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INTRODUCTION

There is a strong association between the over-expression in tumor cells of the
mononuclear phagocytic growth factor, colony stimulating factor-1 (CSF-1) and its receptor, the
c-fins proto-oncogene product, and the progression of breast cancer and consequently, with poor
prognosis. There is also a strong association between the number of tumor associated
macrophages (TAMs) and poor prognosis. Since CSF-1 is the major growth factor regulating
cells of the mononuclear phagocytic lineage, we hypothesized that CSF-1 regulates the
recruitment and function of these TAMs to the tumor. These TAMs then provide trophic
molecules that allowed the tumor to break through their constraining basement membrane and
therefore, enhanced their metastatic potential. In this IDEA grant, we proposed to test this
hypothesis by crossing mice that had increased susceptibility to mammary gland cancers with
mice carrying a null mutation in the CSF-1 gene (Csfim®). This enabled us to test the effects of
the absence of CSF-1 in the tumor and the consequent lack of TAMs. Our results strongly
support the hypothesis that TAMs play an important role in breast cancer progression.

BODY

The central hypothesis of this IDEA grant was that tumor-associated macrophages
(TAMs) play an important role in the progression of mammary tumors by providing trophic
substances essential for tumor growth. To test this hypothesis, we exploited mice homozygous
on heterozygous for a null mutation in the gene for the principal mononuclear phagocytic growth
factor, colony stimulating factor-1 (CSF-1) (1). Mice homozygous for this mutation
(Csfm®/Csfin®) are severely depleted in macrophages in most tissues. The strategy was to cross
this mutation onto a tumor susceptible strain such that the tumor would be depleted in
macrophages. Consequently, by determining tumor incidence, latency and progression, we can
test the hypothesis that macrophage play an important role in tumorigenesis.

Almost all our efforts focused upon one tumor susceptible strain, those expressing
polyoma Middle T antigen under the control of the mouse mammary tumor virus (MMTV)
promoter (MMTV/PYVmT) (2). This strain was originally chosen because of the high
penetrance for incidence and, the short latency for induction of these tumors (Task 2). This
analysis resulted in considerably more work than we anticipated because of the nature of the
effect of the mutation on the progression of tumors. Nevertheless, the data obtained, strongly
supports our original hypothesis and provides important insights into the role of macrophages in
the progression of mammary gland carcinomas.

The absence of CSF-1 resulted in a delay in both the local progression and the distant
metastasis of mammary tumors.

We analyzed 300 MMTV/PYVmT transgenic mice and non-transgenic littermates using
whole-mount of right abdominal mammary glands. Mammary tumors developed in all
Csfm®/Csfm® and +/Csfm® PYVmT transgenic mice examined as early as 4 weeks in a manner
similar to that previously reported for wild-type transgenic mice (2). No mammary tumors were



Unpublished research:

found in any of the non-transgenic mice indicating that the development of the tumor was due to
the expression of the protooncogene, PYVmT, in the mammary glands of the transgenic mice.

As shown in Fig. 1, the tumor progression in the mammary glands of +/Csfm® transgenic
mice had defined stages. At an early age, a single tumor focus was developed in the ducts
emanating from the nipple in the +/Csfimn® mammary glands (Fig. 1a). Tumor foci were then
found on the ducts distant to the nipple (Fig. 1¢), and eventually enveloped the entire epithelium
(Fig. 1e) and became confluent in the mammary gland (Fig. 1g). Despite the formation of focal
tumors in the nipple area in all of the Csfm®/Csfin®® mammary glands examined at an early age
(Fig. 1b), the further development of the tumor to the distal ducts was delayed. As shown in Fig.
1d and 1h, a large percentage of older Csfin®/Csfm™ transgenic mice had only single-focal
mammary tumors at a time when most of the +/Csfin® mice at the same stage had already
developed confluent mammary tumors (Fig. 1g). Furthermore, among older Csfin®/Csfm® mice
that developed multiple mammary tumors, many of them were found to have much fewer foci
(Fig. 1f) than +/Csfm® littermates (Fig. 1e). Fig. 2A showed a comparison of multiple mammary
tumor development between Csfin®/Csfm® and +/Csfm® MMTV/PYVmT transgenic mice,
measured as the percentage of mice that developed tumor foci on the distal ducts at various ages.
As shown in the figure, a rapid increase of mice carrying multiple mammary tumors was found in
young +/Csfm® mice: The percentage of +/Csfim” mice developed multiple foci increased from
0% at 4 weeks to 80% at 8 weeks. At 8 weeks, the curve reached a plateau in which the
percentage of mice developed multiple mammary tumors increased much slower. However, by
14 weeks, all of the +/Csfin” mice examined had developed multiple mammary tumors. In
contrast to the +/Csfin” littermates, tumor progression in Csfm™/Csfim™ mice was markedly
delayed. Firstly, the onset of the multiple tumors was delayed by about two weeks. Secondly,
the initial phase of increase of the development of multiple mammary tumors in Csfin®*/Csfm®
mice was more gradual compared to +/Csfin® mice (Fig. 2A). Importantly, the proportion of
mice having multiple tumor foci reached 100% for +/Csfin®” at 14 weeks, whereas for
Csfm™/Csfin®, a plateau level of 60 to 70% multiple-tumor incidence was maintained from 12 to
22 weeks. Taken together, these results indicated that the lack of CSF-1 did not inhibit
mammary tumorigenesis but the progression of the tumor from focal to the multiple foci stage
was markedly delayed in its absence.

Furthermore, we found that among MMTV/PYVmT transgenic mice developing multiple
mammary tumors, fewer foci were found in Csfm®/Csfim® mammary glands than in the +/Csfn®
glands at similar tumor progression stages, defined with respect to the initiation of the plateau in
Fig. 2A. As shown in Fig. 1f, only two small foci were developed on the ducts distal from the
nipple in the mammary gland of a 16 weeks old Csfim®/Csfm® mouse. In contrast, many foci
have been developed and distributed into the entire mammary epithelium in +/Csfm® mammary
gland from a similar stage (at mid-plateau) (Fig. le). In order to compare the multiple foci
development between +/Csfm® and Csfm™/Csfm® mice, we have examined mice with multiple
tumors at two levels: 1) the percentage of mice in which the tumor became confluent; 2) the foci
number in mammary glands in which individual foci could still be identified. Mice from the
same tumor progression stages defined with respect to the initiation of the plateau in Fig. 2A
were compared (8 to 14 weeks for +/Csfin® and 14 to 20 weeks for Csfin®/Csfm™). As shown
in figure 2B, at the initial point of the plateau, +/Csfin® and Csfin®/Csfm® mice had a similar
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percentage (20%) that developed confluent mammary tumors. However, the percentage +/Csfim®
mice with confluent tumors increased 5 fold over the next 4 weeks and reached 100% at 12
weeks. In contrast, only a one-fold increase of mice with confluent mammary tumors was found
in Csfm”/Csfm® mice in the first 2 weeks and no further increase was observed during the
period of study. Thus, at 20 weeks, Csfim®/Csfm® mice that had developed confluent mammary
tumors were 60% lower than +/Csfim™ mice at 14 weeks. Furthermore, we found that mice had
not developed a confluent tumor mass in the mammary glands, the average foci number/gland in
Csfm™/Csfim® mice during the same tumor progression stage was three-fold less than the number
found in +/Csfm® mice (Table 1). These results indicated that, in addition to the delayed onset
of multiple mammary tumor formation in Csfm®*/Csfm® mice, the increase of foci number in
Csfm®/Csfm® mice was inhibited.

Interestingly, we found that even though the progression from focal to multiple mammary
tumors was delayed in Csfin®/Csfm® mice, the sizes of the primary mammary tumor developed
at an early age in the nipple area were comparable to the +/Csfm® littermates. Fig. 2C showed
the measurement of primary tumors from mammary whole mount preparation. As shown in the
figure, no significant differences were found in the sizes of the primary tumors between +/Csfm®
and Csfm®/Csfin® mice from 4 to 14 weeks (Paired t test. O: 7.3467e-01). No measurements
could be obtained from +/Csfim®” mice older than 14 weeks since by this age, the density of the
tumor were too high to identify the primary tumors on the whole-mount samples. However, as
shown in the figure, the Csfm®/Csfm® curve continuously increased after 14 weeks following the
same slope formed at earlier age suggesting that the growth of the primary tumor was not
inhibited in Csfm®/Csfm” mammary glands.

To determine whether the lack of CSF-1 also affected the distant metastasis of mammary
tumors in Csfm”/Csfm® PYVmT transgenic mice, the expression of PYVmT RNA by metastatic
mammary tumors in lungs was examined using Northern analysis. Fig. 2D shows PYVmT
mRNA levels in lungs in both +/Csfim® and Csfm®/Csfm® transgenic mice relative to the RNA
level in the mammary gland of a 14-week old +/Csfin® mouse. The results showed that the
PYVmT mRNA level in lungs of both +/Csfin® and Csfm®/Csfin® between 10 to 14-week of
age were not higher than the background level. However, a 10-fold increase of the RNA level
was observed in lungs of +/Csfin® mice at 18 week. This level was maintained until 22 week
when an additional 3-fold increase of the mRNA level occurred. No significant increase of
PYVmT mRNA level was observed in Csfm™/Csfin® lung at all of the corresponding time points
and, even at 22 week of age, the PYVmT mRNA level in Csfin®/Csfin® lung was not higher than
the background level (Fig. 2D).

Delayed tumor progression in Csfim”/Csfm” mammary is partially correlated with delayed
mammary gland development.

We have shown that mammary gland development in Csfin®/Csfm® mice is abnormal (see
later). Consequently, it is possible that the effect on tumorigenesis was caused by this
developmental delay. Shown in Fig. 3A is the comparison of mammary epithelial development
between +/Csfim® and Csfm®/Csfim® MMTV/PYVmT transgenic mice. This was measured as
the ratio of the length of the epithelial tree (from the nipple to the tip of the longest duct) to that
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of the fat pad (from the nipple to the tip of the fat pad). Compared to +/Csfm® mice at the same
age, the development of the mammary epithelium in Csfm®/Csfm® mice between 4 to 12 weeks
was delayed by about three-weeks. Comparing this result to the mammary tumor progression
(Fig. 2A) we found that the delayed onset and the prolonged early increase of Csfm®/Csfin® mice
developed multiple mammary tumors was correlated to the delayed epithelial development in the
mutant mice. Among older transgenic mice, however, the relationship between epithelial
development and tumor progression became more complex. As shown in Fig. 3A, between 10 to
12 weeks, the epithelium reached the end of the fat pad in +/Csfin® mammary gland, whereas in
Csfm®/Csfm® mammary gland at 12 week, the mean epithelium/fat pad ratio was still 15%
lower. However, 79% of the older Csfm®/Csfm® transgenic mice examined between 10 to 18
weeks, had well-developed mammary epithelium similar to the +/Csfin® littermates (Fig. 1d, 1f
and 1h). Among these well-developed Csfm®/Csfin® glands, 33% of tumors remained unifocal
(Fig. 1d and 1h) and 42% retained low counts of foci (average 9 foci/gland)(Fig. 1f). In contrast,
more than 93% of +/Csfim™ transgenic mice examined between 10 to 18 weeks had tumors
developed over the entire epithelium (>70 foci/gland). Moreover, by 14 weeks, in most of the
+/Csfm® mice, tumor lumps were visible externally whereas a large percentage of Csfm®/Csfm®™
did not develop visible tumor lumps until 20 weeks. These results suggested that in a large
population of older Csfm®/Csfm® MMTV/PYVmT transgenic mice, mammary epithelial
development was not the limiting factor in the progression of the mammary tumors.

Delayed tumor progression in Csfm”/Csfm” mammary gland is not due to a lower
expression of PYVmT nor to changes in tumor cell proliferation.

To eliminate the possibility that the delayed progression of mammary tumors and distant
metastasis was due to lower expression level of the transgene, PYVmT, in the Csfin®®/Csfm®
mice, the expression level of the PYVmT RNA in +/Csfin® and Csfm®/Csfm® mammary glands
were compared. Since the development of the mammary epithelium in Csfm®/Csfin® mice was
delayed compared to the +/Csfim™ littermates, the expression of PYVmT mRNA in each
mammary gland was normalized by keratin 18, an intermediate filament expressed in the
epithelium and tumor cells (3). Fig. 3B showed such comparison between +/Csfin® and
Csfm®/Csfm® mice from 6 to 14 weeks and no significant differences were found.

We also examined the proliferation rate of the mammary tumor cells to eliminate the
possibility that the delayed tumor progression and distant metastasis in Csfin™/Csfm® was due to
a slow growth of the tumor cells. BrdU incorporation was employed to label the proliferating
tumor cells in the mammary glands of the transgenic mice at eight weeks of age. As shown in
Fig. 4A, a similar distribution of BrdU incorporated cells were found in +/Csfm” and
Csfm®/Csfm® primary tumors and no significant difference was observed when the densities of
BrdU positive cells were compared (fig. 4B).

Increased infiltration of leukocytes and macrophages in +/Csfm®” relative to Csfim”/Csfm®
mammary glands was followed by more advanced histological tumor progression.

To determine whether the primary tumors in Csfm”/Csfm® glands were less metastatic
compared to +/Csfm littermates, histopathological development of the primary tumors in
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130 transgenic mice was examined as summarized in Fig. 6. We have classified the histology of
the mammary tumors in MMTV/PYVmT transgenic mice into five developmental stages, from
the earliest, proliferative lesion (PL), to the most advanced stage, late carcinoma (LC). In an
individual mammary gland, the primary focus was always at the most advanced histologic stage.
As shown in Fig. 5 and 6, similar histology of the primary tumors were found in +/Csfm® and
Csfm™/Csfin® mice between 4 to 8 weeks. Comparison of the histology at 7 weeks was shown in
Fig. Sa for +/Csfm® and Fig. 5b for Csfin®/Csfm®” mice. However, between nine and ten weeks,
a more rapid development occurred in the +/Csfm® mammary tumors. At this age, 90% of the
mice examined had primary tumors that had developed to carcinoma stage, and half of these were
at the latest stage, late carcinoma (LC). In contrast, at the same age, 50% of Csfm®/Csfin® mice
were found to have carcinoma and one third of these was at LC stage (Fig.6). Furthermore, the
pathological difference between +/Csfm® and Csfm®/Csfm® primary tumors at nine to ten
weeks was maintained in older mice. Between 17 to 22 weeks, the primary tumors of all of the
+/Csfm® mice examined developed to the latest stage (LC) whereas only 63% of +/Csfin®”
littermates were at this stage. These results indicated that despite the growth of the primary
tumors in Csfin/Csfim® being comparable to that in +/Csfm® littermates, the histopathologic
progression of the primary tumors was delayed in Csfin™®/Csfm® mice older than 9 weeks.

To analyze the tumor histology further, we found that the rapid tumor progression in the
+/Csfin™ at nine to ten weeks was correlated to the increased leukocytic infiltration into the
mammary gland tumors. The infiltrating cells had the morphology of granulocytes and
monocytes and were first observed surrounding the primary tumors in +/Csfin®” mammary glands
at seven weeks (Fig. 7c). The infiltration became intense at eight to nine weeks and continuously
increased in older +/Csfin” mice (Fig. 7a, 7g). The intensity of the infiltration was closely
related to the pathological progression of the primary tumors. Small amounts of infiltrating cells
were often found around the primary tumors at the adenoma stage. However, very little
infiltration was found surrounding the primary tumors at the adenoma stage in +/Csfin® mice
younger than seven weeks, even though an intensive infiltration was often observed at the
terminal end buds of the mammary gland at this age. Moreover, the leukocytic infiltration
became very intense when the primary tumor developed to early carcinomas. Several
histological features were observed in the +/Csfim” mammary glands that had leukocytic
infiltration. Dense leukocytic infiltration sites were found in tumor foci at sites where the tumor
acini had lost their “orderly” structure suggesting that the basement membrane of the acina at the
infiltration site had lost their integrity (Fig. 7a). Focally infiltrated tumor cells into the
connective tissues were observed in some of the samples (Fig.7g). Cells with mast cell
morphology were also found surrounding the blood vessels formed around and in the solid
tumors (Fig. 7a). Leukocytic infiltration was also found in Csfm®/Csfin® mammary glands but
the onset of the infiltration was delayed. A few infiltrating cells were found around primary
tumors that had developed to carcinoma stage at 20 weeks (Fig. 7i). Similar to the +/Csfmn®
mice, the infiltration was also correlated to the pathological progression of the primary tumors in
Csfm™/Csfin” mammary glands, however, compared to tumors developed to the same stage in
+/Csfin® mammary glands, the infiltration in Csfm®/Csfn® glands was much more moderate.

To determine the distribution of macrophages during mammary tumor progression,
immunohistochemical analysis using a macrophage lineage specific marker, F4/80, was
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employed. We found that an increase in infiltration of F4/80 positive cells was observed in
+/Csfm” mammary glands at 7 to 8 weeks coincident with the leukocytic infiltration (Fig. 7d).
The F4/80 positive cells were often found surrounding the developing tumor foci at adenoma or
early carcinoma stage and the infiltration became intense in the late carcinoma stage. Increased
infiltration of F4/80 positive cells in the lymph nodes and the connective tissues surrounding the
mammary glands were also observed in many +/Csfim” mammary glands at seven to ten weeks of
age. Morphologically, most of the F4/80 positive cells in +/Csfm® mammary glands were
dendritic and spread. In contrast to the +/Csfm® littermates, very few F4/80 positive cells were
detected around the tumor in Csfm®/Csfm® mammary glands (Fig. 7f). Unlike the granulocytic
infiltration, which became relatively intense in Csfin®/Csfm® mammary glands when the primary
tumors developed to carcinomas, there was little increase in F4/80 positive cells in these glands.
A mild increase of F4/80+ cell infiltration was found in well-differentiated tumors in the
Csfm®/Csfm® at 20 weeks (Fig. 7j), however, compared to the +/Csfin™ littermates, the
infiltration was still very moderate (Fig. 7h). Morphologically, F4/80 positive cells in
Csfm™/Csfim® mammary glands were similar to these found in +/Csfim® glands.

We found that the distant metastasis in +/Csfim® mice was correlated to the
histopathological stage of tumor. As shown above, an increase in metastasis, measured by the
expression of PYVmT transgene in metastatic mammary tumors in lung, was found in +/Csfin”
mice at 18 weeks. All of the +/Csfin” mice examined for the lung metastasis at this age have
developed late carcinoma in mammary glands. In contrast, distant metastasis was not detected in
Csfm™/Csfm™ mice even though the primary mammary tumors had developed to the late
carcinoma. Among Csfm”/Csfm®” mice examined for lung metastasis, 3 out of 5 Csfin®/Csfm®
mice at 18 weeks were at LC stage and the rest two were at EC stage. All of the Csfin®/Csfm®
mice (7 mice) examined at 20 to 22 weeks were at LC stage. However, PYVmT RNA
expression was not detected in lungs of these mice. Thus metastatic potential strongly correlates
with the recruitment of macrophages to the tumor.

These data strongly implicate macrophages in the progression of tumors to late metastatic
carcinomas and fulfils the aims of Task 1 and 2. They also provide strong evidence in support of
our hypothesis that macrophages play an important role in tumor progression.

It should be noted that we had also proposed that we would test this hypothesis using
three other tumor models. This became impractical for a variety of reasons, not least the very
large numbers of mice that we needed to analyze to distinguish the effects of macrophage
deficiency on tumor progression in the MMTV/ PYVmT mice and the age of the mice that this
took to manifest itself. Thus we abandoned the alternative MMTV-cyclin D1 tumor model
because of its long latency which would have precluded analysis in the time frame of this grant.
As mentioned in our progress report, we had proposed to transplant FMA3A C3H mammary
tumors into Csfm®/Csfim® mice that had been inbred onto a C3H background. However, these
cells were rejected by wild type C3H mice, precluding the use of this approach to analyze the
effect of the Csfm® mutation on tumorigenicity. This suggests that our mice were either not
inbred enough, or that there were minor histocompatibility differences between the C3H mouse
strains that we had obtained and the strain from which the cell line had been derived. We
attempted to further inbreed our mice beyond N6 but at this point we were unable to propagate
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the Csfim” mutation. A similar failure was found at the Jackson labs when they tried to inbreed
onto a C57/Bl6 background (L. Schultz, personal communication). This was important since we
wanted to analyze the tumor development in MTV infected Csfim®/Csfm® C3H mice (task 1).
Preliminary results were encouraging but with the loss of the inbred strain we decided not to
pursue this task further. However, the data obtained showing a lower tumor incidence in
Csfm®/Csfm® mice compared to +/Csfm® mice was significant and confirmed the extensive
analysis of MMTV/PYVmT transgenic mice described above. Thus, task one gave important
support to our hypothesis that macrophages play an important role in mammary tumor
progression

Expression of CSF-1 in Csfm’/Csfm” mammary glands accelerated tumor progression.

In Task four we had proposed to test the hypothesis that re-introduction of CSF-1 directly
into the mammary glad of Csfim®/Csfin® would reverse the inhibition of tumorigenesis. If this
occurred then we would be able to dissociate the systemic from local effects of the deprivation of
CSF-1 on mice. We also planed to have this restoration regulatable by constructing a
tetracycline-repressible system so that we could turn off the expression of CSF-1 at defined
stages in tumorigenesis by treatment of mice with tetracycline. Therefore, to determine whether
the effects of CSF-1 on the progression of the tumor is directly in the mammary gland, lines of
transgenic mice expressing CSF-1 under control of the tet operon and with the tet transactivator
under the control of MMTV LTR were prepared and bred with MMTV/PYVmT transgenic mice
heterozygous for the Csfin”” mutation.

Mammary tumor progression in 6 Csfin®/Csfm® mice carrying all of the transgenes
(PYVmT/ Ta/CSF-1) and 9 negative control Csfm®/Csfm® mice carrying MMTV/PYVmT and
one of the transgenes (PYVmT/Ta or PYVmT/CSF-1) were examined using mammary gland
whole mount analysis. As shown in Fig. 8, whole mount analysis has shown that the percentage
of Csfm™/Csfm®/PYVmT/CSF-1+ mice developed multiple mammary tumors was almost
double the control mice (Csfim™*/Csfin® /PYVmT/CSF-1-) suggesting that CSF-1 acts as a local
factor promoting the progression of the mammary tumors from focal to multiple stages.

Taken together, the results showed that CSF-1 may act as a local growth factor that may
regulate the mammary tumor progression directly or regulate this process through promoting the
development of the mammary epithelium.

Absence of CSF-1 results in abnormal postnatal mammary gland development

It became apparent to us during the course of the studies on the role of macrophages in
mammary tumorigenesis that the development of the mammary gland was retarded in
Csfm”/Csfm® mice. Indeed, our original hypothesis was predicated upon our publication
showing that CSF-1 was required for branching morphogenesis in the mammary gland during
pregnancy (4). This led to the suggestion that macrophages provided similar functions during
mammary gland growth and tumorigenesis. To understand this role for CSF-1 and macrophages
and to extrapolate this to the tumor situation, it became important to define the developmental
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defects in the Csfm®/Csfm® mice. Consequently, we analyzed mammary glands of the CSF-1
null mutant mice, Csfm”/Csfm® mice compared to heterozygote control mice using whole mount
preparations of the fourth abdominal mammary glands of mice from 2.5 to 12 weeks of age (Fig.
9). Terminal end bud (TEB) formation, the initial structure for duct elongation, is delayed in
Csfm®/Csfm®” mice (Fig. 10A). At 2.5 weeks of age, the mammary glands of control and mutant
mice display the same rudimental branching tree (not shown). In control mice, the first TEBs
appear at 3 weeks (Fig. 9, 10A). TEB number in control mice increases up to 7 weeks of age,
with a peak at 5 weeks of age when the fat pad is the widest in the lymph node area (Fig. 10A).
However, in mutant mice, the onset of TEB formation is delayed by one week, and although
increasing to a peak at 5 weeks, is reduced over 2.5 fold compared to wild type mice. In addition,
the computation of area under the curve of TEB number indicates that TEB number in
Csfm®/Csfin® mice throughout postnatal development represent 50 % of TEB number found in
control mice. This result shows that not only is mammary gland development delayed in
Csfm®/Csfm® mice, but it also never catches up with that seen in control mice. The defected
TEB number in mutant mice is also illustrated in Fig. 11 showing that certain major ducts display
tapered ends instead of the TEBs that end all ducts at the epithelial migration front in control
mice (Fig. 13a). Consequently, the mammary gland of Csfim®/Csfm® mice has fewer ducts then
wild type mice (Fig. 9, 11) .

The more extensive ductal tree in the mammary gland of +/Csfin”” mice compared to
mutant mice is shown by a consistently greater branching number and ductal length (Fig. 10b,
10c) as well as a larger fat pad size throughout the postnatal development (Fig. 9). Between 8 and
9 weeks, the ductal tree of +/Csfm” mice filled the whole fat pad, TEBs have disappeared (Fig.
10a, 10g), ducts are much thinner and some secondary ducts resulting from the hormonal estrus
cycle influence are formed (Fig. 10, 1le). In contrast, the ductal tree is still growing in
Csfm™/Csfm™ mice at 9 weeks with thick ducts and some TEBs still present (Fig. 9, 10a, 11f,
black head arrow). In addition the orientation of ducts in mutant mice is disorganized; ducts are
not always migrating towards the tip of the fat pad, instead they are curved and migrating
towards a lateral or opposite direction (Fig. 11d, 11f). However, at 12 weeks of age, the ductal
tree does fill almost fully the atrophic fat pad. At that age, ducts finally display a mature
morphology with a thin diameter (Fig. 11h), nevertheless, the secondary branches remain rare
compared to the well-branched out epithelial tree in control mice (Fig. 11g). To ensure that the
atrophic epithelial tree in mutant mice was not only due to the result of a small fat pad, we
measured the ductal growth relative to the growth of fat throughout postnatal development (Fig
10d). In both control and mutant mice, this ratio tends to converge to 1, indicating that the ductal
tree reaches the tip of the fat pad. However, the ductal growth relative to the fat growth from 3
weeks to 11 week of age is significantly greater in control mice versus mutant mice. This
difference is particularly important at 3-4 weeks, when the ductal outgrowth is delayed in mutant
mice displaying only few TEBs and no increase of ductal length and branching number. These
data confirm that the defective ductal growth is not only the result of a smaller fat pad but rather
of a defect in epithelial tree development. Taken together, these data show a delay in mammary
gland development in CSF-1 null mutant mice that leads to the formation of an abnormal
atrophic adult mammary gland, characterized by fewer ducts and minimal branches.
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Macrophage recruitment correlates with TEB formation

Since CSF-1 is the major growth factor required in mononuclear phagocyte proliferation,
differentiation and recruitment, we addressed the question of whether the defective ductal tree in
Csfm®/Csfim® mice was due to a macrophage population deficiency in mammary gland. We
analyzed macrophage distribution during prepubertal mammary gland development in the CSF-1
null mutant mice and their littermate controls, by performing immunohistochemistry with the
antibody anti-F4/80 (5). F4/80 protein was originally identified as a murine macrophage-
restricted cells surface marker (5). However, we have found that the anti-F4/80 antibody also
cross-reacts with eosinophils in the mammary gland (Fig. 12a, 12b). Among F4/80 positive cells,
eosinophils are easily distinguished from macrophages at high power magnification (1000X) by
their nuclear shape (polynuclear and often forming a ring for eosinophil and mononuclear for
macrophage), their cytoplasmic shape (round for eosinophil and largely spread for macrophage)
and their characteristic-Giemsa-positive cytoplasmic granules (Fig. 12a). Double staining of the
same TEB section showed the giemsa-positive granule eosinophils (Fig. 12a) as F4/80 positive
cells (Fig. 12b). This cross-reactivity has not been previously observed in tissues, most likely due
to the paucity of tissue eosinophils in mice under healthy conditions. Nevertheless, previous
studies have indicated that bone marrow and peritoneal eosinophils from several strains of mice
stained positively with the antibody anti-F4/80 using flow cytometry analysis (6).

Very early in the postnatal development of the mammary gland, at 2.5 weeks of age, from
the F4/80 positive cells, macrophages are the only cells abundantly spread out around the nipple
area in +/Csfm® mice, in contrast to the Csfm®/Csfm™ mice where F4/80 positive cells are
almost completely absent (Fig. 12¢, 12d). At 3 weeks of age, when TEBs appear in +/Csfin®”
mice, F4/80 positive cells are recruited around all TEBs at the density of 12.94 +/- 0.46
cells/surface unit (Fig. 12¢). Of these F4/80 positive cells, eosinophils are distributed around the
head of TEBs and also colocalize with the macrophages that are found largely at the neck of
TEBs. In contrast, in Csfim®/Csfm® mice, very few F4/80 positive cells were found around the
rudimentary tips of ducts that at this time have not yet formed into TEBs (Fig. 12f). F4/80
positive cells present in the mammary gland are most likely of two origins beside their vascular
origin, the connective tissue adjacent to the fat pad and the lymph node, consistent with intense
F4/80 immunostaining in both these locations in mammary glands of +/Csfim® mice (data not
shown). In accord with previous studies demonstrating that macrophage populations in lymph
node are independent of CSF-1 (7) macrophages are also present in the lymph nodes of CSF-1
null mutant mice but they are absent in the connective tissue (data not shown). Despite their
presence in lymph node, macrophages do not appear to migrate from the lymph node into the
mammary fat in CSF-1 null mutant mice at 3 weeks of age, and eosinophils are the only F4/80
positive cells found and they are scattered abundantly throughout the fat pad. In control mice, the
F4/80 positive cells appear to be released from the lymph node into the fat pads as indicated by
their localization at the edge of the capsule of the lymph node in the medullar cord. These cells in
the fat pad are distributed equally between macrophages and eosinophils. These data indicate that
macrophage and eosinophil recruitment is closely related to TEB formation.

At 5 weeks of age, the density of total F4/80 positive cells associated with TEBs in
control mice increased significantly (19.67 +/- 2.43 versus 12.94 +/- 0.46 cells/surface unit at 3
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weeks of age) (Fig. 12g, 13). Interestingly, at this later age, F4/80 positive cells are also recruited
around the TEBs developed in Csfin®/Csfm® mice (Fig. 12h, 13). In both genotypes,
approximately 50% of F4/80 positive cells are macrophages, while the other 50% are eosinophils
(Fig. 13). However, the total F4/80 positive cell density surrounding TEBs remains significantly
lower in mutant mice compared to control mice (10.331 +/- 0.979 in Csfin®/Csfm® mice versus
19.67 +/- 2.43 cells/surface unit in +/ Csfm® mice). Of these F4/80 positive cells, both
macrophage and eosinophil numbers were significantly reduced in mutant mice compared to
control mice (Fig. 13).

CSF-1 treatment from birth partially rescues the mammary gland defect in Csfm°/Csfm°®
mice

In order to determine whether circulating CSF-1 is necessary for ductal outgrowth, we
treated the mutant mice and their littermate control mice from birth with a daily injection of 10°
[U of human recombinant CSF-1. This dose was previously designed to at least maintain
circulating concentrations of CSF-1 (7). Following treatment, we examined mammary gland
development in Csfm®/Csfm® mice. Mice were sacrificed at 5 weeks of age, and
immunohistochemistry with the anti F4/80 antibody was performed on the sections of the left
abdominal mammary gland whole mounts. After 5 weeks of daily CSF-1 treatment of
Csfm®/Csfm® mice, even though the total number of F4/80 cells surrounding TEBs did not reach
the number in untreated control mice (11.92 +/- 1.33 versus 19.67 +/- 2.43 cells/surface unit), the
macrophage number in treated Csfm®/Csfim® mice was similar to the number in untreated
control mice (9.15 +/- 0.95 versus 9.25 +/- 1.5 cells/surface unit) (Fig. 13). Most of the F4/80
positive cells in CSF-1 treated-mutant mice as well as control mice were identified as
macrophages (Fig. 13); and the numbers of eosinophils were strongly decreased and significantly
different to the macrophage numbers in both genotypes (P<0.03, Fig. 13). In CSF-1 treated
+/Csfm® mice, even though the number of total F4/80 positive cells decreased compared to the
untreated +/Csfm® mice (13.81 +/- 1.799 versus 19.67 +/- 2.43 cells/surface unit), the
macrophage numbers around TEBs were similar in both situations.

In parallel, the right abdominal mammary gland whole mounts were analyzed as
described above. CSF-1 treatment rescued the TEB number and the branching number in
Csfm®/Csfm® mice, consistent with the rescue of macrophage density around TEBs (Fig. 14a,
14b). However, the ductal length remained low compared to the untreated control mice (Fig.
14¢). Similarly, the fat pad size was still reduced in Csfm®/Csfim® mice after CSF-1 treatment
(not shown), suggesting a close correlation between the control of fatty stroma size and ductal
length.

Collectively, our data show the necessity of circulating CSF-1 for macrophage
recruitment around TEB leading to a proper TEB and branch formation. This CSF-1 acts
indirectly through CSF-1R expressing macrophages, by recruiting them around the growing ducts
in the mammary gland. These macrophages appear to play trophic roles either /or by providing
growth factors or enzymes that promote matrix remodeling during the outgrowth of the epithelial
structures.
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KEY RESEARCH ACCOMPLISHMENTS

. This grant was aimed at testing the hypothesis that macrophages play important roles in
the progression of mammary gland tumors. Our data provides strong evidence that this is the
case and points to a critical role for macrophages in the progression of mammary gland tumors to
a metastatic state. This, we believe, is an extremely important result with high relevance for
understanding the biology of human tumors.

o Leukocytes are essential for the normal development of the mammary gland. They
influence the overall complexity of the mammary gland and determine the role of branching
outgrowth.

REPORTABLE OUTCOMES

Research supported by this grant has resulted in three major manuscripts, one submitted
and two in the final stages of preparation.

These data were presented in three oral presentations in the Mammary Gland Gordon
Conference in the summer of 1999.

Several animal models were developed in this grant period including double transgenics
that have CSF-1 under a regulatable promoter; a [-lactoglobulin TGFB3 transgenic mouse and
the Csfm® allele carried on various tumor susceptible strains.

CONCLUSIONS

The data obtained in this grant has provided strong support for the hypothesis that tumor
associated macrophages (TAMs) are important players in the progression of mammary gland
tumors to the metastatic state. Clinical data had suggested that there was a correlation between
TAMs and poor prognosis, and we have now provided experimental evidence indicating that
there is a causal relationship. We have also developed a model system that can identify the
macrophage-derived factors responsible for the progression of these tumors. Inhibition of these
actions could profoundly influence the life history of mammary gland cancers and significantly
improve prognosis.
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Figure 5
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Figure 6

Primary Tumor Histology
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Figure Legend

Figure 1. Whole mount analysis of mammary tumor progression in MMTV-
PYVmT transgenic mice. Representative slides from a whole mount preparation of
right abdominal mammary glands of +/Csfin” (a, ¢, € and g) or Csfm®/Csfm®™ transgenic
mice (b, d, f and h) at 4(a and b), 10(c and d), 12(e), and 16(f), 18(g) and 17 weeks (h).
The primary tumors, the focus found in young mice as a single focus, is indicated by the
arrow.

Figure 2. Tumor progression in MMTV/PYVmT transgenic mice. A. Comparison of

multiple tumor formation in +/Csfim” and Csfm®/Csfin® MMTV/PYVmT transgenic
mice. Data are presented as the percentage of mice developed multiple mammary tumors
at the age indicated and the result was obtained from the whole mount analysis of the
right abdominal mammary glands. Mice carrying more than one focus in the mammary
gland were classified as having multiple mammary tumors. Transgenic mice in +/Csfm®
or Csfm®/Csfm® background were labeled as op/+ or op/op respectively. B. Comparison
of the formation of confluent mammary tumors. The percentages of +/Csfin”” and
Csfm®/Csfm® transgenic mice developed confluent mammary tumors (>70 foci/gland)
were examined at the same tumor progression stage, defined with respect to the initiation
of the plateau in Fig. 2A. 0 to 6 weeks on the plateau in Fig. 2A represented 8 to 14
weeks for +/Csfin® (op/+) and 14 to 20 weeks for Csfim®/Csfim® (op/op) mice. C.
Comparison of primary tumor growth. The sizes of the primary tumors were measured
using NIH Image 1.61 on the whole mount mammary gland preparation at the age
indicated. Data are presented as the mean + SE of at least three individual mice in each
group. Samples from +/Csfim” and Csfin®/Csfin® PYVmT transgenic mice are labeled as
op/+ and op/op respectively. D. Distant metastasis of mammary tumors. Northern
analysis of PYVmT RNA expression in metastatic mammary tumors in lungs of
MMTV/PYVmT transgenic mice at the ages indicated. Data are presented as mean + SE
of at least three individual mice/point. Samples from +/Csfin® and Csfim®™/Csfin®® mice
are labeled as op/+ and op/op respectively.

Figure 3. A. Comparison of mammary gland development between +/Csfin” and
Csfm®/Csfm” PYVmT transgenic mice. The development of the mammary gland was
measured as the ratio of the length of the epithelial tree to that of the fat pad. All of the
measurements were based on the whole mount preparation of abdominal mammary
glands. Data are presented as the mean + SE of individual mice/group as indicated.
Samples from +/Csfin” and Csfm®/Csfin® mice are labeled as op/+ and op/op
respectively. B. Expression of PYVmT RNA in mammary gland epithelium. Northern
analysis of PYVmT RNA expression in mammary glands of +/Csfm® or Csfn® Csfin
MMTV-PYVmT transgenic mice (labeled as op/+ and op/op respectively) from age 6 to
12 weeks. The RNA blots were hybridized with both PYVmT and Keratin 18 cDNA
probes and the hybridization signals of PYVmT from each individual mouse was
normalized with keratin 18. No significant difference was found between means of
+/Csfm® and Csfim®/Csfm® (¢t test, p = 0.211275). Data are presented as the mean + SE
of eight individual mice in each group.
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Figure 4. Comparison of tumor cell proliferation. A. BrdU incorporation in
mammary tumors at 8§ weeks. Female MMTV-PYVmT transgenic mice were given BrdU
intraperitoneally 2 hr before sacrifice and formalin fixed abdominal mammary glands was
immunostained for BrdU. Shown are primary tumors from heterozygous or homozygous
CSF-1 null mutant mice (+/Csfm® or Csfm®/Csfm®) (magnification x 100). B.
Comparison of BrdU incorporation between +/Csfin® and Csfm®/Csfin® primary tumors.
The entire primary tumors in BrdU stained mammary glands were scanned and the BrdU+
cells, as a fraction of the total scanned area, were determined using NIH Image 1.61. No
significant difference was found in BrdU+ cell/total cell between +/Csfin”” and
Csfm™/Csfm® (t test, p = 0.48311). Data are presented as the mean + SE of six
individual mice in each group.

Figure 5. Histological progression of primary tumors in MMTV-PYVmT transgenic
mice. Formalin fixed abdominal mammary glands from either +/Csfm® (a, ¢ and €) or
Csfin”/Csfm® MMTV-PYVmT transgenic mice (b, d and f) were stained with
hematoxylin and eosin. a, and b; ¢ and d; e and f; were from mice at 7, 9 and 10 weeks
respectively. Shown are the primary mammary tumors (magnification x100).

Figure 6. A. Histopathological progression of primary tumors. The
histopathological stage of the primary tumors was defined as described in the Material
and Methods. PL, H, A, EC and LC represent following histopathologic stages:
proliferative lesion, hyperplacia, adenoma, early carcinoma, and late carcinoma. The
histopathologic progression of the primary tumors in +/Csfin® and Csfm®”/Csfin® mice
presented as the distribution of mice at various stages at the age indicated. The red arrow
indicated the degree of the tumor progression from early (PL) to late stages (EC). A
significant advance of +/Csfm® primary tumors at 10 weeks as indicated by the green
arrow.

Fig. 7. Infiltration of leukocytes and F4/80+ cells around mammary tumors. ato b,
leukocytic infiltration in +/Csfim® and Csfm®/Csfin® mammary glands at 9 weeks.
Shown is a focal leukocytic infiltration site next to the primary mammary tumor in a
+/Csfin” PYVmT transgenic mouse (a) and the primary tumor in a Csfm®/Csfin®
littermates(b)(magnification x400). The areas with lost of basement membrane on the
+/Csfm®™ tumor are indicated by arrows. c to f, the infiltration of leukocytes and F4/80+
cells around the primary tumors in mammary glands of +/Csfin® and Csfin®/Csfim®
PYVmT transgenic mice at 7 weeks . Shown are the histology (¢ and €) and
immunohistology for F4/80+ cells (d and f) of primary mammary tumors in +/Csfm®” (c
and d) and Csfin®/Csfimn® mammary glands (¢ and f)(magnification x250). g to j,
mammary tumors at late carcinoma stage(magnification x250). Shown are representative
slides of mammary tumors at late carcinoma stage in a in +/Csfm® PYVmT transgenic
mouse at 19 weeks (histology, g; and immunohistochemistry for F4/80, h) and a
Csfm™/Csfm® mouse at 20 weeks(histology, i; and immunohistochemistry for F4/80, j).
For histologic analysis, mammary glands were fixed in formalin and stained with
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hematoxylin and eosin. Immunohistochemical staining for F4/80 cells was described in
the Materials and Methods.

Fig. 8. The effect of CSF-1 expression on mammary tumor progression in
Csfm®/Csfm” mice. Data are presented as the percentage of mice developed multiple
mammary tumors at 8 weeks. Csfm”/Csfm® PYVmT transgenic mice expressing CSF-1
transgene was labeled as op/op CSF-1(Tg+) and the control Csfm®/Csfin®® PYVmT
transgenic mice, which carried the incomplete CSF-1 transgene, was labelled op/op CSF-
1(Tg-). Data were obtained from a whole mount analysis of abdominal mammary glands
prepared from 8-week old MMTV-PYVmT transgenic mice carrying heterozygous or
homozygous CSF-1 null-mutation (+/Csfim® or Csfm*/Csfm®, op/+ or op/op
respectively).

Figure 9: Whole-mounts of mammary glands from +/Csfm” and Csfm®/Csfm®
mice. Whole mount preparations are shown of +/Csfm” and Csfin/Csfm® virgin mice of
3, 4, 8 and 12 weeks of age. The photomicrographs were taken at the same magnification
of the entire fourth abdominal mammary gland, showing the atrophic development in
Csfm®/Csfm® mice. The arrow indicates TEB, NP is the nipple area and LN the lymph
node of the mammary gland.

Figure 10: Ductal length, branching, terminal end bud (TEB) numbers and the
relative ductal growth in the mammary glands of +/Csfin” and Csfm®/Csfm® mice.
Mice were sacrificed at 2.5 to 12 weeks of age, and the fourth abdominal mammary gland
whole mounts were analyzed. The ductal length (mm) is measured from the nipple area to
the tip of the 3 longest ducts through the lymph node, the fat length is similarly measured
from the nipple area to the tip of the fat pad. Branching number is the mean of branching
numbers along the 3 longest ducts from the nipple area to the migration front of TEBs.
TEBs are enumerated in the whole mammary glands. Points represent mean +/- SD of at
least three mice per time point.

Figure 11: Branching morphogenesis of mammary gland whole mount preparations
of +/Csfm” and Csfm”/Csfm™ mice. Light micrographs of mammary gland whole
mounts from +/Csfm® (a, ¢, e, g) and Csfin®/Csfin® (b, d, f, h) mice at 5 (a, b), 6 (c, d), 8
(e, 1), and 12 (g, h) weeks of age. All the pictures are positioned in the same direction
from left to right, the nipple area to the tip of the fat pad respectively. Figures a and b
represent the ductal migration front at 5 weeks of age, Figures ¢ to h, the branching tree
near the limit of the fat pad. Black arrows indicate TEDs without large-club end
formations and blank arrows show the disorganized TEDs orientated in the opposite
direction to the TEB migration front.

Figure 12: F4/80 immunohistochemistry of mammary glands sections of +/Csfm®”
and Csfm”/Csfm” mice. The same TEB section was first stained with giemsa (a) and
secondly immunostained with the antibody anti-F4/80 (b), showing polynuclear
eosinophils characterized by their pink cytoplasmic granules as F4/80 positive cells.
Immunostaining of F4/80 positive macrophages and eosinophils in mammary glands from
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14 days (c, d), 3 weeks (e, f) and 5 weeks (g, h) of age mice. Mammary gland sections of
control mice (c, e, g) and CSF-1 null mutant mice (d, f, h) were immunostained with the
anti-F4/80 antibody and positive cells were detected with a peroxidase-coupled detection
system (brown coloration). Sections were counterstained with hematoxylin. Nipple areas
(c, d), terminal end buds (e, g, h) and terminal end ducts (f) are shown. Original
magnification, a, b, 1000X; ¢, d, g, h, 250X e, f, 400X.

| Figure 13: Enumeration of macrophages and eosinophils around TEBs.

Enumeration of macrophages and eosinophils around TEBs in +/Csfin” and
Csfm®/Csfm® mice treated and untreated with CSF-1 from birth. F4/80
immunohistochemistry were performed on mammary gland sections followed by a weak
hematoxylin/eosin counterstaining in order to distinguish eosinophils from macrophages.
F4/80 positive cells were counted per surface units (1000X magnification) around at least
3 TEBs of 3 to 5 mice per group. Mammary glands of untreated mice were analyzed at 3
and 5 weeks of age, while mammary glands of 5 daily CSF-1-treated mice per group were
similarly examined. Note the reduced number of macrophages in mutant mice which is
restored after CSF-1 treatment from birth.

Figure 14: Ductal length, branching and terminal end bud (TEB) in the mammary
glands of CSF-1 treated +/Csfm” and Csfm®/Csfm” mice. Ductal length, branching
and TEB numbers are enumerated in the whole mount mammary glands of +/Csfm® and
Csfm®/Csfm® mice without (-) or with (+) daily CSF-1 treatment from birth. Mice
treated with daily CSF-1 injection from birth and their untreated littermates were
sacrificed at 5 weeks of age. The fourth abdominal mammary gland whole mounts were
analyzed as previously in figure 11. Note the rescue of TEB and branching number in
CSF-1 treated Csfm”/Csfm® mice. Points represent mean +/- SD of 5 mice per time
point. * denotes significant variation from values obtained for untreated Csfm®/Csfm®
mice (p<0.01).
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