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Abstract

Most breast cancers originate in the epithelial cells lining the breast ducts. Intraductal
administration of cancer therapeutics would lead to high drug exposure to ductal cells and
eliminate preinvasive neoplasms while limiting systemic exposure. We performed preclinical
studies in Atmethyl-//-nitrosourea—treated rats to compare the effects of 5-fluorouracil,
carboplatin, nanoparticle aloumin-bound paclitaxel, and methotrexate to the previously reported
efficacy of pegylated liposomal doxorubicin (PLD) on treatment of early and established
mammary tumors. Protection from tumor growth was observed with all five agents, with extensive
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epithelial destruction present only in PLD-treated rats. Concurrently, we initiated a clinical trial to
establish the feasibility, safety, and maximum tolerated dose of intraductal PLD. In each eligible
woman awaiting mastectomy, we visualized one ductal system and administered dextrose or PLD
using a dose-escalation schema (2 to 10 mg). Intraductal administration was successful in 15 of 17
women with no serious adverse events. Our preclinical studies suggest that several agents are
candidates for intraductal therapy. Our clinical trial supports the feasibility of intraductal
administration of agents in the outpatient setting. If successful, administration of agents directly
into the ductal system may allow for “breast-sparing mastectomy” in select women.

INTRODUCTION

Treatments for local control of breast cancer range from limited surgical excision to a
mastectomy, with or without radiation therapy. These treatments alter breast appearance,
affecting body image and quality of life. To reduce risk of distant recurrence and death, most
women with invasive breast cancer are also offered adjuvant systemic therapy, which often
includes polychemotherapy for several months or, for those with a hormone receptor—
positive disease, endocrine therapy for 5 to 10 years. The adjuvant systemic therapy
administered to those with invasive disease is critical to reduce risk of systemic recurrence.
Ductal carcinoma in situ (DCIS) incidence in the United States rose from 1.87 per 100,000
in 1973 to 1975 to 32.5 in 2004 (1). Women with DCIS are offered local therapy and, often,
5 years of endocrine therapy. The few options that are currently available for breast cancer
prevention or for treatment of premalignant disease are limited to prophylactic mastectomy,
surveillance, or 5 years of endocrine therapy. Treatments with these endocrine agents are
associated with major side effects that can be life-threatening. Interventions that are
minimally invasive without systemic toxicity would be desirable for women with intraductal
or premalignant lesions or for those at high risk.

The “sick lobe” theory (2) suggests that breast carcinoma is a lobar disease, not just
confined to the visible ductal or lobular structures. If this theory is valid, surgical removal by
lumpectomy is not sufficient. Intraductal administration of active agents could be an
attractive option for DCIS or premalignant lesions, such as atypical ductal hyperplasia or
lobular carcinoma in situ, because it can target the entire tree of the cancer-containing lobe.

Most breast cancers originate in the epithelial cells lining the duct. We hypothesized that
administration of agents directly into the breast ductal system through the nipple
(intraductal) could prevent the development of new tumors or the progression of preinvasive
neoplasms. Indeed, we have previously demonstrated that the administration of intraductal
pegylated liposomal doxorubicin (PLD) in two preclinical models—the A-methyl-A/-
nitrosourea (MNU)-induced rat mammary tumor and the spontaneously arising Her2/neu
transgenic mouse mammary tumor—is associated with a reduction in tumor volume,
eradication of premalignant disease, and prevention of new lesions (3). Although the
concept of intraductal therapy has been attractive for decades, several challenges have been
identified and must be overcome before it can be ready for clinical use (4), including the
need for effective technological tools, selection of appropriate biomarkers and treatment
targets, patient acceptance of ductal access, proper patient selection, and appropriate ductal
targets.

Here, we have expanded our previous investigations to determine the effects of intraductal
administration of other anticancer agents, including 5-fluorouracil (5-FU), carboplatin,
nanoparticle albumin-bound paclitaxel (nab-paclitaxel), and methotrexate, on treatment of
early and established tumors in a chemically induced rat carcinogenesis model. The
observed effects were compared to those mediated by PLD. While expanding the preclinical
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studies, we also initiated a phase 1 clinical trial to establish the logistics of intraductal
administration in an outpatient setting to women with breast cancer awaiting a mastectomy.
We chose PLD for the clinical trial because it was the first agent that demonstrated marked
reduction of tumor formation in our laboratories.

Therapy of early lesions in rodents

Female Sprague-Dawley rats administered the direct-acting carcinogen MNU develop
preinvasive neoplasms in the mammary glands within 21 days and multiple palpable
mammary tumors with a latency of 4 to 6 months (5, 6). The MNU-treated female rats
develop mammary carcinomas that are 70% estrogen receptor (ER)—positive and 30% ER-
negative (the same animal can bear both ER-positive and ER-negative tumors). Nearly 90%
of the tumors contain the H-ras oncogene (5), irrespective of ER status. Tumors can develop
in all 12 mammary glands over time and may metastasize to the lung. We selected cytotoxic
agents (carboplatin, nab-paclitaxel/Abraxane, and PLD) and DNA-damaging antimetabolites
(5-FU and methotrexate) to test the intraductal route, because these are commonly and
successfully used for systemic treatment or to enhance local therapy of breast cancer.

High doses of commonly used cytotoxic agents can be better tolerated when administered
intraductally than intravenously, owing to lower systemic exposure (reduced toxicity) (3).
To test this concept, we conducted a short-term pilot experiment consisting of groups of five
rats (60 mammary glands total) that received either no treatment, saline intraductally, the
human equivalent dose of 5-FU (12 mg, 1x), or higher than the human equivalent doses of
carboplatin (4 mg, 1.5%), methotrexate (4 mg, 2x), or nab-paclitaxel (5 mg, 1.5x). These
drugs were administered once intraductally to all 12 mammary glands. The cytotoxic agents
were administered 2 weeks after MNU induction, and the rats were followed for 7 weeks
after treatment. The administration of 1.5- to 2-fold higher human equivalent single
intraductal doses of carboplatin, methotrexate, or nab-paclitaxel did not result in significant
changes in body weight (fig. S1) compared to saline and no-treatment controls. The number
of benign and preneoplastic lesions in the mammary glands, including palpable invasive
ductal carcinoma (IDC), mammary intraepithelial neoplasia (MIN), and hyperplasia,
counted in the whole mount and in the stained sections, was lower in each of the treated
groups compared to untreated controls (table S1). The reduction in the number of IDC and
hyperplasia lesions in the mammary gland was most significant in 5-FU—treated rats (5
lesions; £ < 0.05) compared to saline-treated rats (17 lesions) and untreated animals (16
lesions) among 20 glands examined by dissection per group. No differences were observed
in the number of visible and microscopic lesions between saline-injected and untreated rats
(table S1). A separate experiment consisting of a long-term 15-week follow-up of additional
MNU-administered rats (five rats injected intraductally with saline and five untreated rats)
confirmed this finding: We did not observe a difference in tumor incidence between rats
treated with intraductal vehicle (saline; 30 of 60 mammary glands) and untreated rats (27 of
60 mammary glands) (table S1). Untreated rats were therefore used as the negative controls
in subsequent experiments.

Gross and histopathological alterations in treated rat mammary glands

We examined both gross changes and histopathology of the intraductally treated mammary
glands in rats in the pilot experiment described above. At 7 weeks after intraductal
treatment, we did not observe typical external manifestations of drug toxicity and adverse
effects, such as hair ruffling, ulceration, or change in behavior, in any of the treated animals.
5-FU-treated rats had thinning of the coat owing to hair loss, probably from systemic drug
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exposure. PLD-treated rats developed mild transient hair loss and skin erosions around the
nipple, probably due to irritation from drug leakage in the small mammary glands (table S1).

Whole-mount analyses were performed with hematoxylin—stained third and fourth
mammary glands (Fig. 1). Compared to untreated mammary glands, we observed a loss of
density of ductal outgrowth in mammary glands treated with PLD (Fig. 1A, x10
magnification). At higher magnification (x100), we observed no difference in ductal
morphology in rats treated with 5-FU, carboplatin, methotrexate, or nab-paclitaxel compared
to untreated rats (none) (Fig. 1A). Only the PLD-treated mammary glands displayed
distended mammary ducts compared to untreated controls (Fig. 1A).

Histopathological examination of rat mammary glands revealed no alteration in the ductal
structure for rats treated with 5-FU, carboplatin, methotrexate, or nab-paclitaxel compared
with untreated controls (none) (Fig. 1A). However, we observed changes in the PLD-treated
ducts, including a loss of ductal polarity, intercellular edema, and mild periductal fibrosis
compared to untreated mammary glands. More detailed analysis by counting the number of
ducts on hematoxylin and eosin (H&E)-stained sections of the fourth mammary glands from
four rats in each group (16 fields, four sections per group) revealed that ductal number
occurring singly or in terminal ductal lobular units was significantly lower in rats treated
with carboplatin and PLD (table S2) compared to the untreated and saline-treated rats.

To assess epithelial proliferation in the mammary glands after treatment, we performed
immunohistochemical analysis using the proliferation marker Ki-67. Seven weeks after
intraductal treatment, the Ki-67 labeling index was significantly lower in carboplatin- and 5-
FU—-treated mammary glands compared to untreated controls (Fig. 1B and table S3). The
level of Ki-67 after nab-paclitaxel and methotrexate was not statistically different compared
to controls. A significant reduction in Ki-67 labeling index was not observed in PLD-treated
mammary glands compared to untreated rats (Fig. 1B and table S3), despite the drastic
reduction in number of ducts and greater distention observed in the PLD-treated duct (Fig.
1A).

On the basis of the safety profile generated above, we next tested administration of single
intraductal doses of each agent to all 12 mammary glands and monitored the animals for 22
weeks after drug administration. Rats received carboplatin (6 mg), methotrexate (4 or 10
mg), nab-paclitaxel (5 mg), or no treatment. We observed a significant reduction in tumor
frequency (Table 1) as well as delayed time to tumor development in the carboplatin-treated
group compared to no treatment and to methotrexate- and nab-paclitaxel-treated rats (P <
0.001, Cox proportional hazards model with Bonferroni adjustment for multiple testing)
(Fig. 1C).

Our pilot experiment has also suggested superior efficacy of 5-FU in reducing benign and
malignant tumors in MNU-treated rats compared to other agents (table S1). We therefore
compared the effects of intraductal 5-FU (7= 11) with intravenous 5-FU (7= 10)
administered 2 weeks after MNU induction. In the rats treated with intraductal 5-FU, four
mammary glands per animal (third to the fifth on the right side) were injected with 5-FU
four times at weekly intervals, whereas eight mammary glands remained untreated. Rats
receiving intravenous 5-FU followed the same dosing regimen. Twenty-two weeks later, we
observed a significantly greater reduction in tumor incidence [7 of 44 (16%)] in the
intraductal 5-FU—injected mammary glands and also in the uninjected glands [25 of 88
(28%)] of the same rats compared to rats treated with an equivalent dose of intravenous 5-
FU [59 of 120 (49%)] on the same regimen (Table 2 and Fig. 1D). Intraductal 5-FU was
significantly protective (P=0.018, Cox hazard ratio model, Bonferroni adjustment for
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multiple testing) when compared to untreated rats [103 of 240 mammary glands (57%)]
(Fig. 1D).

Treatment of established mammary tumors in rats

In rats with early lesions, the total number of hyperplasias, MIN, or invasive carcinomas was
the lowest after intraductal 5-FU administration compared to methotrexate, carboplatin, and
nab-paclitaxel (table S1). Therefore, we tested the therapeutic effects of 5-FU in rats bearing
established MNU-induced mammary tumors ranging from 125 to 200 mm?3. Rats (/7= 28)
were randomized to treatment with 1 mg of 5-FU administered intraductally to the tumor-
bearing gland or the same dose intravenously once per week for 4 weeks. The mean tumor
burden for each treatment group was measured over the course of 6 weeks (Fig. 1E). Six
weeks after drug administration, all 14 animals in the intravenous group were euthanized
owing to excessive tumor growth. In contrast, tumors in 10 of the 14 rats in the intraductal
5-FU group regressed completely. Of the tumors that did not regress in the intraductal 5-
FU-treated group, two tumors remained stable and two grew slowly to a size of 10 mm3 by
the end of the same 6-week observation period. The average tumor volume in intraductally
treated rats was significantly lower compared to those in intravenously treated rats over
time, with the volume difference reaching a maximal point at 6 weeks (estimated mean
difference = 1615.6 mm3) (Fig. 1E and table S4).

Phase 1 clinical trial of intraductal PLD in women awaiting mastectomy

From February 2006 to October 2009, 19 women signed a written informed consent, and 17
women were enrolled in the intraductal portion of the study, yet 2 were ineligible owing to a
low absolute neutrophil count. Three additional women receiving standard intravenous PLD
were enrolled in a pharmacokinetic control portion of the study and signed a separate
informed consent. The total number of women involved was 20, most of which were
Caucasian and had been diagnosed with invasive carcinoma (table S5). Duct cannulation
was successful in the 15 participants eligible for the intraductal portion of the study. In one
woman, a duct was successfully cannulated; however, PLD could not be instilled, likely
because of extensive disease. In another woman, cannulation was not successful probably
owing to a previous excisional biopsy.

All planned dose levels, including dextrose alone (dose level 0) and 2, 5, or 10 mg of PLD
(dose levels 1 to 3, respectively) per duct, were completed without serious adverse events,
such as blood toxicity, skin toxicity, or pain, using the National Cancer Institute Common
Terminology Criteria Adverse Events (CTCAE) version 3.0 (Table 3). Adverse events were
minimal, including transient mild breast fullness (60%) and breast or nipple pain or
discomfort (93%) (Table 3). Using a visual analog scale, we obtained a median breast/nipple
pain score at baseline of 0.02 (range, 0 to 0.3) on a scale of 0 to 100 mm (with 0 mm
representing “no pain” and 100 mm representing “most severe pain”). During the study, pain
scores were 0.64 (range, 0 to 2.2) during nipple aspiration, 1.37 (range, 0 to 6.2) during the
mammogram portion of the ductogram, and 0.91 (range, 0 to 2.3) during PLD
administration. Examples of ductogram images from two separate women who completed
preoperative standard chemotherapy with excellent responses as noted by little or no
residual disease at the time of their surgery are shown (Fig. 2, A and B).

PLD pharmacokinetics

Our hypothesis was that plasma concentrations of doxorubicin after intraductal
administration would be lower compared to the expected concentrations after intravenous
administration of the same or higher doses. In theory, the doxorubicin and doxorubicinol
that are found in the plasma are free from the liposomal formulation because only
nonliposomal (unencapsulated) drug will escape the reticuloendothelial system. In addition,
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only free (non—protein-bound) doxorubicin would be metabolized to doxorubicinol.
Therefore, we measured plasma drug concentrations serially until the time of mastectomy to
assess the systemic exposure of doxorubicin and doxorubicinol after intraductal
administration. Plasma concentrations as early as 4 hours and up to 2 weeks after drug
administration were lower in women who received intraductal PLD compared to those who
received the agent intravenously (Table 4). Conversely, drug concentrations in the breast
were considerably higher in women who received intraductal PLD compared to those
administered intravenous PLD (Table 4).

We measured drug concentrations in the area of the mastectomy specimen that was dyed
blue (presumably exposed to PLD) and in a nonblue area (associated with lower or no
concentration of PLD). Doxorubicin concentrations were not always highest in the blue-
dyed region, possibly owing to variability in the length of time between PLD administration
and the day of surgery, or cannulation of an incorrect duct at the time of surgery.
Contralateral breast tissue was available from seven participants, and nipple aspirate fluid
was obtained from the breast that was selected for intraductal administration in three
patients. We did not detect doxorubicin in either contralateral breast tissue or nipple aspirate
fluid. Local exposure was not noted consistently until the 10-mg dose level in both the
treated and the untreated regions. We detected low concentrations of the drug (doxorubicin)
but not the metabolite (doxorubicinal) in breast tissue obtained from one of the three women
who received PLD (40 mg/m?) intravenously, despite high plasma concentrations (Table 4).
In summary, administering low doses of PLD intraductally results in more drug in the breast
than in the circulation—the opposite of what was observed for intravenous administration.

Substantial pathological changes, including inflammation, were not observed on routine
microscopic examination of mastectomy specimens obtained from women who received
intraductal PLD. At the highest dose level (10 mg of PLD), we observed reactive epithelial
changes in the duct usually resulting from cytotoxic chemotherapy, including focal epithelial
necrosis in the treated (Fig. 2C) but not in the untreated (Fig. 2D) regions. These changes
were consistent with those seen in the rat model, suggesting that intraductal administration
of cytotoxic agents might eliminate the epithelial tissue lining the ducts.

DISCUSSION

Investigation of the role that the intraductal route may play in the treatment and prevention
of breast cancer is in its infancy. It has been shown that paclitaxel prevents tumor growth in
the MNU-induced rat breast cancer model (7). We have demonstrated that intraductal PLD
is associated with a potent protective effect both in the MNU-induced rat model and in the
spontaneous Her2/neu transgenic mouse model (3). We have extended our analysis to four
additional agents in this study to show that intraductal 5-FU, carboplatin, and PLD all
provide benefit in the same rat model, whereas methotrexate and nab-paclitaxel do not.
Administration of intraductal 5-FU, a key component of first-line regimens for breast cancer
treatment, was associated with a significant protective effect against early lesions in rats, as
well as complete regression of most established tumors.

We did not observe major systemic side effects in rats that were treated with the equivalent
(5-FU) or higher doses of a clinical human dose (PLD, carboplatin, methotrexate, or nab-
paclitaxel). Treatment with 5-FU was associated with the greatest antitumor effects among
the five agents, as evidenced by the lowest number of neoplastic events and a low Ki-67
labeling index. The observed transient hair thinning in rats in response to intraductal 5-FU
indicates that a systemic concentration is achieved, which may be explained by the agent’s
small molecular weight and short half-life. Further, intraductal 5-FU administered to four
ducts resulted in protection of the remaining eight uninjected mammary glands from tumor
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development (72% tumor-free mammary glands), and with greater efficacy than that seen in
rats after intravenous administration of 5-FU (51% tumor-free mammary glands). Thus,
intraductal 5-FU was superior to intravenous 5-FU in preventing mammary tumorigenesis in
the injected mammary glands and also showed efficacy in the uninjected glands in the same
animal, implicating the participation of a systemic factor in tumor prevention with this
particular agent.

This finding is in line with previous reports of potentiation of antitumor immune response
using cyclophosphamide and doxorubicin in patients with breast cancer (8) and using
gemcitabine and 5-FU in colon cancer (9). The observed occasional PLD-associated skin
erosion close to the rats’ teats might be from an overflow of drug when administered to
smaller-size mammary glands that are closer to the neck and tail (glands 1 and 6) compared
to the larger abdominal and inguinal glands. Similarly, we observed nipple irritation in the
clinical trial, which we attributed to the drug’s effect on the skin surface (PLD is a known
irritant). By histopathological analysis, epithelial cell destruction was confirmed only in the
PLD-treated animals. Because PLD is a slow-release formulation, it can remain in the
mammary gland for a long time compared to intravenous PLD-injected rats (3). Consistent
with the preclinical studies, we observed epithelial cell loss in H&E sections of mastectomy
specimens obtained in the clinical trial (Fig. 2, C and D).

Intraductal carboplatin was associated with beneficial effects for treatment both in early
lesions and in late established mammary carcinomas. Carboplatin is a platinum complex and
active in a wide range of solid tumors (10). Although carboplatin has not been in common
use against breast cancer since the introduction of anthracyclines and taxanes, several
studies suggest that it is associated with therapeutic effects in combination with other agents,
or in specific subtypes of breast cancer such as in women who are BRCAI or BRCAZ2
mutation carriers (11). Thus, carboplatin may warrant further investigation, in particular in
BRCA mutation carriers. Although treatment with methotrexate or nab-paclitaxel was
associated with few side effects, we did not observe a statistically significant reduction in
Ki-67 labeling index in the treated mammary glands (table S3) or in tumor incidence
compared to untreated controls (Table 1) in the rat model, suggesting that those agents might
not be appropriate for intraductal treatment in humans.

Our preclinical studies show that carboplatin, 5-FU, and PLD are suitable for further
intraductal testing in clinical trials. At the same time, our clinical trial data with PLD support
the feasibility of intraductal administration of agents. We demonstrated that administering
PLD into one duct of women awaiting a mastectomy was safe and associated with minimal
side effects. Nevertheless, our clinical trial is associated with several limitations and should
be regarded as a proof-of-principle study. First, we evaluated only a few dose levels in a
small number of women (/7= 17). Second, we administered PLD once into one ductal
system. Safety should be investigated with longer observation period in women who are
awaiting mastectomy and lumpectomy or those at high risk who are considering prevention
options.

Preliminary results have been presented from a study in 15 women awaiting mastectomy
who received either PLD or carboplatin intraductally to five to eight ducts at three dose
levels before the planned surgery (12). As in our study, Love ef a/. reported that intraductal
administration was associated with only mild breast discomfort during drug delivery (12). A
review of mastectomy specimens revealed that the drugs were distributed widely throughout
the ductal systems and reached the terminal duct lobular units. These results, together with
our report, support the ability to administer cytotoxic drugs into breast ducts with minimal
toxicity.
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The 2-mg dose of intraductal PLD was a reasonable starting point in our study because we
did not observe harmful effects in rats at an equivalent dose. Intraductal PLD administration
was associated with a dose-dependent increase in both systemic and local exposure to
doxorubicin and the metabolite, yet with considerably lower systemic concentrations than
intravenous dosing. We did not detect doxorubicin or its metabolite, doxorubicinol, in
contralateral (untreated) breast tissue. We note that although we include models and patients
with established tumors in the studies described here, because treatment of breast cancer
requires both local and systemic therapy, we believe that intraductal administration of agents
is applicable in the preneoplasia and prevention settings.

Great care needs to be exercised in the choice of agents that may provide long-term benefit
in the prevention setting. Although the cytotoxic agents we used appear effective in animal
models, their potential carcinogenic properties and differential metabolism across species
must be recognized. For instance, patients treated with systemic doses of antimetabolites,
such as 5-FU and methotrexate, have experienced a lower rate of iatrogenic cancers than
those with DNA intercalating agents, such as doxorubicin (13). Natural products, such as
curcumin or vitamin D, might be safer alternatives for therapy and prevention of early breast
cancer.

MATERIALS AND METHODS

Animal studies and intraductal injection

Female Sprague-Dawley rats, 3 to 4 weeks of age, were housed in a controlled environment
with a 12-hour light/dark cycle for at least 7 days before undergoing experimental
procedures. Rats received a single intraperitoneal injection of MNU (50 mg/kg) (Sigma-
Aldrich) between 4 and 5 weeks of age and allowed access to standard laboratory food and
water ad libitum. Animal experiments were performed with approval and guidelines of the
Animal Care and Use Committee of Johns Hopkins University School of Medicine.

Rats were anesthetized by isoflurane/oxygen inhalation. Keratin plugs were removed from
the surface of the teat by rubbing gently with gauze soaked in alcohol, revealing the duct
orifice. Mammary ducts were cannulated with a 34-gauge, blunt-ended needle attached to a
syringe. Drug (100 .l per teat) was infused slowly into the mammary gland while the
opening was visualized under a dissection microscope. Agents included 5-FU, carboplatin,
methotrexate, nab-paclitaxel (Abraxane, provided by Abraxis Inc.), and PLD (Doxil:
doxorubicin-HCI liposomal injection). The human dose equivalent was calculated with body
surface area of 100-g weight of rat with the following formula: (k x w?/3) x 1074, where kis
a constant (9.5 m?/g23) and wis the weight of the rat (in grams) (14).

Treatment of early lesions in rats

To evaluate the effect of the drugs administered at doses higher than the safe human
equivalent, effectiveness in reducing the number of occult MINs and microscopic tumors,
and to perform whole mounts and histopathological examination, we treated rats (7= 5, 60
mammary glands) 14 days after MNU exposure with a single intraductal injection of 5-FU
(12 mg per rat), carboplatin (6 mg per rat), methotrexate (4 mg per rat), nab-paclitaxel (60
mg per rat), PLD (0.96 mg per rat), or saline (vehicle) to all 12 mammary glands, or left
them untreated (none), and killed them 7 weeks later. Mammary glands were evaluated for
the presence of tumors, both macroscopically and by histology with whole mounts and H&E
staining.

In a second set of rats (/7= 5 per treatment group), the agents carboplatin (6 mg per rat),
methotrexate at two doses (4 or 10 mg per rat), and nab-paclitaxel (60 mg per rat) were
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administered intraductally once, 14 days after MNU injection, to all 12 glands of each rat
(60 glands per agent). Treated and untreated rats were observed for 22 weeks.

Treatment with 5-FU was initiated 14 days after MNU injection and was administered once
weekly for 4 weeks intravenously or intraductally to four teats (second to the fifth) on the
right side of the rat. Treated (7= 11) and untreated (7= 10) rats were observed for 22 weeks
after the initiation of treatment and palpated weekly for the presence of tumors; intraductal
5-FU-treated rats were palpated at weekly intervals for the presence of tumors in both
injected (n7= 44, four glands per rat) and uninjected (7= 88, eight glands per rat) glands.

Treatment of established tumors in rats

To test the therapeutic effects of intraductal 5-FU, we treated rats with MNU and palpated
them weekly for mammary tumors. When a mammary tumor was palpable (125 to 200
mm3), the rats (7= 28, 14 in each group) were randomized to treatment with intraductal or
intravenous 5-FU (1 mg) weekly for 4 weeks. The largest diameter (&) and the shortest
dimension (b)—perpendicular to &4—of the tumor were measured weekly. The tumor mass
was calculated with the following formula: tumor mass (in mm3) = (at?)/2 (15).

Histopathology

Mammary glands were dissected and whole mounts and paraffin-embedded sections were
prepared as described previously (16). Briefly, for whole mount, mammary glands were
removed and spread flat on slides and then fixed in 10% neutral buffered formalin for 24
hours. After fixation, glands were defatted in acetone for 12 hours, stained with
hematoxylin, dehydrated in graded ethanol, cleared in xylene, and visualized by light
microscopy. For paraffin-embedded sections, a small piece of mammary gland was fixed for
24 hours in 10% neutral buffered formalin. Sections and staining were performed according
to standard procedures by the Surgical Pathology Laboratory at the Johns Hopkins Hospital.

Immunostaining was performed with the Vectastain ABC Elite Kit (Vector Laboratories)
with monoclonal anti-Ki-67 antibody (BD Biosciences). Formalin-fixed, paraffin-embedded
tissue sections were deparaffinized in xylene and rehydrated through a graded series of
ethanol. Deparaffinized sections were placed in antigen unmasking solution (Vector
Laboratories) and heated in a household microwave oven at 99°C for 20 min. Sections were
cooled to room temperature, and endogenous peroxidase activity was quenched by
immersing sections in 0.3% hydrogen peroxide for 30 min. Tissue sections were blocked
with 5% normal horse serum diluted in phosphate-buffered saline at room temperature for
20 min. Tissues were then incubated in primary antibody (1:100) at 4°C overnight. Tissue
sections were washed and incubated with respective secondary antibody (1:1000) for 30 min
at room temperature. After washing, slides were incubated in the ABC complex for 30 min
at room temperature and then stained with 3,3”-diaminobenzidine (Vector Laboratories)
until optimal staining was obtained. Sections were counterstained with hematoxylin and
mounted.

The immunostained epithelial cells of mammary ducts smaller than 100 m in diameter
were counted in randomly selected 40x objective magnification fields for each sample and
scored on a total of at least 5000 nuclei per case. Ki-67 labeling index was calculated as
follows: (number of positive cells) x 100/(total number of epithelial cells). The estimate of
cell counts was analyzed by an observer who was blinded to the treatment groups.

Clinical trial patient population and procedures

The phase 1 feasibility and safety, dose-escalation, single-institution study was approved by
the Johns Hopkins Institutional Review Board (http://www.clinicaltrials.gov,
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NCT00290732). Details of patient accrual and omission are described in the Supplementary
Material.

Statistical analysis

Animal studies—Tumor-free survival of glands was defined as the time from MNU
injection to early lesion development in each gland or to animal death. Glands of the animals
that were euthanized were censored as of the last date of tumor assessment. Survival
distributions were graphically displayed with Kaplan-Meier curves. Hazard ratios were
estimated with 95% confidence interval (Cl) with the Cox proportional hazards model,
where correlations between within-cluster (animal) observations were taken into account.
Means of Ki-67 labeling index were compared between treatment groups with analysis of
variance (ANOVA). A mixed-effects model for repeated-measures data was used to evaluate
the treatment effects on established tumors, where the interaction effect between treatment
and time was tested. Multiple comparisons were adjusted with standard procedures. All tests
were two-sided and considered statistically significant at £< 0.05. Analyses were performed
with STATA (version 8.2) and SAS (version 9.2) software.

Clinical studies—The primary objective of the phase 1 study was to evaluate the
feasibility, safety, and maximum tolerated dose (MTD) of administering PLD into one duct
of women with breast cancer awaiting mastectomy. The study was conducted with a
standard 3 + 3 dose-escalation design. Dose-limiting toxicity (DLT) was defined as grade 3
to 4 hematological toxicity or grade 2 to 4 nonhematological toxicity of pain or
extravasation changes in the ipsilateral breast, or palmar-plantar erythrodysesthesia, with
CTCAE version 3.0. In addition, grade 2 to 4 local skin toxicity was considered DLT.

Three women were enrolled to a dextrose infusion (dose level 0) to determine the feasibility
of study logistics and local adverse events with the drug vehicle alone. The study would
proceed to dose level 1 if no grade 2 (moderate) or higher pain was reported in the treated
breast and the feasibility of the study requirements was confirmed. The dose levels tested
included 2, 5, and 10 mg of PLD per duct corresponding to levels 1, 2, and 3 (Table 3).
Three to six women were enrolled in successive cohorts, and standard dose-escalation rules
were used. Dose was to be escalated until the DLT was observed and the MTD was defined.
Further escalation above 10 mg (dose level 3) was not planned. If no DLT was observed at
10 mg, it would be determined that MTD was not reached in this study, and we would
consider reformulating PLD for increased doses, PLD treatment using multiple ducts, or
using other agents in follow-up studies. We added a control cohort that consisted of three
women treated with intravenous PLD to compare pharmacokinetic parameters between
intraductal- and intravenous-treated women.

Adverse event laboratory tests were summarized with descriptive statistics. Doxorubicin and
doxorubicinol concentrations were summarized by dose level with descriptive statistics. All
patients who received any amount of intraductal PLD were evaluated for toxicity. All
analyses were performed and all conclusions were based on eligible patients who initiated
the protocol treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
Acknowledgments

We thank S. Love for her guidance with study design, training, and continuing support of this research. We thank
N. Davidson for her support and helpful suggestions. We thank N. Kouprina, P. Argani, C. Balch, T. Bao, S. Briest,

Sci Transl Med. Author manuscript; available in PMC 2013 April 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stearns et al.

N.
L.

Page 11

Davidson, J. Fetting, A. Wolff, and M. Zhao for support with study design, enroliment, and conduct. We thank
Shockney, T. Driscoll, and the staff of the Avon Breast Center for their help in study enrollment and support of

participants. We thank J. S. Lee for pathology advice.

Fu
v

nding: Supported by the National Cancer Institute NCI-AVON Progress for Patients (3P30 CA0069773-44S2)
.S.), Windy Hill Medical (V.S. and S.S.), Mary Kay Ash Foundation (V.S.), Susan Love Research Foundation

(R.J.B.), and 3P30 CA069773 (M.A.R.). Abraxane for preclinical studies was provided by Abraxis Inc.

REFERENCES AND NOTES

1.

10

11.

12.

13.

Virnig BA, Tuttle TM, Shamliyan T, Kane RL. Ductal carcinoma in situ of the breast: A systematic
review of incidence, treatment, and outcomes. J. Natl. Cancer Inst. 2010; 102:170-178. [PubMed:
20071685]

. Tot T. The theory of the sick breast lobe and the possible consequences. Int. J. Surg. Pathol. 2007;

15:369-375. [PubMed: 17913943]

. Murata S, Kominsky SL, Vali M, Zhang Z, Garrett-Mayer E, Korz D, Huso D, Baker SD, Barber J,

Jaffee E, Reilly RT, Sukumar S. Ductal access for prevention and therapy of mammary tumors.
Cancer Res. 2006; 66:638—645. [PubMed: 16423990]

. Jacobs L, Sukumar S, Stearns V. Intraductal therapy for the prevention of breast cancer. Curr. Opin.

Investig. Drugs. 2010; 11:646—652.

. Sukumar S, Notario V, Martin-Zanca D, Barbacid M. Induction of mammary carcinomas in rats by

nitroso-methylurea involves malignant activation of H-ras-1 locus by single point mutations.
Nature. 1983; 306:658-661. [PubMed: 6318112]

. Thompson HJ, McGinley JN, Wolfe P, Singh M, Steele VE, Kelloff GJ. Temporal sequence of

mammary intraductal proliferations, ductal carcinomas in situ and adenocarcinomas induced by 1-
methyl-1-nitrosourea in rats. Carcinogenesis. 1998; 19:2181-2185. [PubMed: 9886576]

. Okugawa H, Yamamoto D, Uemura Y, Sakaida N, Tanano A, Tanaka K, Kamiyama Y. Effect of

perductal paclitaxel exposure on the development of MNU-induced mammary carcinoma in female
S-D rats. Breast Cancer Res. Treat. 2005; 91:29-34. [PubMed: 15868429]

. Emens LA, Asquith JM, Leatherman JM, Kobrin BJ, Petrik S, Laiko M, Levi J, Daphtary MM,

Biedrzycki B, Wolff AC, Stearns V, Disis ML, Ye X, Piantadosi S, Fetting JH, Davidson NE, Jaffee
EM. Timed sequential treatment with cyclophosphamide, doxorubicin, and an allogeneic
granulocyte-macrophage colony-stimulating factor-secreting breast tumor vaccine: A chemotherapy
dose-ranging factorial study of safety and immune activation. J. Clin. Oncol. 2009; 27:5911-5918.
[PubMed: 19805669]

. Correale P, Tagliaferri P, Fioravanti A, Del Vecchio MT, Remondo C, Montagnani F, Rotundo MS,

Ginanneschi C, Martellucci I, Francini E, Cusi MG, Tassone P, Francini G. Immunity feedback and
clinical outcome in colon cancer patients undergoing chemoimmunotherapy with gemcitabine +
FOLFOX followed by subcutaneous granulocyte macrophage colony-stimulating factor and
aldesleukin (GOLFIG-1 Trial). Clin. Cancer Res. 2008; 14:4192-4199. [PubMed: 18593999]

. Go RS, Adjei AA. Review of the comparative pharmacology and clinical activity of cisplatin and
carboplatin. J. Clin. Oncol. 1999; 17:409-422. [PubMed: 10458260]

Euhus DM. New insights into the prevention and treatment of familial breast cancer. J. Surg.
Oncol. 2011; 103:294-298. [PubMed: 21337561]

Love SM, Zhang B, Zhang W, Zhang B, Yang H, Rao J. Local drug delivery to the breast: A phase
1 study of breast cytotoxic agent administration prior to mastectomy. BMC Proc. 2009; 3:S29.
[PubMed: 20018019]

Woodward WA, Strom EA, McNeese MD, Perkins GH, Outlaw EL, Hortobagyi GN, Buzdar AU,
Buchholz TA. Cardiovascular death and second non-breast cancer malignancy after
postmastectomy radiation and doxorubicin-based chemotherapy. Int. J. Radiat. Oncol. Biol. Phys.
2003; 57:327-335. [PubMed: 12957242]

14. van Leeuwen BL, Hartel R, Jansen HW, Verkerke GJ, Veth RP, Kamps WA, Hoekstra HJ.

Chemotherapy affects the pattern of failure after shear loading of the proximal tibial growth plate.
Arch. Orthop. Trauma Surg. 2004; 124:503-506. [PubMed: 15372277]

Sci Transl Med. Author manuscript; available in PMC 2013 April 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stearns et al.

Page 12

15. Eralp Y, Wang X, Wang JP, Maughan MF, Polo JM, Lachman LB. Doxorubicin and paclitaxel
enhance the antitumor efficacy of vaccines directed against HER2/neu in a murine mammary
carcinoma model. Breast Cancer Res. 2004; 6:R275-R283. [PubMed: 15217493]

16. Thompson HJ, McGinley JN, Rothhammer K, Singh M. Rapid induction of mammary intraductal
proliferations, ductal carcinoma in situ and carcinomas by the injection of sexually immature
female rats with 1-methyl-1-nitrosourea. Carcinogenesis. 1995; 16:2407-2411. [PubMed:
7586143]

Sci Transl Med. Author manuscript; available in PMC 2013 April 04.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Stearns et al.

Page 13

>
w

100
n
@
©
2
x =
o (7]
. §
£ S 5
=i o o
x e X
(=) o R®
g )
1 £
L = 5.FU CBD PLD MTX ABX None
x
o Treatment
= C
o
=~
g "LL—‘—H_
8 o
v 5 @
20
§ % i
| o S
o3| o — No treatment (n = 60) LI
= o
T A 5 o] — CBD(n=60) E
s S oy — MTX 4 mg (n=60)
2 S| — MTX 10mg(n=60)
(0] g ABX (n = 60)
0 o) 10 15 20 25
D o Week after MNU injection
7]
= E
E g 2500 -
3 €
g g 52000
% 5 2 1500 | —5FUid (n=14)
o S 3 — 5-FUiv (1=14)
8 S 1000 -
T 4O |l = 5
2 o 5-Fu:fn'-t d: 44) T o?
o idinjected (n =
2° b 0 1 2 3 4 5 6
K <« — 5-FU uninjected (n = 88) A A A
05 Week

0 5 10 15 20 25
Week after MNU injection

Fig. 1.

Preclinical analysis of intraductal therapy of MNU-induced rat mammary tumors. (A)
Ductal branching structure density in representative hematoxylin-stained whole mounts (top
panel, x10 magnification) of the fourth mammary gland of an uninjected rat (None) and an
intraductal PLD-injected rat 7 weeks after treatment. Examination at higher power (100) of
the whole mount of the mammary gland after intraductal treatment with 5-FU, carboplatin
(CBD), methotrexate (MTX), nab-paclitaxel (ABX), PLD, or None. Bottom panel, H&E-
stained sections of formalin-fixed, paraffin-embedded mammary glands after treatment with
5-FU, carboplatin, methotrexate, nab-paclitaxel, PLD, or None. Top panel scale bars, 2 mm
(x10) or 200 m (x100). H&E scale bars, 50 wm. (B) Percentage of Ki-67—positive cells
after intraductal drug or saline treatment. Data are averages + SEM (=5 rats per treatment
group). *P< 0.05; ***P< 0.0001 by ANOVA with multiple comparisons adjusted with
Tukey’s procedure. (C) Mammary gland tumor-free survival in response to intraductal
chemotherapy. Female rats received MNU (week 0), and drug was administered
intraductally 2 weeks later. Rats were Killed 22 weeks after start of treatment. (D) Mammary
gland tumor-free survival in response to intraductal 5-FU therapy. Female rats received
MNU (week 0); 2 weeks later, the rats were left untreated or treated with 5-FU
intravenously or intraductally. In each rat, only four mammary glands received 5-FU,
whereas eight mammary glands remained untreated. Rats were Killed 22 weeks after start of
treatment. (E) Growth of MNU-induced mammary tumors (in mm3) over 6 weeks after
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treatment of a single palpable tumor with either intraductal or intravenous 5-FU. Rats

received treatment four times at weekly intervals. Data are means = SEM. *P< 0.05; **P<
0.01; ***P< 0.001, using a mixed-effects model.
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Fig. 2.

Representative ductogram and histopathology images from the clinical trial. (A) A
ductogram from a 29-year-old participant, which outlines dilated ducts surrounding the area
of the tumor, located in the upper aspect of the right breast (arrow). (B) A ductogram from a
37-year-old participant. The ductogram outlines a normal branching duct coursing superior
to the site of malignant calcifications in the tail of the left breast. (C) A histological
specimen of a prophylactic mastectomy representing a treated lobule (blue-dyed region). (D)
Histological specimen of the same prophylactic mastectomy shown in (C) of a non-treated
region (non-blue-dyed region). Scale bars, 100 pm.
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Therapeutic effect of intraductally administered cytotoxic agents on MNU-induced rat mammary tumors. Two
weeks after MNU injection, when hyperplasias, MINs, and microscopic carcinomas—but no palpable lesions
—were present in the mammary glands, rats were left untreated or were treated with a single intraductal
injection of one of the five drugs to all 12 glands. Rats were killed at 22 weeks after the initiation of drug
treatment. Time to emergence of tumors was analyzed with the individual gland as the analysis of unit with
Cox proportional hazards model, where correlations between observations within the same cluster (rat) were
taken into account. Multiple comparisons were adjusted with the Bonferroni procedure. CI, confidence
interval; CBD, carboplatin; MTX, methotrexate; ABX, nab-paclitaxel.

Treatment comparison Number of tumorsat theend of the study per 60 glands Hazardratio  95% CI P

No treatment versus CBD 26 versus 3 10.4 4.83-22.6 <0.0001
MTX (4 mg) versus CBD 24 versus 3 9.62 4.06-22.8  <0.0001
MTX (10 mg) versus CBD 25 versus 3 10.5 4.09-27.0 <0.0001
ABX versus CBD 23 versus 3 9.70 4.26-22.1 <0.0001
No treatment versus MTX (4 mg) 26 versus 24 1.09 0.67-1.76  >0.999
No treatment versus MTX (10 mg) 26 versus 25 0.99 0.53-1.85 >0.999
No treatment versus ABX 26 versus 23 1.08 0.71-1.64  >0.999
MTX (10 mg) versus MTX (4 mg) 25 versus 24 1.09 0.53-2.27  >0.999
MTX (10 mg) versus ABX 25 versus 23 1.08 0.55-2.16  >0.999
ABX versus MTX (4 mg) 23 versus 24 1.01 0.57-1.78  >0.999
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Table 2

Therapeutic effect of intraductally administered 5-FU on MNU-induced rat mammary tumors. Two weeks
after MNU injection, when hyperplasias, MINs, and microscopic carcinomas—but no palpable lesions—were
present in the mammary glands, rats were treated with the indicated agent. Eleven rats received 5-FU injected
intraductally into 4 mammary glands (second to the fifth) each (7= 44 mammary glands total), whereas the
remaining 8 mammary glands in each animal received no treatment (/7= 88 total; labeled as “uninjected”). Ten
rats received 5-FU intravenously (120 mammary glands total) and 20 rats remained untreated (240 mammary
glands total). Rats were killed at 22 weeks after the initiation of treatment. Time to emergence of tumors was
analyzed with the individual gland as the analysis unit with Cox proportional hazards model, where
correlations between observations within the same cluster (rat) were taken into account. Multiple comparisons
were adjusted with the Bonferroni procedure. id, intraductal; iv, intravenous.

Treatment comparison Number of tumorsat theend of the study/number of  Hazardratio  95% CI P
glands

No treatment versus 5-FU id injected 103/240 versus 7/44 3.30 1.50-7.25 0.018
5-FU iv versus 5-FU id injected 59/120 versus 7/44 4.02 1.73-9.36  0.006
5-FU iv versus 5-FU id uninjected 59/120 versus 25/88 2.06 1.19-3.55 0.054
No treatment versus 5-FU id uninjected 103/240 versus 25/88 1.69 1.08-2.64 0.126
5-FU id uninjected versus 5-FU id injected 25/88 versus 7/44 1.95 0.88-4.36  0.612
No treatment versus 5-FU iv 103/240 versus 59/120 0.82 0.55-1.22  >0.999
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Intraductal protocol for clinical trial. Three women were enrolled in a vehicle-only cohort (dose level 0) to
establish study logistics and local adverse events with the vehicle alone. The dose levels tested included 2, 5,
and 10 mg of PLD per duct corresponding to levels 1, 2, and 3. The number of attempted procedures and
adverse events is summarized.

Adver se events (mild)

Doselevd | "5 r?1ldc§S§é>T:Pg§e (a?tﬁ?te‘??;lﬂlﬁﬂn Breast fullness nippleﬁgjflsdimmfon
0 0 33 33 2/3

1 2 4/3* 3/3 3/3

2 5 a3’ 213 33

3 10 6/6 1/6 6/6

Total 17/15 9/15 (60%) 14/15 (93%)

*
One duct was cannulated successfully; however, PLD could not be instilled, likely owing to extensive disease (4.5-cm tumor, grade 111, with one
of three positive lymph nodes).

Cannulation was not successful in bilateral breasts, likely owing to previous excisional biopsies.
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