when cells reached confluence.

Histopathologic evaluation

Primary tumors from mice inoculated with sLe*-negative
and -positive variants were harvested 15 days after inoculation,
bisected, placed in 10% BNF and embedded in paraffin for histo-
logic evaluation. Serial, 5 um sections were mounted on glass
slides. Every fifth section was stained with H&E and examined
under a light microscope. For histochemical evaluation of E-selec-
tin ligand expression, lungs were harvested from mice inoculated
with sLe”-positive and -negative variants at 21 and 28 days postin-
oculation, placed in OCT compound (Ted Pella, Redding, CA)
and frozen in liquid nitrogen. Frozen lung sections (5 um) were
fixed for 10 min in cold acetone, then washed with cold DPBS
(Cellgro Mediatech, Herndon, VA). Endogenous peroxidase was
blocked by immersion in 0.3% (w/v) hydrogen peroxide in abso-
lute methano! for 15 min, followed by DPBS wash. Nonspecific
binding was blocked by incubating with DPBS+1% BSA at RT
for 20 min. Sections were then incubated with 30 pg/ml of anti-
sLe™ antibody (Kamiya Biomedical) or recombinant mouse E-
selectinfhuman FC chimera (R&D Systems) for 30 min in
DPBS+0.2% BSA at RT and washed in DPBS. Sections werc
incubated with antimouse IgM-peroxidase (1/150 dilution) or an
antihuman IgG (Fc specific) peroxidase conjugate (1/300 dilution)
for 15 min at RT, followed by DPBS wash. Sections were incu-
bated with DAB solution for 5 min at RT, washed with distilled
walter, counterstained with methyl green, mounted and examined
under a light microscope. Normal bronchial epithelium provided
an internal positive control for sLe™ expression. Primary antibody
was omitled in negative controls to rule out nonspecific binding of
the secondary antibody. Experimental conditions including con-
centration, dilution, washing and blocking were chosen based on
preliminary experiments on lung tissue from several tumor-bear-
ing and non-tumor-bearing animals. The best setting gave us no
nonspecific staining when applied 10 tissues of naive mice.

Lung in situ fluorescent microscopy

Tumor cells were transfected with an EGFP plasmid (pEGFP-1
from BD Biosciences/Clontech, Palo Alto, CA) to express GFP.
After 3 rounds of sorting for the highest 5% GFP-expressing cells
and cloning, green cells were sorted again with KMO93 antibody in
a 2-color FACS with PE-conjugated antimouse IgM as secondary
antibody, as explained above to produce GFP-expressing sLe™-
positive and -negative variants. NCR-nu/nu mice were then inocu-
lated in the mammary fat pad with GFP-expressing sLe™-negative
and -positive cells. Four weeks after transplant, mice were killed.
The heart and lungs were exposed immediately, and the abdominal
aorta was (ransected to allow drainage of blood. The needle tip of
A 23 g butterfly catheter was placed into the right ventricle of the
heart, and 30 ul of Dil-conjugated, acetylated low density lipopro-
teins (LDL) (Molecular Probes, Eugene, OR) in 10 ml of Krebs-
Ringer bicarbonate solution were injected into the right ventricle
over a period of 3-5 min to label pulmonary vascular endothe-
lium. The heart and lungs were removed, the heart was trimmed
from the lungs and the lungs were entirely scanned with an
inverted confocal microscope (LSM 410: Zeiss, Thormwood, NY)
to a tissue depth of approximately 70 um. The tissue was screened
thoroughly, and representative images were captured. Images were
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TABLE I - MEAN FLUORESCENCE INTENSITIES OF LECTINS AND MAB REACTIVITY WITH CELL POPULATIONS BY FLOW CYTOMETRY

Lectin/MAbs Specificity el ettt —
4T1 sLe®-negative sLe"-positive
Streptavidin' Negative control for lectin staining 6.9 (£3) 7.9 (x4) 71 (£3.9)
ABL GalB1.3GalNAc (TF) and 52 (x2.4)° 5.7 (£2.09) 5.6 (+£2.3)
NeuAca2,3GalB1,3GalNAc
(sialylated TF)

ACA TF, sialylated TF 88 (=L.1D 8 (*=1.78) 7(x1.4D
SNA NeuAca2—6Gal/GalNAc 23.28 (£5.45) 17.93 (£2.8) 16.82 (£2.22)
ECL GalB1—-4GlcNAc 29.33 (£2.36) 15.84 (£ 1.76) 25.3(*+2.49)
GS-1 a-Gal, a-GalNAc 28.6 (£4) 30.6 (£2.81) 33(3.17)
PNA GalB1—-3GalNAc 10.4 (£1.76) 9.9(+0.9) 10.71 (£ 1.5)
VVA GalNAc 10.21 (=1.29) 11.37 (+2.18) 11.36 (+0.76)
UEA-I a (1—2)-linked fucose 43.28 (+6.9) 29.84 (*+6.4) 78.35 (£5.4)
WGA NeuSAc, GleNAc 115.7 (=4.5) 84.4 (=6.6) 167.9 (=6.9)
SWGA GlcNAc nd 42 (£2.98) 39.2 (x2.87)
L-PHA B—6GIcNAc 110 (=9) 101 (=8.2) 112 (=10.4)
1eG’ Negative control for antibody statning 5.8(x1.6) 5.05(x1.4) 533(%1.6)
IeM? Negative control for antibody staining 6.6 (x1.1) 7.14 (£2.2) 6.36 (=1.3)
CSLEX1 Sialyl Lewis™ 6.1(x1) 5.28 (=1.6) 6.96 (+£2.2)
BRA-4F1 GalBl—4(Fucal—3) GlcNAc (Lewis™) 6.5(x1) 578 (1) 5.26 (1)
FH6 Sialylated dimeric Lewis® 6.47 (x1) 538 (1) 5.63 (+0.8)
CA 19-9 NeuAca2—3Galp1-3 (fucal—4)GlcNe 532 (x1) 6.74 (+0.3) 5.76 (+1.18)
TLE GalB1-3 (Fucal—4) GleNAc (Lewis®) 8.3(x2) 79(*+1) T3 (1D
2-25LE Fucal—2GalB1—3(Fucal—4)GicNAc (Lewis™) 9.2(x1.4) 8.6 (£0.8) 8.6 (*+1.2)
BR55-2 Fuca1—52Gal B 1—4(Fucal 53)GlcNAc (Lewis”) 9.6 (£2.4) 9.9 (£2.7) 9(£2)

'Staining of cell with streptavidin-FITC/PE was used as negative control in all lectin experiments. Average of mean Auorescence intensities
and standard deviations (SD) are calculated based on many independent ex_Pcrimenls.—2A\'cragc of mean fluorescence intensities += SD for
lectins and antibodies based on 3 replications is shown. nd, not determined.—Mouse IgG and IgM were used as negative controls for antibody

staining.

generated by collecting reflected light from the thin sections with
the pinhole set to a small value.

Statistical analysis

The frequency of established lung tumors was compared using
the Student ¢-test option in Excel (Microsoft Corp., Redmond,
WA). Differences between groups were considered significant at
p < 0.05. All experiments were repeated 3 times.

Results
Establishment of sLe*-negative and -positive tumor cell variants

First, we examined the binding profile of several MAbs against
cell surface Lewis antigen—related epitopes known to be important
in the metastasis process. Among the MAbs tested, only KM93
(which is directed against sLe™) reacted with 4T1 cells as assessed
by FACS (Table I, Fig. 1a). Notably, the sLe*-reactive antibody,
CA19-9, did not react with 4T1 cells (Table 1). This observation is
consistent with early studies which indicated that sLe® serves as a
ligand associated with cancer cells derived from the lower diges-
tive organs, while the sLe™ determinant predominates in the adhe-
sion of breast, ovarian and pulmonary cancer cells.*’ CSLEX1,
which is another widely used anti-sLe™ antibody, did not react
with the 4T1 cells (Table I). It has been demonstrated that E-selec-
tin reactivity might not always correlate with CSLEX]1 bind-
ing.”*** The KM93 antibody™ reacts with the sLe* antigen witl
broad Spcciﬁcity“ and best correlates with B-selectin binding, >°
Binding assays indicated that this antigen was abundantly expressed
on the surface of 4T1 cells.

To study the role of the sLe™ antigen in the metastasis of the
4T1 cell line, cells were sorted based on 2 criteria (high binding
and low binding) as determined via KM93 reactivity; and 2 segre-
gated subpopulations were consequently produced. Following iso-
lation, we tested the reactivity of the KM93 antibody with the cell
variants (Fig. 1b), which indicated a differential pattern of staining
for KM93 between the 2 subpopulations, in FACS analysis. These
subpopulations were designated as sLe™-positive and sLe™-nega-
tive. The subpopulations were stable in vitro. Even after 1 month

of keeping them in culture, differences in KM93 binding were
marked (data not shown).

sLe” is the major carbohydrate determinant that differs between
cell variants

Theoretically, cell sorting could lead to enrichment of minor
subpopulations that differ in other cell surface oliggxacchuridc
structures associated with metastatic phenotypes.*®"’ To deter-
mine if this occurred, the cell surface glycosylation pattern of the
subpopulations was probed using MAbs and a pane! of plant lec-
tins as illustrated in Table I and Figure 1¢. ABL and ACA did not
react with either the sLe*-positive or -negative variant, indicating
that there was no expression of TF antigen, Galp(1—3)GalNAca,
or sialylated TF on the cell surface. Similarly, the TF-specific lec-
tin PNA did not react with either cell subpopulation. VVA, which
has specificity toward the Tn antigen (GalNAc-a-R), did not dis-
tinguish between the cell vanants, indicating similar levels of Tn
antigen expression. Both GS-I and SNA lectins, which are specific
for the a-Gal epitope and a(2—6)-linked sialic acid, respectively,
reacted identically with both subpopulations. ECL showed an
increase in reactivity with the sL.e™-positive variant and was spe-
cific for Galp(1—4)GIcNAc, suggesting that cells positively
selected for the KM93 epitope express higher levels of type II
chain LacNAc, a core structure for type 1l lactoseries oligosac-
charides, including sLe®. On the contrary, a decrease of this sub-
strate structure recognition by ECL lectin in the sle*-negative
variant suggests that these cells carry less of the type II LacNAc
substrate, possibly because of modification with other glyco-
syltransferases competing for the same substrate. Increased cell
surface N-linked B1—-6(GIcNAcBl—6Man is associated with
increased metastatic properties.”® ** L-PHA recognizes B(1—6)
branching structures with high affinity and specificity. This lectin
bound to all cell variants with no significant difference. Therefore,
this observation rules out the possibility of higher expression of
this epitope on sLe™-negative cells.

As shown in Figure lc. WGA, which is specific for both
GlcNAc and sialic acid, showed a significant increase in binding
to sLe“-positive cells, suggesting clevated levels of cither one or
both of these carbohydrates. To distinguish between GleNAc and
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sialic acid, we tested the binding of SWGA (Table I), which binds
only to GleNAc residues and not sialic acid. SWGA did not differ-
entiate significantly between the 2 subpopulations, implying that
the higher WGA binding to the positive variant is most likely due
to an increased level of terminal sialic acid residues. WGA and
SNA binding data suggest that the decrease in sialic acid on the
surface of the sle®-negative variant is most likely that of the
a(2—-3) linkage.

UEA-I, which reacts mostly with terminal «(l-—2)-linked
fucose residues,”' was also tested for binding (Fig. 1¢) and dis-
played significantly higher reactivity with the sLe*-positive var-
iant. Taken together, the lectin binding profile suggests that nega-
tive selection for the KM-93-reactive epitope resulted in a
decrease in terminal sialic acid and of fucosylated structures.
MAbs specific to Le* (BRA-4F1), sialylated dimeric Le™ (FH6),
sLe* (CA19-9), Le* (LE7), Le® (2-25LE) and Le¥ (BR55-2) did
not show reactivity with the 4T1 cell line or its variants (Table I).
Based on data obtained from MAbs, UEA-1, WGA and GS-1 bind-
ing, we believe that sLe*-negative cells are deficient in fucosylated
or sialylated epitopes, which are subunits of sLe”, and that modifi-
cation of a type II core structure by «l,2-fucosyltransferase or
agal-transferase is not responsible for the decreased level of sLe™.
NMR spectroscopy was employed to further characterize cell sur-
face glycan structures. "H NMR spectra of intact cells confirmed a
decrease in cell surface sialic acid in sLe*-negative cells, corrobo-

116.11 5
g

rating the WGA lectin binding data (data not shown). In sLe®-pos-
itive cells, the fucose resonance was more clearly observable than
that in sLe™-negative cells (data not shown). Together these results
suggest that the sLe® positive and -ncgative variants may have
similar cell surface glycomic phenotypes except for sLe™.

E-selectin differentially recognized sLe*-negative
and -positive cells

Murine 4T1 is a highly metastatic cell line, and based on its
reactivity with KM93 MAD, the expression of E- or P-selectin
ligand(s) on its surface is expected.’®**~* To investigate the func-
tional significance of the different cell surface carbohydrate
expression patterns, cells were tested for binding to E- and P-
selectin. Cells were incubated with recombinant mouse E- and P-
selectin/Fc (human 1gG) chimeras, and binding was assayed by
flow cytometry. E-selectin bound weakly to the original 4T1 cells,
and its binding increased after positive selection for the KM93-
reactive epitope (Fig. 2a). In contrast, E-selectin did not bind to
the sLe*-negative variant, Reactivity of P-selectin with selected
variants remained similar to the levels detected in binding to the
parental 4T1 cells. These results indicate that binding of E-selectin
to 4T1 cells correlates with the reactivity pattern of the KM93
antibody and that negative selection resulted in a cell variant defi-
cient in the E-selectin-reactive ligand sLe™.
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FIGURE 2 — (a) Analysis of mouse E- and P-selectin binding to the 4T1 cell line and its sLe™-negative and -positive variants by flow cytome-
try. Cells were first incubated with IgG-chimeric proteins and then stained with FITC-conjugated goat antihuman IgG (open histograms). Solid
histogram shows binding in the presence of 20 mM EDTA. Experiment was repeated 3 times, and histograms of one representative are depicted.
(b) Km93 and E-selectin histochemical binding in metastatic pulmonary tumors. sLe® antigen was expressed weakly on metastatic cells in lung
sections from mice bearing sLe*-negative variant tumor, as assessed by KM93 antibody. sLe™ antigen was strongly expressed on metastatic cells
in lung sections (arrowheads) from mice bearing sLe*-positive tumor variant. E-selectin reactivity with lung metastatic cells from animals bear-
ing sLe™-positive variant showed a diffuse moderate membranous pattern (arrowheads). In mice bearing sLe"-negative variant, metastatic cells
(arrowheads) in lung sections rarely bind E-selectin, with a weak, granular membranous pattern. A few stromal cells with the morphology of

endothelial cells are labeled (arrow).
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We further evaluated the stability of sLe* expression by histo-
chemical staining of the established lung tumor in sLe*-negative
and -positive tumor-bearing mice (Fig. 2b). In frozen lung sec-
tions, metastatic tumor cells from mice bearing the sLe*-positive
variant were strongly labeled with anti-KM93 antibody (Fig. 2b).
Fewer cells in sections from mice bearing sLe*-negative tumors
were labeled, and they stained less intensely than their sLe*-posi-
tive counterparts. We examined E-selectin binding characteristics
of the cell variants in vivo by labeling frozen lung sections from
mice bearing sLe*-negative and -positive tumors with E-selectin.
Metastatic tumor cells from mice bearing sLe™ -positive tumors
stained diffusely with a membranous pattern (Fig. 26). Metastatic
eells from the sLe*-negative variant were rarely labeled, and stain-

sLex-Pos

ing was less intense. Scattered stromal and pulmonary cells with
the morphology of endothelial cells in both sLe*-negative
and -positive vaniants were labeled with E-selectin, consistent with
expression of E-selectin ligands on endothelial cells. Taken
together, these results indicate that the enriched cell variants
retained the pattern of sLe™ expression in vivo.

The sLe*-negative variant displayed reduced cell—cell adhesion
and enhanced motility in vitro

Comparison of cell growth in vitre revealed a similar growth
rate for both sLe*-negative and -positive subpopulations (Fig. 3a):
however, a different growth pattern was observed (Fig. 3h). The
sLe*-positive variant, which is similar to the original 4T1, tended
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to grow in clusters with high densities. While clusters were also
visible in the sLe™-negative variant, this cell type had a tendency
to spread out individually and quickly on the plate surface. Shortly
after seeding the cells in vitro, sLe*-negative cells were observed
to scatter and cover the surface, while sLe®-positive cells grew in
separated clusters with surface void volume in between. To evalu-
ate the rate of migration, we conducted a wound-healing experi-
ment (Fig. 3¢). As illustrated, 24 hr after scraping, sLe*-negative
cells began to cover the scraped surface on the dish; and 48 hr
later, the scratched surface of the dish was mostly covered. In the
same time frame, sLe™-positive cells had yet to form separate col-
onies on the bare surface. These results suggest that sLe® oligosac-
charide may affect the cell—cell adhesion and motility properties
of the cells.

Lung colonization in spontaneous metastasis was enhanced in
sLe*-negative cells

Tumor transplantation with the cell variants expressing different
levels of sLe® was performed to evaluate their metastatic ten-
dency. Groups of mice were inoculated with both the positively
and negatively selected subpopulations 10 compare tumor metasta-
sis (Fig. 4). We observed a statistically significantly (p = 0.0031)
higher number of colonies of metastatic cells in the lungs from ani-
mals injected with sLe*-negative cells (Fig. 4). Compared to the
original 4T1 cell line, the number of colonies observed by clono-
genic assay in mice inoculated with both the sLe®-positive and nega-
tive variants was significantly different in the same incubation time
period.

Metastatic capacity of cell variants is related to the percentage
of sLe™-positive or -negative cells present in the subpopulations.
The percentage of sLe™-positive cells within each variant is nega-
tively associated with the average number of tumor colonies
observed in the clonogenic assay. As an average of multiple FACS
assays, the percentage of sLe*-positive cells was about 50% of the
parental line, while it was about 75% and 20% for the sLe*-posi-
tive and -negative variants, respectively. We observed a 2-fold
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drop in the percentage of sLe*-negative cells after positive selec-
tion, whereas the percentage of sLe®-positive cells decreased
2.5-fold after negative selection. We observed average numbers of
tumor colonies of 67 for the 4T1 parental line, 27.1 for the sLe*-
positive variant and 139 for sLe™-negative variant. The 2.5-fold
decrease of clonogenic lung metastatic cells after positive selec-
tion and the 2.1-fold increase after negative sclection correspond
to the fold increase or decrease in sLe®-positive cells, respectively.
These findings are consistent with the conclusion that over the
entire metastalic process sLe®-negative cells have an advantage
over sLe*-positive cells. The results indicate that in any primary
tumor mass with positive staining for sLe* oligosaccharide, an
sLe*-negative subpopulation might exist that does metastasize
very efficiently.

SLe™ expression affected the morphology of the primary tumor
mass and lung micrometastases

To detect morphologic differences in tumor cells and in the
interaction of tumor cells with blood vessels within primary
Lumors, 8 sections from tumors in sLe™-positive and -negative ino-
culated mice, taken at approximately 20 pm intervals, were eval-
uated histologically. Tumors from both variants had similar mor-
phology, with a similar mitotic rate and degree of intratumoral
necrosis. Cells were highly polymorphic and arranged in rows or
small clusters, with scant fibrous stroma. In 7 of 8 sections exam-
ined, sLe™-positive cells exhibited a strong tendency to elongate
with the long axis of the cells parallel to capillaries and arterioles,
forming streams and often whirling around vessels (Fig. Sa). In
contrast, sLe™-negative cells were more randomly oriented and
not observed to whirl around vessels {0 of 8 sections examined)
(Fig. 5b). However, another pattemn of cellular architecture was
observed in tumors of sLe*-negative cells. In 4 of 8 sections,
cuboidal tumor cells were occasionally arranged in 1 or 2 irregular
rows along capillaries and arterioles (Fig. 5b). In these areas, indi-
vidual tumor cells appeared to be polarized with respect to the



E-SELECTIN LIGAND AND LUNG COLONIZATION

P = 0.0031 vs sLex-Pos

300 P =0.03 vs 4T1

g o
=
9 -}
c
§_3 200
el @
3 0
- ] 8
2 € 100 8 P = 0.01 vs4T1
! : o
: g E

0 —— = —— —— = s ..., SRR

4T sLex-Pos sLex-Neg ‘

Caell variant ‘

e

FiGure 4 — sLe*-negative cells metastasize 10 the lung more than
sLe™-positive and original 4T1 cells. Mice (10/group) were inoculated
in the mammary fat and killed at day 26, organs were removed and
cell suspensions were prepared and cultured. The number of clono-
genic lesions was plotted. The experiment was repeated 3 times
(1012 mice/group) with similar results. Each circle corresponds to an
individual mouse.

basement membrane of the blood vessel. This pattern was not
observed in sections from sLe*-positive tumors.

Using 4T1 cells as a spontaneous pulmonary metastasis model,
it was shown that extravasation was not a prercquisite for meta-
static growth.** The authors showed that tumor cells proliferated
in blood vessels and then proliferating tumor cells massively
exiravasated via outgrowing the blood vessel. In our model, the
differences observed in the morphology of growth patterns in the
primary tumor suggest that modification in a carbohydrate epitope
and a subsequent alteration in cell—cell adhesion might impact the
pattern of micrometastases. Therefore, in the next step of our
investigation, we examined the morphology of lung micrometa-
stases.

Fluorescent microscopy was performed on the lungs of
tumor-bearing animals injected with GFP-expressing sLe™-ncga-
tive or positive tumor cells. At 4 weeks after tumor transplant,
mice (4/group) were killed and the entire lung surface was
scanned in search of fluorescent tumor cells. In both sets of
animals, several Jarge tumor colonies (>200 pm, diameter)
were detected. We screened areas in between the large lesions
for small clusters of cells to compare morphology of tumor cell
growth in early metastases. In more than 20 fields screened
randomly, sLe*-negative tumor cells tended to be seen as indi-
vidual cells or loosely organized groups of 2-3 cells without
extensive membranous contact (Fig. 5¢). However, small clus-
ters of tumor cells were easily visualized in most of the fields
screened in mice injected with sLe*-positive cells (Fig. 5d).
Also, metastatic clusters of sLe*-positive cells were extended in
a typical linear form from within capillaries. Such a linear
intracapillary form of solitary tumor was not found in lung sec-
tions of sLe*-negative-injected animals. Therefore, consistent
with the observed in virro growth pattem of cells, sLe*-nega-
tive and -positive variants demonstrated significant differences
in cellular morphology and pattern of tumor growth in the pri-
mary and secondary tumor sites.

Discussion

The involvement of both sLe™ and sLe® in metastasis via inter-
action with E- and P-selectins is addressed in the literature.*7
While we observed that the 4T1 cell line was deficient in sLe®, we
specifically selected a subpopulation with markedly diminished
expression of sLe* based on KM93 antibody binding, which is
specific for this epitope. We show in this report that negative
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selection for the sLe™ epitope resulted in enrichment for a subpo-
pulation of 4T1 cells with a high metastatic phenotype. Others
investigating the basis underlying the metastatic properties of
inflammatory breast carcinoma also showed, consistent with our
data, that a decrease or lack of sLe"’"fromoles passive metastasis
of tumor cells in a xenograft model.?>4¢ Together such findings
indicate that the conventional belief that metastatic tendency is
increased by upregulation of sialylated Lewis oligosaccharides
and a subsequent increase in tumor cell-endothelial cell adhesion
might be restricted to metastatic events associated with blood-
borne tumor cells.

An increasing body of evidence indicates that the reduction
in 40;:1}9 adhesion correlates with tumor invasion and metasta-
sis. Our results demonstrating differences in growth pattern
and cell morphology in vitro clearly indicate that these proper-
ties have been modified upon negative selection for the sLe*
epitope. We also observed, in situ, that cell variants had a ten-
dency to interact distinctly with the tumor vasculature. The
polarization of sLe*-negative cells with respect to the basement
membrane of capillaries and small arterioles may indicate a
greater propensity for vascular invasion compared to sLe*-posi-
tive cells, which tended to grow in elongated, streaming bun-
dles paralle] 10 blood vessels. Wyckoff er al.™ described simi-
lar vascular polarization in metastasis-prone vs. nonmetastasiz-
ing cell lines using in situ fluorescence microscopy of primary
tumors,

We also observed differences between the cell variants in the
morphology of pulmonary metastases. Tumor cells from the sLe™-
positive variant were observed growing as small clusters in a lin-
car fashion within capillarics. This is in accordance with the
results of Wong et al..*’ who demonstrated similar intravascular
growth in spontaneous metastasis of the murine 4T1 cell line.
Tumor cells from the sLe™-negative variant were observed within
capillaries as single cells adjacent to endothelium or as loose clus
ters of 2-3 cells without strong cell—ell interaction, and linear
growth within capillaries was not observed. These findings suggest
that sLe™-negative metastatic cells may have a reduced tendency
to grow as intravascular clusters and may undergo extravasation
more frequently.

Cell surface carbohydrate profiling indicates major differences
in the expression of sialic acid and fucose residues, which are con-
stituents of sLe™, based on different degrees of recognition using
lectins. Although the detailed structural delineation of oligosac-
charides has not been established, we ruled out core structural
modification and sialic acid replacement by either «(1—2)-linked
fucose or aGal. We did not detect significant differences in the
expression of B-1—-6-GlcNAc and of B-1-4-GIcNAc between
the cell variants based on lectin profile analysis. While the lectin
binding data suggest that major modification involves sLe™ epitope
loss, we do not dismiss the possible contribution of other factors
on the surface of the sLe*-negative variant, which may compen-
sate for the lack of sLe” epitope.

Since the composition of oligosaccharides contributes to the
folding, stability and biologic function of glycoproteins, expres-
sion of sLe* oligosaccharide could affect the adhesive propertics
of cells in an indirect way vig affecting molecules important in
adhesion. For instance, it has been proposed that the lack of sLe®
enhanced formation of tumor embolus via stronger E-cadherin
interaction within each embolus, which led to more efficient meta-
static dissemination.™® However, we did not observe any differ-
ence in anti-E-cadherin antibody binding to the cell variants (data
not shown) or emboli formation among the sLe™-negative subpo-
pulation in vitro or in situ, similar to the phenotype reported by
Barsky’s group.® A phenotype similar to what we observed has
been associated with an increase in -1—6-GlcNAc branching
structures on complex N-linked carbohydrates®' Replacing B-
1—6 branching structures with bisecting GlcNAc has led to
enhanced homotypic adhesion of tumor cells via increased func-
tional expression of E-cadherin.*? It has also been suggested that
integrins are involved in lung metastasis and that the tumor a3,
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FiGUuRe 5 — Histology of the primary tumor and in situ microscopy of lung in mice (4/group) inoculated with sLe*-positive (a.d) and -negative

(b.c) cells. (a,b) Tumor-bearing mice were killed 15 days after transplant; serial sections of solid tumors were prepared, stained with H&E and
examined under a light microscope: and images were taken at X20 magnification. In sLe*-positive tumor mass (@), arrow shows streams of
tumor cells parallel to and whirling around capillaries (stars). In sLe*-negative tumor mass (b). tumor cells (anow) are polalm,d in 1 or 2 irregu-
lar rows along a capillary (arrowhmd) Scale bar = 20 pm. (¢.d) Mice were inoculated with GFP- -expressing sLe"-negative (c) and -positive @
tumor cells. Twenty-eight days after the transplant, mice were killed and lungs were prepared for scanning using a Zeiss LSM410 laser scanning
microscope. Images were taken at X 63 magnification. sLe*-negative tumor ‘cells are present as individual cells or loosely associated groups of
2 or 3 cells within capillaries (c), in contrast to sLe*-positive cells, which exhibit linear clusters within capillaries (d). Lines indicate inner mar-

gins of capillary walls.

|ntu_r1n makes an important contribution in tumor arrest in the
lung.”™ The glycosylation profile of i mteanm has been implicated
in the modulation of their function.>** Theretoru sLe® expression
may modify the adhesion abilities of either E-cadherin or integrins
involved in metastasis. Further studies are needed to investigate
these possibilities.

The sLe* antigen, as an adhesion molecule, is thought to play a
crucial role in the metastatic cascade. Many studies have proposed
musunns% the surface expression of this antigen as a prognostic
marker® or as a target in treating metastasis through antiadhe-
sion therapy.!”*7 A review of studies performed on the role of
sLe® oligosaccharide in metastasis brings up an important issue.
What is the role of the sLe™ carrier or other coexpressed molecules
on the functional involvement of this antigen? The use of sLe* as
a prognostic indicator or a target makes more sense if it is com-
bined with the state of disseminated cancer cells or the status of
other markers, like nm23-H1 or CD24.°>%* For example, CD24 is
a P-selectin ligand and can mediate rolling of carcinoma cells on
P-selectin in vitro.5*%* It has been suggested that CD24 expression

might be considered as a prognostic marker.®> However, to create
a functional P-selectin ligand. CD24 should be modified with sLe*
and the expression of neither CD24 nor sLe* alone is sufficient to
facnhl.llc P-selectin binding and accumulation of tumor cells in the
lung.®® Our results suggest that while sLe” is an important tumor-
asxocnalpd antigen, there seems to be a substantial need to charac-
terize potential molecules carrying this oligosaccharide and that
evaluation of this oligosaccharide alone might have limited clini-
cal application.

Our findings support the concept that metastatic dissemination
may be facilitated as a consequence of increased tumor tissue dis-
aggregation mediated by reduction in sLe® expression on tumor
cells. We speculate that absence of the sLe™ oligosaccharide pro-
motes the metastatic behavior of the 4T1 cell line, possibly
through decreased adhesion at the primary tumor site, which
increases individual cell dissemination, resulting in increased
micrometastases. Entry into the circulation has also been
addressed by others as a critical step for dissemination of tumor
cells to distant organs.m' The results also suggest that the advan-
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tages that sLe™-expressing cells may have in the later steps of the
metastatic process due to more efficient extravasation do not com-
pensate for the increased efficiency of escape of tumor cells from
the primary lesion. Our results also suggest that any limiting role
for the E-selectin receptor® or other undefined sLe* receptors’ i
and the sLe* ligand itself in the hematogenous part of the metasta-
sis cascade in this model does not affccl the end point of the meta-
stasis process. Instead, sLe*-independent P-selectin-ligand inter-
actions with the P-selectin receptor on either endothelium or plate-
lets may play a role in the homing of metastatic cells in our
model. P-selectin ligands are expressed on human carcinomas®” %
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and play a role in metastasis.™*® P-selectin was observed to bind
very well to all of our subpopulations. In conclusion, our data indi-
cate that subpopulations in the primary tumor mass, which are low
or negative for sLe™ expression. should be considered as a poten-
tial source for micrometastases.
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