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Aside from its classical role in fighting infections, complement is an important, although poorly understood, com-
ponent of the tumor microenvironment. In particular, the tumor growth-regulatory activities of complement remain
under debate. To assess the role of the complement system in the progression of autochthonous mammary carcinomas,
we have crossed complement component 3 (C3)-deficient (C37) BALB/c male mice with BALB/c females expressing the
activated rat Her2/neu oncogene (neuT). Although neuT transgenic mice develop spontaneous mammary cancers with
100% penetrance, a significantly shorter tumor latency (i.e., earlier onset of the first palpable tumor), a higher frequency
of multiple tumors (multiplicity), and a dramatic increase in the tumor growth rate were found in neuT-C3~~ animals.
The accelerated tumor onset observed in neuT-C3~~ mice was paralleled by an earlier onset of spontaneous lung metas-
tases and by an increase in Her2 expression levels, primarily on the surface of tumor cells. The percentage of immune
cells infiltrating neuT carcinomas was similar in C3-deficient and C3-proficient mice, with the exception of a significant
increase in the frequency of regulatory T cells in neuT-C3~~ tumors. Of particular interest, the enhanced immunosuppres-
sion imparted by C3 deficiency clearly influenced the immunogenic phenotype of autochthonous mammary tumors
as neuT-C37~ malignant cells transplanted into syngeneic immunocompetent hosts gave rise to lesions with a signifi-
cantly delayed kinetics and reduced incidence as compared with cells obtained from neuT C3-proficient tumors. Finally,
increased blood vessel permeability was evident in neuT-C3~~ tumors, although a similar number of tumor vessels was
found in neuT and neuT-C3~ lesions. Altogether, these data suggest that complement plays a crucial role in the immu-

nosurveillance and, possibly, the immunoediting of Her2-driven autochthonous mammary tumors.

Introduction

There is a growing body of evidence that suggests that the
host immune system plays an important role in modulating the
development and spread of cancer, particulatly in its early stages.
Many of the cellular and molecular mechanisms by which immu-
nological processes exhibit enhancing? and hampering®~ effects
on the preliminary stages of neoplastic growth have been worked
out in detail.
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Complement is a critical participant of innate immune
defense systems. Moreover, complement activation products and
membrane-bound regulators interact with cells of the adaptive
immune response. Such immunological effector functions in
eliciting host defense and inflammation can also foster a role for
complement in tumorigenesis. Complement activation and sig-
naling mechanisms can be triggered at the site of tumor develop-
ment by damage-associated molecular pattern (DAMDPs) or upon
the infilcration of inflammatory cells expressing complement
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components.®® Spontaneous antitumor antibodies also play an
important role in mediating complement activation at the tumor
site.”"! Nevertheless, the role of the complement in tumor growth
and metastatic spread has not yet been sufficiently explored, and
contradictory findings have been reported so far.'*"? Previous
research has primarily evaluated the growth of transplantable
tumors in complement-deficient mice, while very few data
exist about the influence of complement on the development of
autochthonous tumors.

Genetically engineered mice that spontaneously develop
tumors as a consequence of defined genetic alterations, typically
upon the artificial insertion of exogenous DNA sequences into
their genome, allow scientists to study the progressive stages of
carcinogenesis and the natural occurrence of cancer.”'® These
mice are of special interest when they develop tumors that reca-
pitulate both the molecular and genetic changes found in human
cancers. The slow tumor progression, the natural occurrence of
invasion and metastasis, and the presence of a long-lasting inter-
action between the tumor, its environment and the host immune
system, allow indeed for a direct assessment of the relative contri-
bution of immune mechanisms to both the pace of oncogenesis
and the intensity of the forthcoming metastatic spread.”” One such
model permitting analysis of the progressive stages of mammary
neoplasia is provided by female transgenic mice expressing the
activated rat Her2/neu oncogene under the transcriptional con-
trol of the mouse mammary tumor virus promoter (neuT mice).”®
This transgenic mammary adenocarcinoma mouse model is par-
ticularly pertinent to human diseases in that it mimics several
features of the devastating progression and metastatic capabilities
of HER2* breast cancer in women."” From the 4th week of life,
cells in the rudimentary mammary ducts of neuT juvenile females
start to express Her2/neu, proliferate and form side buds. These
initial lesions appear as foci of atypical hyperplasia that gradually
coalesce to give rise to large carcinomas in situ, followed by the
development of invasive (and ultimately metastatic) carcinomas.
The shift from pre-neoplastic to invasive lesions is associated with
avigorous proliferation of microvessels that express o 3, integrin.”
These microscopic lesions become palpable through the skin, and
gradually occupy the bulk of the subcutaneous fibroadipose tissue
of the mammary pad. Moreover, waves of malignant cells dissemi-
nate from the primary lesion to the bone marrow during the 4th
to 9th weeks of age. Neoplastic cells also settle in lung capillaries
and vessels to form roundish intravascular nodules that eventually
invade the parenchyma.?

Although the overexpression of activated Her2/neu is suffi-
cient to drive mammary lesions in neuT mice, the pace of tumor
progression is significantly influenced by the nature of extracel-
lular matrix,?** by perforin-dependent immunosurveillance,?
and by the tumor-elicited mechanisms of immunosuppres-
sion.”*» Disease progression is also modulated by the cytokines
in the tumor microenviroment.”*? In particular, 4 transcrip-
tional networks centered around interleukin-1 3 (IL-1B3), tumor
necrosis factor a (TNFa), interferon y (IFNvy), and chemokine
(C-C motif) ligand 2 (CCL2, best known as MCP-1) are directly
linked to inflammation and become increasingly expressed along
with the development and progression of neuT carcinomas.” The
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presence of MCP-1 in the stroma of neuT neoplasms enhances
the rate of cancer progression, whereas the process is markedly
reduced when neuT mice are crossed with Cc/27~ animals. On
the other hand, the tumor-elicited expression of IFNvy plays a
inhibitory effect on tumor growth. In line with this notion, neuT
lesions developing in Ifng”’~ mice display intense angiogenesis
along with an accelerated disease progression.?*?’

In the current study, we evaluated the biological consequences
of defects in the complement system on mammary oncogenesis
by analyzing novel neuT transgenic mice lacking the complement
component 3 (neuT-C3~~ mice). The early onset and accelerated
progression of mammary cancer observed in these mice demon-
strated that the complement naturally functions to attenuate the
growth of Her2/neu* autochthonous mammary lesions. This pro-
tective effect of the complement system appears to rest on multiple
factors, including the inhibition of Her2/neu expression by tumor
cells as well as of their proliferative potential, a reduction in local
immunosuppressive mechanism and alterations in tumor vascular-
ization. In addition, neuT tumors arising in C3~~ mice are more
immunogenic than those developing in C3-proficient animals.
Taken together, our findings indicate that the complement system
is involved in the immunosurveillance of Her2* tumors.

Results

Spontaneous antitumor antibodies increase during cancer
progression in neuT mice

As cancer progresses, tumor epitope-reactive antibodies able
to specifically bind neoplastic cells are frequently found in cancer
patients.”" These anticancer antibodies are among the main mech-
anisms by which the complement system is activated at the tumor
site.” We thus evaluated whether antibodies capable of binding cul-
tured neuT-expressing TUBO cancer cells are present in the sera
of neuT mice (Fig. 1A). Thus, sera were collected from neuT mice
at various time points post-birth to evaluate antibody reactivity at
distinct tumor developmental stages, including mammary gland
diffuse atypical hyperplasia lesions (weeks 8—10), small multifocal
carcinomas (weeks 13-15) and large coalescing invasive carcino-
mas (weeks 19-21 and 34). Cytofluorometric studies upon staining
with anti-IgM antibodies showed that early in tumor development
the relative amount of TUBO-reactive circulating antibodies in
neuT and wild type BALB/c mice is comparable, with both groups
exhibiting low levels at 8-10 and 13-15 weeks of age. However,
TUBO-reactive antibodies significantly increased (2 < 0.03) in the
sera of neuT (but not of wild-type BALB/c) mice in the course
of disease progression, starting as early as 19-21 weeks post-birth
and increasing further at 34 weeks. A similar pattern was found in
neuT-C3~"~ mice, with sera from 19-21 week-old females display-
ing approximately double the amount of TUBO-binding antibod-
ies than sera from 13-15 week-old animals. Moreover, a significant
increase of spontaneous antitumor antibodies was observed in sera
from 19-21 week-old neuT-C3~~ mice as compared with those of
age-matched neuT animals (Fig. 1A).

Deposition of C3 fragments occurs in neuT carcinomas

Spontaneous antibodies directed against tumor-associated
antigens can trigger complement activation at the tumor site. To
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evaluate whether complement activation occurs in the mammary
glands of neuT mice in the course of tumor progression, we mon-
itored the presence of C3 fragments in the mammary neoplasms
by confocal immunofluorescence microscopy (Figure 1B). Upon
staining with an anti-C3b/iC3b/C3cantibody, C3 cleavage prod-
ucts were clearly evident in the tumor vasculature and stroma
of mammary neoplasms developing in neuT mice (Fig. 1B, left
panel), whereas they were absent, as expected, from neuT tumors
arising in C3~~ animals (Fig. 1B, right panel). While C3 cleavage
provides evidence that the initial steps of complement activation
occur at the tumor site, potentially leading to the generation of
complement effectors, it remains uncertain whether this actu-
ally results in the assembly of the membrane attack complex on
neuT tumor cells. In this regard, we have observed that neuT
cancer cells that harbor high levels of Her2/neu on their sur-
face also express elevated levels of the decay-accelerating factor
(CD55; Fig. S1).

The onset of autochthonous Her2/neu-driven carcinomas is
accelerated in neuT-C3~"~ mice

To assess whether the marked complement activation occur-
ring at the tumor site affects the development of mammary
lesions, we compared mammary tumor onset and growth in
neuT and neuT-C3~~ mice (Fig. 2A—C). In neuT-C3~~ mice, an
early onset of the first palpable lesions (2 = 0.0001; Figure 2A)
and higher mean tumor multiplicity (P ranging from 0.02
to < 0.0001; Figure 2B) were found as compared with neuT mice.
An earlier incidence and an elevated tumor multiplicity were also

*~ mice, relative to neuT

evident in C3 heterozygous neuT-C3
controls (Fig. S2). Moreover, tumors arising in neuT-C3~/~ mice
grew faster than those arising in neuT mice, achieving a prede-
termined tumor volume in a significantly shorter period of time
(P < 0.0001; Figure 2C). A comparative whole mount micro-
scopic analysis of the mammary glands showed that the progres-
sion from hyperplastic lesions to in situ carcinoma and invasive
solid carcinomas is accelerated in neuT-C3~~ mice (Fig. 2D-I).
While large microscopic lesions (equivalent to in situ carcino-
mas) become evident only from the 15th and 17th week of age in
neuT mice (Fig. 2D-F), they are already evident as early as 11
weeks of age in neuT-C3~~ mice (Fig. 2G). By week 15, neuT-
C3" lesions are notably enlarged (Fig. 2H) and at week 17 their
further expansion and clumping occupy the whole mammary
gland (Fig. 2I). Despite their different growth kinetics, carcino-
mas developing in neuT and neuT-C3~~ displayed a similar grade
of differentiation (Fig. 2J and L).

The accelerated tumor onset observed in neuT-C3~/-

mice
was paralleled by the earlier onset of spontaneous lung metasta-
ses (Table 1; Figure 2K and M), which were evident at week 15
(when the lungs of all neuT mice were still free of metastases).
Altrogether, these data point to the crucial role of C3 in hamper-
ing Her2/neu-driven autochthonous mammary carcinomas.

Accelerated carcinoma progression in neuT-C3™ mice is
associated with increased Her2/neu expression

As compared with mammary lesions arising in neuT mice,
tumors evolving in neuT-C3~ mice displayed an abun-
dant expression of the proliferation marker proliferating cell
nuclear antigen (PCNA; Figure 3A-C). This is in line with
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Figure 1. Increase in circulating spontaneous antitumor antibodies
and C3 fragment deposition in mammary tumor lesions in neuT mice.
(A) Titers of antibody recognizing TUBO cells in the sera of 8-10, 13-15,
19-21, and 34 week-old BALB/c (n = 6-10; gray bars), neuT (n = 6-11;
black bars) and neuT-C3 (n = 6-12; white bars) mice. TUBO cells were
incubated in the presence of diluted sera and antibodies binding to the
TUBO cells were detected upon staining with fluorescent anti-IgM anti-
bodies and flow cytometry. Results are expressed as MFI (mean + SEM
n = 4 independent experiments). *P = 0.03, 2-tailed Student t-test. (B)
Confocal microscopy of frozen tumor sections labeled with anti-C3b/
iC3b/C3c antibodies (red), anti-CD31 antibodies (green) and TO-PRO"-3
iodide (blue, recognizing nuclei). Original magnification, x 400. Images
are representative of 10 neuT and neuT-C3~ tumors analyzed.

Table 1. Spontaneous metastatic spread to the lungs of neuT
and neuT-C3~~ mice

Mice Week 15 Week 17 Week 20 Week 25
neuT 0% 0% 0% 100%
(0/15)® (0/14) (0/6) (5/5)
11% 25% 40% 100%
T-C37/-
neuT-c3 (1/9) (2/8) (3/9) (5/5)

percentage of mice with lung metastases. "(number of mice with lung
metastases/total mice.

the accelerated growth rate of clinically evident carcinomas
(Fig. 2C). Since Her2/neu is the driving force behind neuT
tumors, we compared Her2/neu expression levels in tumors
developing in neuT and neuT-C3~- mice. Immunoblotting
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Figure 2. Accelerated pace of autochthonous Her2/neu-driven mammary carcinogenesis and metastatic spread in neuT-C3- mice. Incidence
(A), and multiplicity (B) of mammary carcinomas in female neuT (n = 26, continuous line) or neuT-C3~ mice (n = 10, dashed line). Earlier incidence
(***P = 0.0001, Log-rank Mantel-Cox Test) and higher tumor multiplicity (*P = 0.02; **P = 0.004; ***P < 0.0001, 2-tailed Student t-test) were found in
neuT-C3~ mice. (C) Time (days) required for a 2-mm (mean diameter) tumor to reach an 8-mm threshold in neuT-C3-~ (white bar) vs. neuT (black bar)
mice. ***P < 0.0001, 2-tailed Student’s t-test. (D-1) Whole mount microscopic analysis of the fourth (inguinal) mammary gland. The large central oval
black spotin each image is the intra-mammary lymph node (N). Arrows indicate multifocal hyperplastic lesions appearing as black spots with a relatively
round shape along the path and within the mammary ducts. Tumor progression in neuT mice (D-F) is accelerated in neuT-C3KO mice with extended
hyperplastic foci and small in situ tumors evident at 11 weeks of age (G), small palpable tumors at 15 weeks (H) and large lesions and tumor masses filling
most of the mammary fat pad at week 17th (I). Magnification 6.3x. (J-M) Histological (H&E, left panels) and immunohistochemical (Her2, right panels)
staining of mammary tumor lesions (J and L) and lungs (K and M) from 17 week-old neuT and neuT-C3KO mice. Magnification 400X.

studies revealed a more prominent Her2/neu band in tumor cell
lysates from neuT-C3~~ mice, and quantification showed that
Her2/neu protein levels were 6-8-fold higher in neuT-C3~-
than in neuT tumors (Fig. 3D). On confocal microscopy, Her2/
neu appeared to be focally expressed mainly at the cell mem-
brane of tumor cells, with individual cells staining with vary-
ing intensities (Fig. 3E-G; Fig. S1). Her2/neu was even more
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readily detectable in neuT-C3~~ cancer cells, exhibiting both
higher Her2/neu levels and a more homogeneous expression
than neuT cells (Fig. 3H-J; Fig. S1). These data suggest that
C3 cleavage at the tumor site triggered by spontaneous antibod-
ies directed against Her2/neu and/or other tumor-associated
antigens may limit Her2/neu expression with a corresponding
reduction in the proliferative ability of neuT tumor cells.
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Figure 3. Increased expression of proliferation markers and Her2/neu in neuT-C3~~ mammary cancer cells. (A-B) Immunohistochemical staining of
tumor cryosections from neuT (A) or neuT-C3~~ mice (B) with anti-PCNA antibody. Magnification 400X. Results are representative of 10 neuT and 10 neuT-
C3~- tumors. (C) Percentage of PCNA* cells from neuT (black bar) and neuT-C3-- mice (white bar) tumors (quantification of staining in A and B, n = 10 per
group and 5 fields per tumor). *** P < 0.0001, 2-tailed Student t-test. (D) Her2/neu (upper panel) and actin (lower panel) protein levels as measured by
immunoblotting in mammary glands from neuT (lane 1 and 2) and neuT-C3~ (lane 3 and 4) carcinoma. The numbers under each lane indicate the ratios
between Her2/neu and actin levels as measured by densitometry using the Quantity One software. 3 independent experiments were performed and a
single representative image is shown. (E-J) Confocal microscopy of frozen tumor sections from neuT and neuT-C3~ mice (n = 8 per group) labeled with
anti-Her2 antibodies (green) and TO-PRO’-3 iodide (blue, labeling nuclei). Original magnification, 400X.

The tumor microenvironment in neuT-C3~ mice is more
immunosuppressive than that of neuT mice

We next sought to evaluate whether C3 defects also have an
impact on the composition of tumor-infiltrating leukocytes.
C3 deficiency did not alter the percentages of either circulat-
ing or tumor-infiltrating leukocytes, as shown by white blood
cell counts (Fig. S3) and immunohistochemistry (Fig. S4),
respectively. No significant differences in the frequency of
tumor-infiltrating macrophage, CD4* and CD8* T lympho-
cytes, B cells and myeloid-derived suppressor cells (MDSCs)
were found in tumors arising in neuT and neuT-C3~ mice
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by cytofluorometric analysis (Fig. 4A). The amount of splenic
MDSCs was also similar irrespective of C3 status (Fig. S5A). In
contrast, the frequency of regulatory T cells (Tregs) was signifi-
cantly increased (P = 0.02) in neuT-C3~~ mice tumors relative
to neul neoplasms (Fig. 4B), with a similar trend evident in
splenocyte preparations (Fig. S5B). The increase in Tregs was
confirmed by immunohistochemistry, showing that forkhead
box P3 (FoxP3)* cells are comparatively more abundant in neuT-
C3-"~ tumors (Fig. 4C). This finding is in line with the notion
that a reduced signaling through the receptors for the comple-
ment fragments C3a and C5a supports the development of
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Figure 4. Autochthonous mammary tumors from neuT-C3~~ mice have a more immunosuppressive microenvironment as compared to that of neuT
mice. (A and B) Lymphocyte infiltrates in neuT and neuT-C3~ tumors were analyzed by flow cytometry. Mammary tumors from neuT (n = 6; black bars)
and neuT-C3~ (n = 7; white bars) mice were dissociated and tumor cells were stained for the assessment of CD45, CD11b, F4/80, CD3, CD4, CD8, Gr-1,and
B220 (A) or CD3, CD25, CD4, and FoxP3 (B) expression. (A) CD45* leukocytes were gated and various immune cell subsets were identified as follows: mac-
rophages: CD11b*F4/80%; CD4* T cells; CD3*CD4*; CD8* T cells: CD3*CD8*; B cells: B220*CD11b~. CD45*CD11b* leukocytes were gated and myeloid-derived
suppressor cells (MDSCs) were identified as GR-1* cells within that subset. (B) CD3* leukocytes were gated and regulatory T cells (Tregs) were identified as
CD4+CD25*FoxP3*. Bars represent the percentage of positive cells + SEM. 4 independent experiments were performed and a single representative image
is shown. (C) Immunohistochemical staining of neuT and neuT-C3~~ mammary tumors for FoxP3 expression, showing a prominent increase in FoxP3*
cells in the tumor stroma. Results are representative of 8 of each neuT and neuT-C3~ tumors analyzed. (D) Sera from 15-17 weeks-old neuT (n = 13; black
bar) and neuT-C3 (n = 12; white bar) mice were tested for C5a levels by ELISA. 3 independent experiments were performed and a single representative

example is shown. Results are expressed as mean + SEM of the optical density (OD). *P = 0.02; **P = 0.002, 2-tailed Student t-test.

FoxP3* Tregs.?® These same complement receptors have also
been shown to limit the functions of naturally occurring Tregs.?
Of note, C3a cannot be generated in neuT-C3~~ mice, while
C5a is present, albeit at strongly reduced levels as compared with
neuT mice (P = 0.002, Fig. 4D).

Carcinomas arising in neuT-C3~~ mice are more immuno-
genic than those growing in neuT mice

To assess whether the increased frequency of tumor-infiltrat-
ing Tregs caused by the absence of C3 can influence the immu-
nogenic phenotype of Her2/neu-driven autochthonous tumors,
the tumorigenicity of mammary carcinomas from neuT and
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neuT-C3™~ mice was compared by means of transplantation
experiment. Upon transplantation into naive syngeneic immuno-
competent hosts, cancer cells isolated from neuT-C3~~ mice gen-
erated lesions with a reduced efficiency, a long latency (Fig. 5A)
and a slow kinetic (Fig. 5B) as compared with those from neuT
mice. Similar results were found when the same tumor cells were
injected into C37- BALB/c mice (Fig. 5C and D). Altogether,
these data suggest that tumors from €3~ mice undergo limited
levels of immunoediting as are therefore relatively more immu-
nogenic. Moreover, since malignant cells obtained from neuT
mice generated tumors with significantly shortened delays in
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Figure 5. Increased immunogenicity of neuT-C3~- tumors. (A and B) Incidence (A), and tumor growth (B) of 1 x 10° mammary carcinoma cells dis-
sociated from neuT (gray lines) and neuT-C3~ (black lines) donor mice and injected subcutaneously into immunocompetent BALB/c females (n = 8
per group). (A) Reduced (50%) and delayed incidence (***P < 0.0001, Log-rank Mantel-Cox Test) was found upon transplantation of tumor cells from
neuT-C3~- as compared with cells from neuT mice. (B) Tumor growth plotted as mean tumor diameter over time. Each line refers to an individual tumor.
5 independent experiments were performed and a single representative example is shown. (C and D) Incidence (C), and tumor growth (D) of mam-
mary carcinomas from neuT (n = 3; gray lines) and neuT-C3~ mice (n = 8; black lines) injected subcutaneously to C3~~ females. (C) Reduced (62.5%) and
delayed incidence (***P = 0.0008, Log-rank Mantel-Cox Test) was observed for neuT-C3~- cells. (D) Tumor growth plotted as mean tumor diameter over

time. Each line refers to an individual tumor. Three independent experiments were performed and a single representative example is shown.

C3~'- (Fig. 5C) as opposed to fully immunocompetent (Fig. 5A)
mice, C3 also appears to counteract the growth of immunoedited
tumors.

Tumor vessels in C37~ mice are enlarged and display
increased permeability

The increased proliferative ability of C3-/~ cancer cells and their
capacity to establish an immunosuppressive microenvironment
likely accounts for the earlier incidence and accelerated growth
of Her2/neu-induced carcinomas in neuT-C3~~ mice. However, a
rapidly growing cancer needs a correspondingly large blood sup-
ply. Because complement is known to play an important role in

1430 we evaluated

modulating vascularization and angiogenesis,
tumor microvascular density by endothelial cell staining in neuT
(Fig. 6A) and neuT-C3~~ (Fig. 6B) tumors of equivalent size.
Although similar numbers of intracumoral vessels were found
in neuT and neuT-C3~ carcinomas (Fig. 6C), tumor-associated
vessels in neuT neoplasms (Fig. 6A) appeared to be thinner than
those of neuT-C3" lesions (Fig. 6B). A statistical assessment of
vessel diameter confirmed that tumor-associated blood vessels
are significantly larger in carcinomas developing in the absence
of C3 (Fig. 6D). The large diameter of intratumoral vessels
observed in neuT-C3~/~ carcinomas correlated with an increased
number of Ng2* pericytes in association with endothelial cells
(Fig. 6E and F). The small increase in Ng2* pericytes in the
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vasculature of neuT-C3~~ tumors became more readily appar-
ent by visualizing only mature pericytes upon staining with an
antibody specific for a-smooth muscle actin (aSMA; Figure 6G
and H). The higher frequency of aSMA* mature pericytes in
neuT-C3~~ carcinomas indicates that the lack of C3 promotes the
pericyte investment of endothelial cells and, in a more marked
way, their maturation.

Since tumor-induced angiogenesis is largely dependent on vas-
cular endothelial growth factor (VEGF), and neuT carcinomas
produce VEGF,***' we analyzed serum VEGEF levels in neuT and
neuT-C3~~ mice. A significant increase in VEGF levels coinci-
dent with the expansion of mammary lesions was observed in
both neuT and neuT-C3~~ mice. However, no significant dif-
ferences were found in the relative amounts of VEGF in neuT
and neuT-C3~~ mice with the same tumor burden (Fig. 6I).
This finding is consistent with the observation that neuT and
neuT-C3~~ mice exhibit equivalent numbers of tumor-associated
blood vessels. The low diameter and reduced area of the vessels
serving neuT carcinomas can therefore be ascribed to the direct
effect of complement deposition on endothelial cells.??

Finally, we utilized dynamic contrast enhanced magnetic
resonance imaging (DCE-MRI) to assess whether the large
diameter of tumor-associated vessels found in neuT-C3~/~ carci-
nomas coupled to their mature and stable phenotype result in
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major functional differences in the vasculature. The quantitative
analysis of intracumoral DCE-MRI images showed that the ves-
sel permeability of neuT-C3~~ carcinomas is enhanced relative
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Figure 6. C3 deficiency does not modify absolute blood vessel number
but changes vessel architecture. (A-B) Immunohistochemical staining
of cryosections for endothelial cell markers (CD31 and CD105, red) to
visualize blood vessels in mouse tumors of equal volume developed in
neuT (A) and neuT-C3~ (B) mice. (C-D) Quantification of the number (C)
and lumen area (D) of vessels in neuT (black bar) and neuT-C3- (white
bar) carcinoma. Results are represented as means + SEM from 7 X100
microscopic fields of 10 tumors. (E-H) Confocal microscopy analysis
of samples stained with anti-CD31 antibodies (red) and anti-Ng2 anti-
body (E and G, green) or anti-SMA antibodies (F and H, green) in neuT
(E and F) or neuT-C3~ (G and H) tumors. (1) Circulating levels of vascu-
lar endothelial growth factor in neuT (n = 5, continuous gray line) and
neuT-C3 (n = 6, dotted gray line) mice were evaluated by ELISA and
plotted together with mice tumor burden (continuous black line and
dotted black line for neuT and neuT-C3~- mice, respectively). A statisti-
cally significant (***P = 0.0002 between week 22 and 25 for neuT mice
and ***P = 0.0003 between week 19 and 21 for neuT-C3~- mice) increase
in serum VEGF along with tumor progression was observed in both neuT
and neuT-C3~~ mice.

to that of neuT neoplasms (Fig. 7A, volume transfer constant
Ktrans = 8.2 x 10® and 1.6 x 107 for neuT and neuT-C3~-
lesions, respectively). Similarly, carcinomas from neuT-C3~~ mice
displayed a markedly higher plasmatic volume (Vp) reflecting the
increased percentage of tumor mass occupied by vessels (Fig. 7B,
Vp = 0.012 and 0.035 for neuT and neuT-C3~ lesions, respec-
tively, P = 0.05). Considering the amount of extravasation of
injected contrast agent, we found broad regions showing low
(if any) contrast enhancement in neuT carcinomas, paralleling
a relatively high necrotic index (Fig. 7C, 53.3% and 30.6% for
neuT and neuT-C3~~ lesions, respectively). Moreover, the mean
apparent diffusion coefficient (ADC) of neuT-C3~~ tumors
was higher than that of neuT tumors (Fig. 7D, 8.6 x 10 and
1.1 x 107> mm?/sec, respectively). This disparity presumably orig-
inates from differences in the composition of the stromal space
surrounding the blood vessels in the presence and absence of C3.
Alternatively, this discrepancy may be related to the unique cellu-
larity in the tumor microenvironment resulting from the unequal
kinetics of disease progression in neuT and neuT-C3~~ mice.

Discussion

Although multiple mechanisms by which various aspects of
the immune system may either enhance or impair tumor develop-
ment have been precisely delineated, the role of complement in
this respect has been relatively under-explored. Currently available
data are contradictory, with a few studies pointing to a protective
function for the complement in the host response against malig-
nant cells,***% and others highlighting potential tumor-promot-
ing activities of the complement system."***-¥ This discordance is
not surprising in view of the fact that the complement functionally
contributes to a plethora of distinct immunological and inflam-
matory processes,”® each of them having unique context-depen-
dent outcomes in different tumor models. In the present study,
we have gathered new information to elucidate the role of C3, the
central component of the complement cascade, in modulating the
development of Her2/neu-driven autochthonous mammary ade-
nocarcinomas in neul mice. These mice provide a well-defined
and progressive model of Her2/neu driven breast cancer.'®
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Figure 7. C3 deficiency increases permeability/perfusion and water diffusion in neuT tumors. (A-C) MRI evaluation of tumor permeability/perfusion,
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Here, we show that activated C3 fragments accumulate in the
vessels and stroma of the areas of the mammary gland under-
going Her2/neu-driven neoplastic transformation but not in the
surrounding tissue. These findings suggest that complement acti-
vation occurs in a tumor-specific rather systemic manner. One of
the possible mechanisms underlying such a local activation pat-
tern may rely on spontaneous antibodies present in the tumor
microenvironment that specifically react with antigens expressed
on the surface of cancer cells.’® In support of this notion, we
observed that spontaneous antitumor antibodies increase in neuT
mice in the course of tumor progression. Similar observations
have been made in cancer patients.”™"!

To investigate the biological consequences of complement
activation in the tumor microenvironment, we crossed neuT
mice with C37 animals. Thus, neuT and neuT-C3~~ mice
allowed us to comparatively evaluate mammary oncogenesis and
tumor progression in the presence and absence of C3. We found
that defects in the complement system accelerate Her2/neu-
driven tumorigenesis, increase tumor multiplicity, boost tumor
growth and promote the metastatic spread of cancer cells to the
lungs. Such an aggressive behavior discloses a protective role for
complement-dependent mechanisms in the inhibition of Her2/
neu-driven carcinogenesis, at least in neuT mice and possibly in
human patients.

The aggressive disease progression observed in neuT-C3~~
mice does not appear to reflect the lack of a single activity of
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complement, but rather seems to result from multiple distinct
biochemical changes and cellular processes dependent upon
C3 activation. First, the dramatic increase in the growth rate of
neuT-C3~~ carcinomas was paralleled by an increase in Her2/
neu expression. This suggests that one of the consequences of
C3 activation at the tumor site is the downregulation of Her2/
neu. This is actually one of the direct mechanisms by which
anti-Her2/neu antibodies inhibit disease progression in neuT
mice.** Spontaneous antitumor antibodies, some of which are
probably directed against Her2/neu epitopes, were found here
to accumulate in the course of tumor progression, in both neuT
and neuT-C3~~ mice. Complement activation may inhibit Her2/
neu expression in viable cancer cells, or, alternatively, tcumor cells
expressing higher levels of Her2/neu could be eliminated fol-
lowing the deposition of C3 as activated by Her2/neu-targeting
antitumor antibodies. In this context, the killing of tumor cells
probably is not due to the formation of the membrane attack
complex, as neuT cancer cells were found to express high lev-
els of CD55, the molecule that is responsible for the accelerated
dissolution of C3 and C5 convertases and abrogates the release
of anaphylotoxins.” An alternative scenario is that C3-coated
Her2/neu-overexpressing tumor cells may be killed by natural
killer (NK) cells that express integrin a M (Itgam), better known
as complement receptor 3 (CR3). CR3, upon stimulation by
iC3Db, can induce cytotoxic responses in NK cells, especially when
MHC class I molecules are poorly expressed by target cells.*?
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Indeed, an inverse correlation exists between the expression lev-
els of Her2/neu and those of MHC class I molecules as well as
other components of the antigen-processing machinery.** Thus,
Her2/neu-overexpressing tumor cells may escape lysis by cyto-
toxic T lymphocytes, while remaining susceptible to the activity
of NK cells. Moreover, signaling via the Her2/Her3 pathway in
breast carcinoma cell lines has been shown to improve their rec-
ognition by NK and T cells via the killer cell lectin-like receptor
subfamily K, member 1 (KLRK1, best known as NKG2D).#
Carcinomas developing in neuT-C3~~ mice display a marked
increase in the frequency of tumor-infiltrating Tregs, possibly
contributing to their unhindered expansion. Complement is
known to have an integral role in modulating the induction and
function of Tregs, thus operating as an important mediator of
immunological tolerance.?®* During the early steps of T-cell
activation, signaling through the C3a and C5a receptors on the
surface of CD4* T cells and dendritic cells (DCs) upregulates
the expression of co-stimulatory molecules and increases T-cell
survival.”” Moreover, C3a and C5a receptor signaling modulates
the function of circulating Tregs by repressing FoxP3.” On
the other hand, the absence of such a signal transduction cas-
cade not only deflects naive T cells into induced Tregs,” but
also improves the function of naturally occurring Tregs.” In
neuT-C3~"~ mice, C3a is not generated but the C5 convertase-
like activity of thrombin®®#
though in lower amounts than in neuT mice. Consequently, the

allows for the production of C5a,

complete lack of C3a signaling and reduced signaling through
the C5a receptor may contribute to the observed increase in
Tregs in neuT-C3~~ mice.

The highly immunosuppressive tumor microenvironment
of neuT-C3~"~ carcinomas may be instrumental for their escape
from the immune system and immunoediting.® Accordingly,
we observed that neuT-C3-~
growth upon transplantation into syngeneic immunocompetent
BALB/c mice.

Altogether, these data suggest that the complement system is

carcinoma cells display impaired

a key factor in the interrelationship between tumor cells and the
host immune system, participating in the immunosurveillance
and editing of neoplastic lesions, 2 immunological activities that
may be sufficient to explain the increased malignancy of can-
cers developing in neuT-C3~~ mice. Nevertheless, beyond its role
in immunity, the complement system is also involved in tissue
remodeling processes, including neo-angiogenesis.*® Whether the
complement exerts pro- or anti-angiogenic functions is still con-
troversial. Few studies - none of which on breast cancer - have
evaluated the role of the complement system in regulating tumor
angiogenesis in vivo, yielding contradictory results.'***% The
only study that has evaluated the consequences of the genetic
blockade of C3 performed to date' reported a reduced micro-
vascular density in tumors developing in C3*~ mice, suggesting
the existence of a pro-angiogenic function for C3. In the pres-
ent study, we show that C3 activation on the tumor vasculature
impairs angiogenesis. Specifically, we observed no major differ-
ences in vascular density between neuT-C3~ and neuT carci-
nomas. However, the vessels of neuT-C3"~ lesions were enlarged
and exhibited a mature and functional phenotype, as indicated
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by the increased number of both young and mature pericytes
as well as by increased Vp, as measured by DCE-MRI. Due to
their improved structural maturity, ameliorated permeability
and diffusion rates, the vessels of C37~
vide improved oxygen and nutrient supply, thus fostering rapid

neoplastic lesions pro-

tumor growth. In line with this notion, we observed a decrease
in necrotic areas within neuT-C3~"~ neoplasms as compared with
neuT lesions.

In conclusion, our data support the notion that the comple-
ment system plays a protective role against the development of
autochthonous Her2/neu-driven mammary carcinomas in neuT
mice. However, as expected for a system with innumerous dis-
tinct activities, this protective role does not appear to rest on a
single function of crucial importance, but rather on the conflu-
ence of multiple distinct activities that together affect the onset
and expansion of mammary carcinomas in neuT mice. While our
findings should be taken into account from a clinical perspective,
such mechanistic complexities may explain why in genetically-
engineered mouse model prone to develop ovarian carcinomas,
the lack of C3 resulted in an attenuated tumor phenotype and
even abrogated oncogenesis and disease progression." It is con-
ceivable that a number of variables, including the genetic back-
ground, the nature of the oncogene and its associated promoter,
the relative immunological tolerance of the transgene protein
product, the resultant tumor type, and the degree of tumor pen-
etrance may all influence how the complement system affects
tumor progression, culminating in very different biological out-
comes. Nevertheless, defining the molecular peculiarities of this
important immunoregulatory factor of the tumor microenviron-
ment may allow the exploitation of complement as a major con-
tributor to immunosurveillance and control of cancer progression
in the clinic.

Materials and Methods

Mice

C3~- BALB/c mice,” kindly provided by Prof. Marina Botto
(Imperial College, UK), were crossed with Her2/neu transgenic
BALB/c (neuT) male mice."® Heterozygous C3 and Her2/neu*
(neuT-C3*~) male mice were then crossed with C3~~ females
and the progeny was genotyped in order to identify the C3~~
Her2/neu* males (neuT-C37-) that were subsequently crossed
with €37~ females. The neuT-C3~~ progeny were used for the
experiments as indicated. The mammary glands of all neuT mice
were inspected and palpated twice a week for tumor appearance.
Individual neoplastic masses were measured with calipers in 2
perpendicular diameters and the average value was recorded.
Progressively growing masses > 1 mm in mean diameter were
regarded as tumors. Neoplastic growth was monitored until the
first tumor that exceeded a mean diameter of 10 mm was found,
at which point mice were euthanized for ethical reasons. Tumor
multiplicity was calculated as the cumulative number of incident
individual tumors/total number of mice and is reported as mean
+ SEM. Tumor volume was calculated as (X?>Y) / 2, where X
and Y represent the shortest and longest tumor sizes, respectively.
Tumor burden was calculated as the sum of individual tumor
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volumes of each mouse and is reported as mean + SEM. All
mice were maintained at the Molecular Biotechnology Center,
University of Torino, in specific pathogen-free conditions
(Allentown Caging Equipment, Allentown Inc.) and treated in
conformity with current European guidelines and policies. The
Bioethical Committee of the University of Torino approved the
experimental plan.

Cells

TUBO carcinoma cells expressing H-2K? and Her2/neu
are from a mammary carcinoma that arose in a neuT mouse.’!
Cells were cultured in DMEM with Glutamax 1 (DMEM, Life
Technologies) supplemented with 20% heat-inactivated fetal
bovine serum (FBS; Invitrogen) at 37°C in a humidified 5%
CO, atmosphere.

Flow cytometry assay for serum antibody detection

Sera collected from BALB/c, neuT and neuT-C3~/~ mice at dif-
ferent time points were diluted 1:20 in phosphate buffered saline
(PBS) with 0.1% sodium azide and 2% bovine serum albumin
(BSA, Sigma-Aldrich) (PBS-azide-BSA) and incubated for 30
min at 4°C with 2 x 10> TUBO cells pretreated with Fc-receptor
blocker (anti-CD16/CD32 antibody; BD Biosciences, 01245B)
for 15 min at 4°C. After washing with PBS-azide-BSA, cells were
incubated for 30 min with R-phycoerythrin (RPE)-conjugated
polyclonal goat anti-mouse IgM (Southern Biotec, 1020-09),
washed twice with PBS-azide-BSA and then resuspended in PBS-
azide-BSA supplemented with 1 mg/mL of propidium iodide for
acquisition. Fluorescence cytometry was performed on a CyAn
ADP flow cytometer (DakoCytomation, Beckman Coulter,
Milan, Italy). Results were expressed as mean fluorescence inten-
sity (MFI) and analyzed using Summit 4.2 (DakoCytomation)
software.

Morphological analyses

The whole mount and immunohistochemical preparation
of mammary glands were performed as previously described in
detail.?® Digital pictures were taken with a Nikon Coolpix 995
(Nital, Turin, Italy) mounted on an MZ6 stereoscopic micro-
scope (Leica Microsystems, Milan, Italy). Mammary glands
were frozen in a cryo-embedding medium (OCT, Bioptica)
for histological and immunohistochemical analyses. Sections
were incubated with the following primary antibodies: mouse
monoclonal antibodies specific for PCNA (Dako Corporation,
MO0879); CDI105 (550546), CD31 (550274) (both from BD
Biosciences); and FoxP3 (eBioscience, 14-5773). Following
incubation with primary antibodies and washing steps, appro-
priate secondary antibodies were applied. Immunocomplexes
were detected using Streptavidin Peroxidase (Thermo Scientific-
Lab Vision Corporation, Bioptica) and the either DAB
Chromogen System (Dako Corporation) or the Bajoran Purple
Chromogen System (Biocare Medical); or NeutrAvidin™
Alkaline Phosphatase Conjugated (Thermo Scientific-Pierce
Biotechnology, EuroClone) and either Vulcan Fast Red (Biocare
Medical) or DAB Chromogen System. The percentage of
PCNA* tumor cells and the number and area of CD31*/CD105*
vessels were evaluated on the digital images of 10 neuT and 10
neuT-C3~~ tumors (5 x 400 microscopic fields per tumor) by 2
pathologists, independently and in a blind fashion. Vessels area
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(in pixels) was evaluated with Adobe Photoshop by selecting
vessels with the lasso tool and reporting the number of pixels
indicated in the histogram window. Lung samples were fixed in
formalin and embedded in paraffin. To optimize the detection
of microscopic metastases and ensure systematic uniform and
random sampling, lungs were cut transversely, to the trachea,
into 2.0-mm-thick parallel slabs with the first cut being in a
random position of the first cut in the first 2.0 mm of the lung,
resulting in 5-8 slabs per lung. The slabs were then embedded
cut surface down. Sections were stained with hematoxylin/eosin
and subjected to immunohistochemistry with the anti-Her2
antibody for the evaluation of spontaneous metastasis of all the
experimental groups. Metastases were counted independently by
2 pathologists in a blind fashion.

For immunofluorescence analysis cryo-sections were tested
with rabbit polyclonal anti-human Her2 (Dako Corporation),
rat monoclonal anti-CD105 and anti-CD31 antibodies, all from
BD Biosciences, and mouse monoclonal anti-aSMA (Sigma
Aldrich), rabbit polyclonal anti-Ng2 (Millipore), hamster anti-
mouse-CD31 monoclonal (Chemicon), and rat anti-mouse
C3b/iC3b/C3c (HyCult biotech) antibodies. Appropriate
Alexafluor-488 and -546 labeled secondary antibodies were then
utilized. Nuclei were stained with TO-PRO®-3 Iodide (all from
Molecular Probes).

Protein preparation and immunoblotting

Total protein extracts were obtained from mammary glands
from 17-week-old neuT and neuT-C3~~ mice by using a boiling
buffer containing 0.125 M Tris/HCI (pH 6.8) and 2.5% SDS.
Her2 expression level was evaluated on whole cell lysates. Thirty
g of proteins were separated by SDS-PAGE and electroblotted
onto polyvinylidene fluoride membranes (BioRad). Membranes
were blocked in 5% Blotto non-fat milk (Santa Cruz) Tris-
buffered saline (TBS)-Tween buffer (137 mM NaCl, 20 mM
Tris/HCI, pH 7.6, 0.1% Tween-20) for 1 h at 37°C then incu-
bated with appropriate primary and secondary antibodies in 1%
milk TBS-Tween buffer overnight at 4°C and for 1 h at room
temperature (RT), respectively, followed by visualization by
enhanced chemiluminescence (ECL®, Amersham Biosciences).
The following antibodies were used: anti-Her2 (Ab-3) monoclo-
nal antibody (Calbiochem, OP15); anti-actin mouse monoclo-
nal antibody (Santa Cruz, sc-69879), and goat anti-mouse IgG
HRP-conjugated (Sigma, A4416). Her2 protein modulation in
the mammary glands of neuT-C3~~ mice was calculated rela-
tive to Her2 mean expression in the mammary glands of neuT
mice, normalized on the actin loading control and expressed as
percentages using Quantity One software.

Blood collection and C5a and VEGF determination

Blood samples were collected from the retroorbital sinus at
the indicated time points from neuT and neuT-C3~~ mice, and
were allowed to clot for 2 h at RT before centrifugation for 20
min at 1000 x g. Sera were then isolated from the clot and stored
at -20°C or -80°C until used. The presence of C5a and VEGF in
the sera was determined by commercial ELISA kits specific for
C5a, (USCN) and VEGF (R&D), respectively, according to the
manufacturer’s directions. For VEGF detection, supplied stan-
dards were used to generate a standard curve.
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Cytofluorometric identification of tumor infiltrating
leukocytes

For the phenotypic analysis of tumor-infiltrating cells, fresh
primary tumor specimens of 8—10 mm mean diameter from neuT
and neuT-C3~" mice were finely minced with scissors and then
digested by incubation with 1 mg/mL collagenase IV (Sigma
Aldrich) in RPMI-1640 (Life Technologies) at 37°C for 1 h in
an orbital shaker. After washing in PBS supplemented with 2%
fetal calf serum (GIBCO), the cell suspension was incubated in
erylise buffer (155 mM NH4C1, 15.8 mM Na,CO,, 1 mM EDTA,
pH 7.3) for 10 min at RT. After washing in RPMI-1640 supple-
mented with 10% FBS, the cell suspension was passed through a
70-pm pore cell strainer, centrifuged at 1400 rpm for 10 min and
resuspended in erylise buffer. Cells were collected, washed, re-sus-
pended in PBS, treated with Fe-receptor blocker, and stained with
the following antibodies: anti-mouse CD3e PerCP, (553067),
anti-mouse CD11b APC-Cy7 (557657), anti-mouse Ly-6G and
Ly-6C FITC (551460), anti-mouse B220 Pacific blue (558108)
all from BD Biosciences; anti-mouse CD4 PE/Cy7 (100528)
and anti-mouse F/480 PE (122615) from BioLegend; anti-mouse
CD45 APC (130-091-811) (Miltenyi Biotech); anti-mouse CD8
FITC (11-0081-86) and anti-mouse CD25 APC (102012) (eBio-
science). To detect FoxP3* T regulatory cells, samples were per-
meabilized with the FoxP3 anti mouse staining kit (eBioscience)
and stained with anti-mouse/rat-Foxp3-FITC antibody (FJK-16s;
eBioscience). Samples were acquired on the CyAn ADP cytofluo-
rometer and analyzed using the Summit 4.3 software.

Isolation of tumor cells from primary carcinoma specimens
and transplantation

Primary tumor specimens obtained from 8-10 mm mean
diameter spontaneous mammary carcinomas developed in neuT
and neuT-C3~~ mice (each time 2—4 spontaneous tumors from
the same mouse; n = 5) were finely minced with scissors and then
digested by incubation with 1 mg/mL collagenase IV in RPMI-
1640 (Life Technologies) at 37°C for 1 h in an orbital shaker.
After washing in PBS supplemented with 2% FBS, the cell sus-
pension was incubated in erylise buffer for 10 min at RT and
then washed twice with cold PBS. Cell pellets were re-suspended
in Trypsin supplemented with 0.05% EDTA for 15 min at 37°C
and disaggregated with a serological pipette. Cancer cells were
then washed once in PBS supplemented with 2% FBS, passed
through a 70 wm pore cell strainer to separate the cell components
from stroma and aggregates, and re-suspended in endotoxin-free
PBS. One million viable cells were injected subcutaneously into
the flank of wild type or €37~ BALB/c mice. Tumor growth was
monitored weekly as described above.

Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI)

Magnetic resonance images were acquired on anesthe-
tized mice using an Aspect M2 MRI System (Aspect Magnet
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