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Abstract

Complement-inhibitory proteins expressed on cancer cells can provide protection from antitumor
antibodies and may potentially modulate the induction of an immune response to tumor-associated
antigens. In the current study, we investigated the consequences of complement inhibitor down-
regulation on the effector and inductive phases of an immune response. Stable small interfering RNA-
mediated down-regulation of the complement inhibitor Crry on MB49 murine bladder cancer cells
increased their susceptibility to monoclonal antibody and complement in vitro. In a syngeneic model
of metastatic cancer, the down-regulation of Crry on i.v.-injected MB49 cells was associated with a
significant decrease in tumor burden and an increase in the survival of challenged mice. However,
monoclonal antibody therapy had no additional benefit. There was an antitumor 1gG response, but
the response was not effected by Crry down-regulation on inoculated tumor cells. Down-regulation
of Crry on MB49 cells resulted in an enhanced antitumor T-cell response in challenged mice
(measured by lymphocyte IFN-y; secretion), and CD8+ T cell depletion of mice prior to injection of
MB49 cells completely abrogated the effect of Crry down-regulation on tumor burden and survival.
Deficiency of C3 also abrogated the effect of Crry down-regulation on the survival of MB49-
challenged mice, indicating a complement-dependent mechanism. These data indicate that
complement inhibitors expressed on a tumor cell can suppress a T cell response and that enhancing
complement activation on a tumor cell surface can promote protective T cell immunity.

Introduction

Normal cells and cancer cells are protected from complement attack by membrane-bound
complement inhibitors. An important role for complement inhibitors in tumor immune evasion
is indicated by the fact that their expression is up-regulated in various types of cancer (1-10).
Human membrane inhibitors of complement are decay-accelerating factor (DAF; CD55),
membrane cofactor protein (MCP; CD46), and CD59. DAF and MCP inhibit complement
activation early in the pathway at the C3 level, whereas CD59 inhibits the formation of the
terminal cytolytic membrane attack complex (C5b-9). Mice express an additional and widely
distributed C3 inhibitor termed Crry.

As an immune effector mechanism, complement activation can lead to tumor cell opsonization
with C3, the release of bioactive and proinflammatory complement activation products (C3a
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and Cba), and direct tumor cell lysis. C3 deposited on tumor cells can engage C3 receptors on
immune cells and induce complement-dependent cell-mediated cytotoxicity and enhance
antibody-dependent cell-mediated cell cytotoxicity. Thus, regulating the activity of
complement inhibitors on target cells has the potential to enhance complement effector
mechanisms, and there is strong evidence indicating that interfering with complement
inhibitors expressed on tumor cells will enhance antitumor antibody therapy (reviewed in refs.
11-13). A number of approaches have been used to down-regulate or block the activity of
complement inhibitors and increase complement activation on tumor cells, including the use
of phospholipase C, various cytokines, neutralizing antibodies, bispecific antibodies, and small
interfering RNASs (SiRNA; refs. 14-22).

Almost all studies involving the regulation of complement inhibitor expression on tumor cells
have been done in the context of enhancing immune effector function, and more specifically,
enhancing antibody effector function. However, complement can also modulate the induction
of an adaptive immune response. A link between complement and acquired humoral immunity
has been known for some time, and it is now clear that complement plays an important role in
modulating T cell responses (for reviews, see refs. 23-25). Recent studies have shown that
DAF suppresses T-cell immunity against autoantigens and alloantigens and virus via its
regulatory effect on complement activation, although the studies differed with respect to
whether DAF expression on both T cells and antigen-presenting cells (APC) or T cells alone
modulated T-cell proliferation (26-29). Other studies have shown that complement regulators
can regulate T-cell responses independent of complement (25,30). There is no data available
on the role of complement inhibitors and complement in T cell immunity to tumors, although
an earlier study showed that mice vaccinated with irradiated tumor cells pretreated with anti-
Crry antibody were protected from subsequent challenge, and that survival correlated with
increased IgM titers and high splenocyte cytotoxicity in two of three samples isolated from
surviving mice (22).

The initial aim of the current study was to determine if the down-regulation of an inhibitor of
complement activation (Crry) expressed on tumor cells would enhance the outcome of
antibody-mediated immunotherapy. For these studies, monoclonal antibody (mAb) therapy
was directed against the human cancer-associated antigen MUC1, and we used MUC1
transgenic mice inoculated with the syngeneic bladder cancer cell line MB49 stably expressing
MUCL1. We report that the down-regulation of Crry on inoculated tumor cells significantly
enhanced the survival of mice receiving anti-MUC1 mAb therapy, but that the down-regulation
of Crry in the absence of mAb therapy resulted in a similar survival benefit. We therefore
investigated the role of tumor-expressed Crry and complement on humoral and cellular
antitumor immunity in terms of both an immune response to MB49 cells and to the tumor-
associated antigen MUC1. The use of MUCL1 transgenic mice, which express the transgene in
a pattern and level consistent with that seen in humans (31), allowed the study of immunogenic
responses to a clinically relevant antigen within the context of autoimmunity and tolerance.
We report that the down-regulation of a C3 inhibitor (Crry) on MB49 had no effect on antibody
response, but conferred protective immunity against MB49 tumors that was dependent on
complement and a cytotoxic T cell response.

Materials and Methods

Cell lines

The mouse bladder cancer cell line MB49 was provided by Dr. Timothy Ratliff (Department
of Urology, University of lowa, lowa City, lowa) and was grown at 37°C in 5%CO, in RPMI
1640 with 10% heat-inactivated fetal bovine serum, 100 units/mL of penicillin, and 100 pg/
mL of streptomycin.
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A total of eight anti-mouse Crry siRNA were designed by and purchased from Qiagen as part
of their “4-for-silencing” product line. The anti-Crry siRNA most effective at down-regulating
Crry expression on MB49 cells in vitro (5-CCAGAGAAGACUUUCAUUAdTT-3") was used
in all subsequent experiments and for the preparation of stable transfectants (below).

Vectors and stable cell lines

Antibodies

Mice

Vectors expressing human MUC1 (phCMV1-MUC1) and/or anti-Crry siRNAs were
transfected into MB49 cells. phCMV1-MUC1 was kindly provided by Dr. Sandra Gendler
(Mayo Clinic, Scottsdale, AZ). The vector encoding the anti-Crry siRNAs was constructed
using the psilencer-2.1-U6 hygro siRNA expression vector kit from Ambion following the
manufacturer’s protocol. Each of the vectors were subsequently transfected into MB49 cells
using Lipofect AMINE reagent according to the manufacturer’s protocol (Invitrogen).
Following selection, stable populations of cells expressing low levels of Crry (MB49/
Crry!®") and a cell line expressing human MUC1 and low levels of Crry (MB49/MUC1*/
Crry!oW) were isolated by flow cytometry. Control cell populations for in vitro and in vivo
experiments were prepared by transfecting MB49 cells with empty pHCMV1 vector and/or
with scrambled anti-siRNA sequence (MB49/Crry"®™Mal and MB49/MUC1*/Crrynormal cel|s).
Stable populations of desired cells were selected by fluorescence-activated cell sorting as
previously described (32).

BCP8 (33), an anti-MUC1 IgGy, antibody was kindly provided by Dr. I.F. McKenzie (Austin
Research Institute, Heidelberg, Australia). Anti-mouse CD8 antibody (53.6.72) was obtained
from Bio-Express Cell Culture Services. Anti-mouse Crry mAb 5D5 was provided by Dr. V.M.
Holers (University of Colorado Health Science Center, Denver, CO), anti-mouse DAF mAb
Riko-3 by Dr. H. Okada (Nagoya City University School of Medicine, Aichi, Japan), and the
anti-mouse CD59 mAb 3B3 by Dr. B.P. Morgan (Cardiff University, Cardiff, United
Kingdom). FITC-conjugated anti-mouse C3 was purchased from ICN Biomedicals, Inc., and
all other FITC-conjugated antibodies for flow cytometry were purchased from Sigma.

MUCL1 transgenic mice (MUC1Tg) were purchased from the Mayo Clinic or raised from an
in-house colony at the Medical University of South Carolina (Charleston, SC). Wild-type
C57BL/6 mice were obtained from the National Cancer Institute. C3-deficient mice were
purchased from Jackson Laboratories. Male mice were used for experiments, but females were
included in some groups of MUC1Tg mice (there was no difference in measurable outcomes
between males and females). Mice were housed in a clean room and food and water was
sterilized. All animal procedures conformed to the rules and regulations provided by the
Institutional Animal Care and Use Committee.

In vitro assays

Analysis of membrane complement inhibitor expression was performed by flow cytometry as
described (32). For in vitro analysis of C3 deposition on MB49 cells transfected with human
MUC1 and/or anti-Crry siRNA, 5 x 10° cells were resuspended in 50 uL of PBS with or without
BCP8at 20 pg/mL and incubated for 30 min at 4°C. After washing, cells were resuspended in
50 uL of 30% mouse serum diluted in gelatin veronal-buffered saline (Sigma) and incubated
for 30 min at 37°C. Cells were then washed with gelatin veronal-buffered saline containing 10
mmol/L of EDTA, incubated with FITC-conjugated goat anti-mouse C3 (30 min/4°C), and

washed twice. Finally, cells were suspended in PBS containing propidium iodide (10 pg/mL)
and analyzed by flow cytometry. Crry expression was analyzed in metastatic lung nodules and
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analyzed on isolated tumor cells by flow cytometry as previously described (34). Complement-
mediated cytotoxicity was determined by propidium iodide incorporation using flow cytometry
as previously described (35).

Metastatic bladder cancer model and anti-MUC1 antibody treatment

Mice were inoculated with tumor cells (5 x 10°) suspended in 0.1 mL of PBS by tail vein
injection. Some groups were given i.v. injections of 100 ug of BCP8 on days 1 and 3 following
tumor cell injection. For survival studies, mice were followed until the time of death, signs of
suffering or until weight loss was determined to be >15% of their initial body weight. Mice
were examined postmortem for the presence of metastatic lesions in the lungs. In alternative
studies, all mice were sacrificed at day 17 following tumor cell injection and necropsies were
done to examine the number of lung metastases, lung weight and antitumor antibody, and T-
cell immune responses. In addition, lung sections were cut for H&E staining.

Analysis of antitumor antibody responses

The serum of treated mice was analyzed for the presence of anti-MUCL1 and anti-MB49 IgM
and 1gG antibodies using a flow cytometry-based method. Serum was collected from mice
prior to tumor cell injection (day 0) and at the time of sacrifice (day 17). Tumor cells were
incubated with diluted (1:3) serum samples. To detect MUC1-specific antibody responses,
MB49/MUC1* target cells were used with vector-transfected MB49 as control, and to detect
MB49-specifc responses, MB49/vector cells were used. After washing, cells were resuspended
in 50 pL of anti-mouse IgM or IgG FITC-labeled antibody (final concentration, 1:100). Cells
were then washed, resuspended in a PBS/isoelectric point solution and analyzed in a flow
cytometer.

Analysis of antitumor T cell responses

Mice were sacrificed at day 17 following tumor cell injection and their spleens removed.
Splenocytes were isolated and resuspended in complete medium (RPMI 1640 with 10% heat-
inactivated fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL streptomycin) at a
concentration of 1 x 108/mL. Tumor cells used as targets for the assays were irradiated (30
Gy), washed thrice with PBS, and resuspended in complete medium at a concentration of 1 x
108/mL. Subsequently, splenocytes and tumor cells were incubated at a ratio of 1:1 (104 cells)
in 96-well plates at 37°C. Forty-eight hours later, supernatants were collected and analyzed
for the presence of IFN-y via ELISA according to the manufacturer’s protocol (BD
Biosciences). As a confirmatory procedure, ELISPOT assays for IFN-y were also carried out
using T cells purified from MUC1Tg mice. CD3+ cells were isolated by cell sorting using a
BD Biosciences FACSaria system in which isolated splenocytes were labeled with a PE-
conjugated anti-CD3 antibody and subsequently selected by cell sorting. The purity of the
isolated CD3+ cells was consistently >98%. T cells and tumor cells were incubated in the wells
of ELISPOT plates at an effector/target (E:T) ratio of 20:1. Forty-eight hours later, cells and
supernatants were removed, and the ELISPOT membranes stained for IFN-y-secreting cells.

In vivo depletion of CD8+ cells

To achieve depletion of CD8+ cells in vivo, mice were injected on 3 consecutive days and
every 3rd day thereafter with 200 pg of anti-mouse CD8 antibody (53.7.62). Tumor cells were
injected on day 6 after the first antibody injection and mice were followed until the time of
death or until weight loss of >15% of their original body weight was observed. Depletion was
verified by anti-CD8 flow cytometric analysis of isolated splenocytes and circulating
lymphocytes.
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Lungs were harvested at the time of death and fixed in 10% formalin. Fixed tissues were
processed, embedded in paraffin, sectioned at 5 um, and stained with H&E. Lung sections were
analyzed for the presence of metastatic lesions. Paraffin-embedded sections of lung tissue were
also stained for C3d (Dako Cytomation). Primary antibody binding was visualized by
streptavidin biotin complex detection system and visualized by 3'3-diaminobenzidine substrate
(Sigma). The specificity of immunostaining was shown by the absence of signal in sections
incubated with isotype control antibody and by omission of primary antibody. Sections were
counterstained with Carazzi hematoxylin and examined by light microscopy.

Statistical analysis

Results

Student’s t tests were used to determine statistical differences. The log-rank test was applied
to determine differences in survival curves. Significance was accepted at the P < 0.05 level.

In vitro characterization of cell lines

Initial studies using flow cytometry determined that the MB49 mouse bladder cancer cell line
did not express DAF (CD55), MCP (CD46), or CD59, but expressed high levels of Crry (data
not shown). A total of eight sSiRNA’s were tested for their efficacy at down-regulating the
surface expression of Crry on MB49 cells. Of the eight SIRNA’s tested, one construct (see
Materials and Methods) down-regulated the expression of Crry by >90% and was used for the
preparation of the stable transfectants described below. An initial aim of the current
investigation was to determine the effect of complement inhibitor down-regulation on the
outcome of mAb therapy in the context of autoimmunity and tolerance, and four MB49 cell
lines were prepared for study in syngeneic wild-type and MUC1 transgenic mice: (a) wild-
type control-transfected (MB49/Crry™©mal): (h) MUC1-transfected (MB49/MUC1*/
Crrynormaly- (¢) wild-type anti-Crry siRNA-transfected (MB49/Crry!oW): (d) MUC1-
transfected, anti-Crry siRNA-transfected (MB49/MUC1*/Crry!W: refer to Fig. 1A).

The effect of Crry down-regulation on the complement-regulatory activity of MB49 cells was
investigated using the stable MUCL transfectants and anti-MUC1 mAb BCP8to activate
complement. Following incubation of cells with BCP8and mouse serum, there was a
significantly increased amount of C3 deposited on MB49/MUC1*/Crry!®% compared with
MB49/MUC1*/Crrynomal (~ 750 increase, P < 0.001; Fig. 1B). In addition, MB49/MUC1*/
Crry!oW were significantly more sensitive to rat complement-mediated lysis than MB49/
MUC1*/Crrynomal jn the presence of BCP8 (Fig. 1C). Thus, Crry down-regulation increases
the susceptibility of MB49 cells to complement. Mouse Crry is active against rat complement
and rat serum was used in lysis assays because mouse serum is poorly lytic in vitro. C3
deposition and lysis of MB49/Crry"°™mal and MB49/Crry'®W in vitro was not determined due
to the unavailability of a complement-activating antibody. The down-regulation of Crry on
MBA49 cells had no significant effect on in vitro activation of the alternative pathway of
complement; in a separate experiment, when the above C3 deposition assay was performed
using either C4-deficient (no classical pathway) of fB-deficient (no alternative pathway) serum,
C3 deposition levels on Crry!®% cells obtained with C4-deficient serum were <10% of levels
obtained with fB-deficient serum (data not shown).

Effect of Crry down-regulation on mAb therapy

To determine the effect of Crry down-regulation on the outcome of anti-MUC1 mAb therapy
in a metastatic setting, MUC1Tg mice were inoculated i.v. with either MB49/MUC1*/
Crrynormal or MB49/MUC1*/Crry!oW and treated with mAb BCP8(100 pg, 1 and 3 days after
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tumor challenge). Anti-MUC1 mAb therapy had no effect on the survival of MUC1Tg mice
inoculated with Crry™mal cells, with mice receiving either PBS or BCP8 therapy having
similar mean survival times (22 + 3.7 and 23 * 4.6 days, respectively; Fig. 2A). In contrast,
BCP8 therapy significantly increased the survival of MUC1Tg mice that were inoculated with
Crry'oW cells, with these mice surviving an average of 38 + 7.3 days and with 50% long-term
survival (60 days; P < 0.001). Surprisingly, however, there was no difference in survival
between BCP8and PBS-treated MUC1Tg mice that were inoculated with Crry'oW cells (Fig.
2A). These data indicate that the down-regulated expression of Crry on tumor cells was
responsible for the prolonged survival of mice inoculated with MB49 independent of mAb
therapy. We therefore inoculated wild-type mice with MB49/Crry"omal and MB49/Crry!oW to
determine the effect of Crry down-regulation independent of MUCL1 antigen expression and
mAb therapy. Similar to the MUC1Tg mice, wild-type mice inoculated with Crry!oW cells
survived significantly longer than wild-type mice inoculated with Crry™mal cells (P < 0.01;
Fig. 2B); the mean survival time of wild-type mice inoculated with Crry"®™al yas 23.8 + 6.6
days with no long-term survival, where as 60% of wild-type mice inoculated with Crry!ow
survived long-term with the remaining mice having a mean survival of time of 37 + 4.2 days.
We did not complete studies involving antibody therapy of wild-type mice inoculated with
MUC1-transfected tumor cells because a protective anti-MUC1 immune response is elicited
in wild-type mice (31,36).

Following i.v. injection of MB49 cells, mice developed lung metastases, and the effect of Crry
down-regulation on metastatatic tumor burden was investigated. MUC1Tg mice were
challenged with either MB49/MUC1*/Crryn°™mal or MB49/MUC1*/Crry'®W¥, and wild-type
mice challenged with either MB49/Crry"omal or MB49/Crry!oW, Seventeen days after
challenge, lungs from MUC1Tg and wild-type mice injected with Crry!®W cells had
significantly fewer metastases and a significantly lower mass than lungs from mice inoculated
with Crrynomal ce||s (Fig. 3). Macroscopically, lungs from mice (both MUC1Tg and wild-
type) challenged with Crry"mal cells had a high number of large metastatic surface tumors
with little normal lung tissue visible. Microscopically, these lungs had large multifocal tumors
located throughout the lung parenchymal tissue with areas of vascular infiltration also noted
(Fig. 4). In contrast, macroscopic examination of lungs from mice challenged with Crry!ow
revealed few, if any, visible tumor deposits (Fig. 4). Tumors were also examined for C3
deposition. Analysis of lung nodules by anti-C3d immunohistochemistry showed C3
deposition on tumors in mice inoculated with either MB49/Crry!W or MB49/Crrynomal ce||s,
It was not possible to discern any significant difference in staining intensity. Of note, however,
there were very few metastatic nodules found in any of the mice inoculated with MB49/
Crry!oW and flow cytometric analysis of isolated tumor cells showed that the cells had up-
regulated their expression of Crry (data not shown).

Effect of Crry down-regulation on antitumor and anti-MUC1 antibody response

Complement plays an important role in modulating humoral immunity, and C3 opsonization
of an antigen can influence the induction and enhancement of an antibody response (23,24).
We therefore investigated whether the decreased tumor burden and increased survival that was
associated with Crry down-regulation on MB49 might be due to the induction/enhancement
of an antitumor antibody response resulting from the expected enhancement of C3 deposition
on the tumor cells/MUCL. As in previous experiments, MUC1Tg mice were challenged with
either MB49/MUC1*/Crry"°mal or MB49/MUC1*/Crry'®W, and wild-type mice with MB49/
Crrynormal oy MB49/Crry!oW, Serum was prepared from blood collected before tumor challenge
(day 0) and at day 17, and analyzed for relative levels of anti-MUC1 antibodies and anti-MB49
antibodies in MUC1Tg and wild-type mice, respectively. As has been reported previously
(31), MUC1-reactive IgM was present in the serum of naive MUC1Tg mice. However, there
was no significant increase in the relative levels of anti-MUCL1 IgM in MUC1Tg mice
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challenged with either Crry"ormal or Crry!oW MB49/MUC1* cells (Fig. 5A). Similarly, there
were MB49-reactive IgMs in serum from naive wild-type mice, and there was no increase in
relative IgM titers following challenge with either Crry"ormal or Crry!oW MB49 cells (Fig.
5A). Analysis of 1gG, on the other hand, revealed a significant increase in both anti-MUC1 and
anti-MBA49 titers in challenged mice. However, for both MUC1Tg and wild-type mice, there
was no difference between relative 1gG titers in mice challenged with either Crrynormal o
Crry'oW cells (Fig. 5B). Thus, although an 1gG response to MB49 as well as MUC1 was elicited
in wild-type and MUC1Tg mice, respectively, it was not affected by decreased Crry expression
and, by inference, increased C3 deposition on tumor cells.

Effect of Crry down-regulation on antitumor T-cell response

Complement is known to play a role in the induction and effector phases of a T cell response
and recent studies have shown that the complement regulator DAF, which like Crry functions
at the C3 activation stage, can suppress T cell immunity in a complement-dependent manner
(27,28). These previous studies differed with respect to whether DAF expression on both T
cells and APCs or T cells alone modulated T cell proliferation. We investigated whether the
down-regulation of Crry on a tumor cell influenced the induction of an antitumor T cell
response.

MUC1Tg and wild-type mice were inoculated with either Crry"®™al or Crry!oW tumor cells,
and on day 17, the mice were sacrificed and their splenocytes isolated. Following in vitro
stimulation, the amount of IFN-y released by the splenocytes was quantified. Splenocytes from
MUC1Tg and wild-type mice challenged with Crry!" tumor cells secreted significantly higher
amounts of IFN-y compared with splenocytes isolated from mice challenged with Crrynormal
tumor cells (P < 0.01; Fig. 5C). Similar relative levels of IFN-y secretion were measured when
splenocytes were incubated with MUC1-negative MB49, indicating that the response was not
MUC1-specific. These results provide evidence that expression of Crry on tumor cells
suppresses antitumor T cell immunity in vivo and that the down-regulation of Crry leads to the
induction of an antitumor T cell response in this model of metastatic cancer. T-cell response
in MUC1Tg mice was also assayed by IFN-y ELISPOT assay using purified T cells, and a
similar result was obtained. The average number of IFN-y-secreting T cells per well was
significantly higher in mice inoculated with MB49/MUC1*/Crry!W cells compared with T
cells from mice injected with MB49/MUC1*/Crryn°™™mal ce||s (data not shown). Note that
Crrynormal cells used for inoculation were control-transfected with scrambled anti-Crry siRNA
to rule out the nonspecific effect of plasmid transfection on immune response. There was no
significant difference in IFN-y release from splenocytes isolated from MUC1Tg or wild-type
mice in assays using either Crry!®W or Crry"ormal ce||s as target cells (data not shown).

Survival of mice challenged with Crry!®¥ tumor cells was dependent on CD8+ T cells

An antitumor 1gG response was elicited in MB49 challenged mice, and although this response
was independent of Crry expression, the Crry!®" tumor cells may be more susceptible to IgG-
mediated destruction due to their enhanced susceptibility to complement. Therefore, to
determine if the antitumor T-cell response, specifically a cytotoxic T-cell response, occurring
in mice inoculated with Crry'®W cells was responsible for the protection of challenged mice,
we investigated the effect of CD8* T-cell depletion on the survival of mice inoculated with
Crry!W tumor cells.

MUC1Tg and wild-type mice were depleted of CD8" T-cells by treatment with anti-CD8 mAb
as previously described (37-39), and depletion from the circulation and spleen verified by flow
cytometric analysis (see Materials and Methods; data not shown). Normal and CD8* T-cell-
depleted MUC1Tg and wild-type mice were challenged with MB49/MUC1*/Crry!'°W and
MB49/Crry!oW respectively. Challenged CD8* T-cell-depleted MUC1Tg mice had a
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significantly shorter survival (27.2 + 1.3 days with no long-term survival) than normal
MUC1Tg mice (37 + 8.3 days with 60% long-term survival; P < 0.01; Fig. 6A). Similar results
were obtained with wild-type mice (CD8+ T-cell-depleted, 19.2 + 0.83 days with no long-term
survival versus normal, 37 = 4.2 days with 60% long-term survival; P < 0.01; Fig. 6B). For
both MUC1Tg and wild-type mice, there was no difference between the survival of CD8+ T-
cell-depleted mice inoculated with Crry!W cells and undepleted mice inoculated with
Crrynomal cel|s, indicating a primary role for CD8* T-cells in the protective antitumor response
resulting from Crry down-regulation.

Survival of mice challenged with Crry!®¥ tumor cells was dependent on complement

Previous studies have indicated that complement inhibitors can influence T-cell responses via
both complement-dependent and complement-independent mechanisms. In addition, a
previous study in a rat model of cancer showed that expression of Crry on tumor cells inhibited
natural killer cell-mediated cytotoxicity by an apparently complement-independent mechanism
(although Crry did not have a similar effect in a mouse system; ref. 40). The above in vitro
data show that complement deposition on MB49 cells is significantly enhanced if Crry is down-
regulated, and we therefore investigated whether antitumor T-cell immunity induced as a result
of Crry down-regulation on MB49 cells is complement-dependent.

C3-deficient (C3-/-) mice were inoculated with either MB49/Crrynomal or MB49/Crry!®W and
their survival compared with inoculated wild-type mice. There was no significant difference
in the survival of C3-/- mice inoculated with either Crry"omal or CrryloW cells, and the survival
of the C3-/- mice challenged with Crry!®W cells was significantly shorter than that of wild-type
mice injected with the same cell line (26.3 + 7.9 days with no long-term survival versus 37.2
+ 4.2 days with 60% long-term survival; P = 0.009; Fig. 6C). Thus, C3 deficiency abrogated
the effect of Crry down-regulation on the survival of MB49 challenged mice. These data
indicate that the induction of an antitumor T-cell response resulting from the down-regulation
of Crry is largely complement-dependent and indicate that enhancing complement activation
by a tumor cell can elicit protective T-cell immunity. On a technical note, we were unable to
obtain any C57BL/6 MUC1Tg/C3-/- offspring following the crossing of C57BL/6 MUC1Tg
mice with C57BL/6 C3-/- mice.

Discussion

Interfering with the function of complement inhibitors increases the susceptibility of tumor
cells to antibody and complement-mediated immune mechanisms, both in vitro and in vivo
(reviewed in refs. 11-13,17,41), and complement inhibitor expression is up-regulated in many
types of cancer (1-10). These findings suggest a role for complement inhibitors in tumor
immune evasion and resistance to humoral immunity. In particular, complement inhibitors
expressed on tumor cells are considered to hinder the effectiveness of mAb therapy. In this
study, we show that complement inhibitor expression on a tumor cell can also modulate
protective T cell immunity.

The initial aim of this study was to investigate the role of membrane-expressed complement
inhibitors in the resistance of tumor cells to mAb therapy, and we developed a syngeneic model
based on anti-MUC1 mAb therapy in MUC1Tg mice to study therapy against a relevant human
tumor antigen in the context of autoimmunity and tolerance. However, in our model, down-
regulation of the complement inhibitor Crry on MUCL1" MB49 cells prior to their inoculation
was protective for mice whether or not they received anti-MUC1 mADb therapy. A potential
explanation for this finding is that Crry down-regulation on MB49 cells resulted in the
induction/enhancement of an effective antitumor antibody response due to increased
complement activation and C3 deposition on MB49/Crry!oW cells relative to MB49/
Crrynomal ce|ls, In this regard, it is known that complement activation products and
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complement opsonization of antigen can significantly enhance the antibody response (23,24).
However, although there was an 1gG response to both MUC1 and MB49 cells, it was unaffected
by the down-regulation of Crry on the tumor cells. Thus, although anti-MUC1 and anti-MB49
IgM was present in naive mouse serum, and the down-regulation of Crry on MB439 cells would,
in principle, result in increased C3 deposition on the tumor cells, the level of Crry expression
did not influence antibody response. Another possible reason for the protective effect of Crry
down-regulation is an enhanced susceptibility of the tumor cells to antibody effector function,
i.e., C3 opsonization and complement-dependent lysis. However, the down-regulation of Crry
on MBA49 cells resulted in an enhanced antitumor T cell response, and CD8+ T cell depletion
completely abrogated the increased survival seen in mice challenged with Crry'®¥ versus
Crrynomal ge||s, These data indicate that a cytotoxic T cell response induced as a result of Crry
down-regulation on the tumor cells was primarily responsible for providing protective
immunity.

Previous studies have shown that complement inhibitors expressed on APCs and/or T cells can
modulate T cell immunity, and both complement-dependent and complement-independent
mechanisms have been described (for review, see refs. 25,30). Studies on T cell immunity in
DAF (CD55)-deficient mice have shown that DAF can regulate T cell immunity against model
antigens, autoantigens and alloantigens, and during a natural immune response to viral infection
(26-29). These previous studies also showed that the effect of DAF in modulating T cell
immunity was dependent on an active complement system, although there were discrepancies
on the relative role of APC-specific versus T cell-specific expression of DAF. The current data
relate to the expression of a complement inhibitor on a tumor cell, and because the survival
benefit of MB49 Crry down-regulation was abrogated by C3 deficiency, the data indicate that
Crry modulates T-cell immunity via a largely complement-dependent mechanism.

Although there may be some differences depending on the immune model, recent
investigations into the mechanism of complement-dependent T cell differentiation indicate an
important role for C5aR signaling (26,27). Furthermore, data indicate that locally generated
C5a produced following APC and T-cell interaction can play an important role in T cell
differentiation (via APC IL-12 production; ref. 26). In these previous studies, T cell responses
were studied in the context of DAF expression on APCs and T cells. In the current study, if
Cb5a is playing an important role in the development of antitumor T cell immunity via its
interaction with C5aR on APCs and/or T cells, it is presumably doing so as a result of increased
complement activation at the tumor cell surface. In the case of APCs or T cells, the absence or
down-regulation of a complement regulator is thought to permit complement activation. The
mechanism of complement activation is not clear, although the alternative pathway, which can
activate spontaneously on surfaces lacking complement inhibitors as well as function as an
amplification loop, has been implicated in the T cell response (27). In the current tumor model,
we have shown the presence of anti-MUC1 and anti-MB49 IgM in naive mice, and these
antibodies may be responsible for activating complement on the tumor cells. Anticancer
antibodies are frequently found in patients with cancer, and in particular, anti-MUC1 IgM is
found in patients with MUC1-positive cancer (42-46).

An anti-MUC1/MB49 IgG response was also induced in our model, but is unlikely to have
contributed to the induction of the complement-dependent T cell response that was measured
17 days after tumor cell inoculation. Nevertheless, 1gG can enhance T-cell priming by
providing antigen access to exogenous and cross-presentation processing pathways via
activating FcgRs on APCs (47,48), and it is possible that antitumor antibodies, either induced
or passively administered for therapy, may positively modulate T cell immunity. In view of
the current data, it is also possible that antitumor 1gG may enhance T cell immunity via its
complement-activating properties, and strategies currently under investigation to enhance
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complement-dependent antitumor effector function of antibodies (11-13) may also promote a
T-cell immune response.

Increased complement opsonization of tumor cells as a result of Crry down-regulation could
also potentially promote T cell activation via the engagement of C3 receptors on APCs. The
engagement of APC C3 receptors by complement-opsonized cells and antigens can modulate
T cell responses by influencing APC cytokine expression profiles and by enhancing the uptake
of complement opsonized material for antigen presentation (reviewed in refs. 25,30). The
complement regulators MCP (CD46) and CD59 have also been shown to influence T-cell
responses. The cross-linking of TCR (CD3) and MCP, by either antibody or C3b ligand, can
induce a T-regulatory cell phenotype. In addition, the cross-linking of Crry on murine T cells
can promote T-cell activation and a Th2 response (25). Accordingly, increased C3 deposition
on tumor cells resulting from Crry down-regulation could potentially lead to the induction of
T-regulatory cells and suppression of a T-cell response, although such a model is not consistent
with the current data. Deficiency of CD59, an inhibitor of the terminal cytolytic membrane
attack complex, has also been shown to enhance T-cell activity in mice, although independent
of complement activation (30,49).

In summary, we have shown that complement inhibitor expression on a tumor cell can modulate
protective T cell immunity via a largely complement-dependent mechanism. This finding may
have significant therapeutic implications, and strategies under investigation to enhance
antitumor mAb effector function by increasing complement activation on tumor cells may also
promote an antitumor T cell response.
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Figure 1.

In vitro analysis of MB49 cell lines. A, stable cell lines expressing human MUC1 and/or anti-
Crry siRNA. MB49 cells were transfected with a vector expressing human MUC1 and/or a
vector expressing an anti-Crry siRNA. Stable populations were selected by multiple rounds of
fluorescence-activated cell sorting. Representative analysis of sorted populations by anti-
MUC1 and anti-Crry flow cytometry. B, effect of siRNA-mediated down-regulation of Crry
on the susceptibility of MUC1-positive MB49 cells to C3 deposition. MB49/MUC1* cells were
sensitized with anti-MUC1 mAb BCP8 and incubated in 30% MUC1Tg mouse serum (30 min/
37°C). Cells were washed and C3 deposition analyzed by anti-C3 flow cytometry. Cells
expressing anti-Crry siRNA had significantly higher amounts of deposited C3 (*, P <0.00001).

Cancer Res. Author manuscript; available in PMC 2009 August 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Varela et al.

Page 14

C, effect of sSiRNA-mediated down-regulation of Crry on susceptibility of MUC1-positive
MBA439 cells to complement-dependent lysis. MB49/MUC1* cells were sensitized with anti-
MUC1 mAb BCP8 and incubated in various concentrations of rat serum (1 h/37°C). Lysis was
determined by flow cytometric analysis of propidium iodide incorporation. Crry!®¥ cells were
significantly more susceptible to lysis than Crry™™al cells (P < 0.001 for 10-40% serum; n =
6 for all experiments).
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Figure 2.

Effect of Crry down-regulation and antibody therapy on survival of mice challenged with tumor
cells. Groups of MUC1Tg mice (A) or wild-type mice (B) were inoculated i.v. with
Crrynormal or CrryloW MB49 cells as indicated. In the MUC1Tg model, groups inoculated with
Crrynormal and Crry!oW also received anti-MUC1 mAb BCP8 therapy (100 g antibody on days
1 and 3 after challenge). A, MUC1Tg mice challenged with Crry!®W cells survived significantly
longer than MUC1Tg mice inoculated with Crryhidh cells (*, P < 0.001), independent of
whether they received anti-MUC1 mAb therapy. B, wild-type mice challenged with Crry'ow
cells survived significantly longer than wild-type mice challenged with Crryn°mal cells (*, P

< 0.01; n =5-10 per group).
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Figure 3.

Down-regulation of Crry on MB49 cells reduces their metastatic potential. MUC1Tg or wild-
type mice were inoculated with either Crryn®™al or Crry!oW cells. At day 17, lungs were
harvested and metastasis analyzed by liver mass and number of metastatic nodules. Lungs from
both MUC1Tg mice (A and B) and wild-type mice (C and D) injected with Crry!oW cells
weighed significantly less and had significantly fewer metastatic nodules than lungs from mice
inoculated with Crrynomal cells. Note that the number of metastatic nodules in lungs of mice
inoculated with MB49/Crrynermal ce||s was >300 (D), but because of the high number of
nodules, a more accurate determination was not possible (liver mass, P < 0.05 for MUC1Tyg
and P < 0.05 for wild-type; number of metastatic nodules, P < 0.001 for MUC1Tg and P <
0.001 for wild-type). Columns, mean; bars, SE (n = 7).

Cancer Res. Author manuscript; available in PMC 2009 August 15.




1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuely Joyiny vd-HIN

Varela et al.

Page 17

MUC1Tg

MBA49/MUC1+/Crrynormal

MB49/MUCL+/Crry'ow

Wild Type

MB49/Crrynormal

MBA49/Crry'ew

Figure 4.
Examination of lungs from mice challenged with Crry"®™mal and Crry!oW MB49 cells. MUC1Tg

and wild-type mice were inoculated with either Crry™™mal or Crry!oW cells and lungs harvested
at day 17. Macroscopic appearance of lungs and H&E-stained lung sections. Mice injected
with Crry'®W cells had a marked reduction in tumor burden compared with mice injected with
CrryNigh cells,
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Figure 5.

Analysis of humoral and cellular immune response following challenge with MB49 cells.
Serum from MUC1Tg mice (challenged with MB49/MUC1* cells) was analyzed for relative
levels of anti-MUCL1 IgM (A, top) and 1gG (B, top), and serum from wild-type mice (challenged
with MB49 cells) was analyzed for relative levels of anti-MB49 IgM (A, bottom) and 19G (B,
bottom). Analysis was performed by flow cytometric assay using MB49/MUC1* or MB49
cells as targets. Seventeen days after tumor challenge, there were no increases in anti-MUC1
or MB49 IgM titers (A). Relative IgG titers, however, were significantly higher in mice
challenged with both Crry"™al and Crry!'oW cells (B;*, P < 0.05). Columns, mean; bars, SE
(n=7). C, down-regulation of Crry on inoculated MB49 cells leads to the induction of an
antitumor T-cell response. MUC1Tg mice were inoculated with MB49/MUC1*/Crrynormal or
MB49/MUC1*/Crry'o%, and wild-type mice inoculated with MB49/Crrynormal or MB49/
Crry'oW. Splenocytes were isolated 17 days after inoculation and stimulated in vitro with MB49/
MUCL1" cells (MUC1Tg splenocytes) or MB49 cells (wild-type splenocytes). IFN-y levels in
culture supernatant were determined after 48 h by ELISA. Columns, mean; bars, SE (n = 7);
assays were performed in triplicate (*, P < 0.05).
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Figure 6.

Effect of CD8+ T cell depletion and C3 deficiency on survival of challenged mice. Untreated
and CD8+ T cell-depleted MUC1Tg mice (A) and wild-type mice (B) were challenged with
MB49/MUC1*/Crry'®W and MB49/Crry'oW, respectively. Depletion of CD8+ T cells led to a
significant decrease in the survival of challenged MUC1Tg and wild-type mice (*, P < 0.01),
indicating that increased survival of mice associated with Crry down-regulation on inoculated
MBA49 cells is dependent on CD8+ T cells (n = 5-10 per group). C, increased survival of mice
associated with Crry down-regulation on inoculated MB49 cells is dependent on complement.
C3-deficient and wild-type mice were challenged with either MB49/Crrynormal or MB49/
Crry'oW cells. The survival of C3-deficient mice challenged with Crry!W cells was significantly
shorter than that of wild-type mice injected with Crry'®W cells (*, P < 0.01, n = 5-6 per group).
Data from one of two experiments, each with similar results.
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