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Extracellular matrix (ECM) in solid tumors affects the effec-
tiveness of therapeutics through blocking of intratumoral
diffusion and/or physical masking of target receptors on
malignant cells. In immunohistochemical studies of tumor
sections from breast cancer patients and xenografts, we
observed colocalization of ECM proteins and Her2/neu, a
tumor-associated antigen that is the target for the widely
used monoclonal antibody trastuzumab (Herceptin). We
tested whether intratumoral expression of the peptide hor-
mone relaxin (RIx) would result in ECM degradation and
the improvement of trastuzumab therapy. As viral gene
delivery into epithelial tumors with extensive tumor ECM
is inefficient, we used a hematopoietic stem cell (HSC)-
based approach to deliver the RIx gene to the tumor.
In mouse models with syngeneic breast cancer tumors,
HSC-mediated intratumoral Rlx expression resulted in a
decrease of ECM proteins and enabled control of tumor
growth. Moreover, in a model with Her2/neu-positive
BT474-M1 tumors and more treatment-refractory tumors
derived from HCC1954 cells, we observed a significant
delay of tumor growth when trastuzumab therapy was
combined with RIx expression. Our results have implica-
tions for antibody therapy of cancer as well as for other
anticancer treatment approaches that are based on T-cells
or encapsulated chemotherapy drugs.
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INTRODUCTION

For the growth of solid tumors, the development of tumor stroma
is essential. Tumor stroma is composed of stromal cells and a com-
plexly structured extracellular matrix (ECM), containing collagen,
laminin, hyaluronic acid, glycosaminoglycans, and proteoglycans.
Stromal cells include fibroblasts, endothelial cells, pericytes, as
well as tumor-infiltrating hematopoietic cells that are predomi-
nantly derived from myeloid-lineage progenitor cells located in
the bone marrow. ECM components form extensive networks and
connect to tumor cells via cellular integrins. ECM proteins are

considered to be largely produced by tumor stroma cells. A recent
study, however, indicated that tumor cells with mesenchymal fea-
tures also express laminin, fibronectin, and collagen IV.' A series
of reports demonstrated that ECM not only attenuates the efficacy
of endogenous antitumor immune response, but also represents a
barrier to therapeutic modalities, including antibodies,? immuno-
toxins,” T-cells,* interferons,” encapsulated chemotherapy drugs,®
or oncolytic adenoviruses (Ads).” These studies show that the det-
rimental effect of tumor ECM on therapeutics is exerted through
blocking of intratumoral diffusion and/or physical masking of
target receptors on malignant cells. Attempts to overcome these
problems include the application of ECM degrading enzymes. In
preclinical models, it has been shown that collagenase increases
the diffusion rate of immunoglobulin (Ig) G in tumors.*® Injection
of collagenase was also found to increase the uptake of therapeutic
agents, for example liposomal doxorubicin (Caelyx) and antibod-
ies against the osteosarcoma-associated antigen TP-2 in human
osteosarcoma xenografts.!!! Furthermore, the direct adminis-
tration of collagenase/dispase or trypsin into glioma xenografts
enhanced the extent of infection of a nonreplicating Ad vector
expressing a reporter gene.'?

A protein that has been often used to degrade tumor ECM
proteins is relaxin (RIx), a peptide hormone that during pregnancy
is involved in softening the uterine cervix, vagina, and interpubic
ligaments in preparation for parturition.” This effect is achieved
by decreasing the synthesis and secretion of interstitial collagens
as well as the upregulating matrix metalloproteinase and collage-
nase expression.

RIx has been tested as a therapeutic in preclinical models. In
a mouse tumor model, the chronic application of Rlx via osmotic
pumps resulted in collagen degradation and an increased intratu-
moral diffusion of macromolecules.' In cancer virotherapy stud-
ies, Ad-mediated Rlx expression enhanced the spread of oncolytic
Ads in which transduction of non-Rlx-expressing virus was low
overall.'>!¢

As noted above, the tumor ECM can affect the efficacy of trans-
duction by Ads, including Ads that express RIx. Furthermore, sys-
temic application of viral vectors is hampered by immune responses
and unspecific sequestration by nontumor tissues. We therefore
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developed a new approach for gene delivery to tumors that is
based on hematopoietic stem cells (HSCs). The approach capital-
izes on the fact that most solid cancers are heavily infiltrated by
tumor-associated macrophages (TAMs), whose progenitors are
actively recruited by the tumor from bone-localized HSCs. Our
approach involves the ex vivo transduction of HSCs with inte-
grating viral vectors containing therapeutic transgenes and the
transplantation of these cells into myelo-conditioned recipients,
where they engraft in the bone marrow and provide a long-term
source of genetically modified cells that will home to tumors.
In a recent study, we showed that the inducible intratumoral
expression of Rlx after the transplantation of mouse HSCs trans-
duced with a Rlx-expressing lentivirus vector, delayed tumor
growth in an immunocompetent mouse breast cancer model.”
The antitumor effect of Rlx was mediated by the degradation of
the tumor ECM proteins, which in turn provided pre-existing
immune cells with increased access to the tumor. Here, we will
use this HSC-based gene delivery approach in xenograft models
of breast cancer in combination with anti-Her2/neu antibody
therapy.

Human epithelial growth factor receptor-2 (HER-2/neu) is a
tumor antigen utilized as a prognosis factor as well as a vaccine/
therapy target in breast cancer. Approximately 20-30% of all breast
cancers are Her2/neu positive. This is combined with a poor prog-
nosis for the patients.!® The development of the monoclonal anti-
body trastuzumab (Herceptin) brought a significant improvement
in the outcome of these patients. Trastuzumab has become part
of first line therapy for Her2/neu-positive breast cancer patients.
Unfortunately, a significant number of Her2/neu-positive patients
do not respond to treatment with trastuzumab-containing regi-
mens.”® In this study, we observed extensive ECM and intercel-
lular junctions in breast cancer patients and xenograft models. We
hypothesized that this blocks the access to Her2/neu and/or the
intratumoral dissemination of trastuzumab. Here, we show that a
stem-cell based approach for Rlx expression in tumors mediates
tumor ECM degradation and significantly improves trastuzumab
therapy in two xenograft models.

RESULTS

Immunohistochemical colocalization

of Her2/neu and ECM proteins

As outlined above, tumor ECM affects the transport of antibod-
ies from the blood vessels to tumor cells and intratumoral dis-
semination. We also hypothesized that ECM proteins mask target
receptors on the tumor cell surface and affect access of therapeutic
antibodies such as trastuzumab. This is supported by immunohis-
tochemical studies of Her2/neu and tight junction protein Claudin
7 and the ECM protein laminin on Her2/neu-positive breast and
ovarian cancer biopsies (Figure 1a,b, respectively). Overlapping
signals for Her2/neu and ECM protein were observed in focal
microscopy studies on established breast cancer cell lines, e.g,
BT474-M1 (Figure 1c). Furthermore, when transplanted into
the mammary fat pad of immunodeficient CB17 SCID-beige,
the Her2/neu-positive human breast cancer cell lines BT474-M1
and HCC1954 formed tumor nests surrounded by tumor ECM
costaining of Her2/neu and laminin (Figure 1d,e). Therefore,
both tumor models adequately reflect key features of human
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Figure 1 Immunohistochemical colocalization of Her2/neu and ECM
proteins in breast cancer. (a) Representative sections of a tumor biopsy
from a patient with stage Ill ductal mammary carcinoma. (b) Sections
of a biopsy from a patient with stage IV clear cell ovarian cancer. Bar =
40 pm. (c) Confocal microscopy of BT474-M1 tumor cells in vitro. Shown
are representative images of stacked XZ and XY sections. Bar = 20 pm.
(d,e) Sections of xenograft tumors derived from (d) BT474-M1 and
(e) HCC1954 cells. Bar = 40 um. ECM, extracellular matrix.

breast cancer tumors in situ, i.e., widespread tumor stroma and
masking of Her2/neu by ECM proteins.

Lentivirus vectors for regulated RIx expression

Our stem cell gene therapy approach is based on the transduc-
tion of HSCs with integrating gene transfer vectors and subse-
quent doxycycline (Dox)-regulated transgene expression from
HSC-derived TAMs. Previously, using a lentivirus vector for
Dox-inducible transgene expression, we found high background
RIx expression in cells and animals without Dox induction.” As
retroviruses integrate preferentially into genes, this could be the
result of unspecific activation of transgene expression by chromo-
somal transcription elements and/or the interference between the
retroviral promoters/enhancers within the proviral long-terminal
repeat with the Dox-inducible expression cassette. To address these
problems we constructed self-inactivating (SIN) lentivirus vec-
tors, i.e., vectors containing a deletion within the 3’ long-terminal
repeat, which abolishes the long-terminal repeat promoter activ-
ity (Figure 2a). In addition to the U3 deletion, the long-terminal
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Figure 2 Insulated SIN-lentivirus vector for regulated Rlx expres-
sion (Ins-SIN-LV-RIx). (@) Scheme of integrated provirus. The Rix gene is
under the control of a tTR-KRAB system.’' tRT-KRAB bound to tet-operator
sequences represses promoters in the vicinity of 3-4kb. Addition of Dox
releases this repression. The vector also contains a central polypurine tract
(cPPT) and a woodchuck hepatitis virus post-transcriptional regulatory ele-
ment (WPRC). A 0.4-kb cHS4 insulator element?? is inserted into the 398-
bp U3 promoter/enhancer deletion (U3A). Upon proviral integration into
host genome, the U3 region containing the cHS4 is copied over to the
5" LTR. (b) BT474-M1 cells were transduced with VSV-G-pseudotyped Ins-
SIN-LV-RIx at an MOI of 1. Twenty-four hours after transduction, cells were
subjected to limited dilution in 96-well plates. Individual colonies were
expanded and treated with Dox for 24 hours. Then, mRNA was isolated
and subjected to qRT-PCR for GAPDH and RIx mRNA. The powered ACt
values represent RIx mRNA levels compared to GAPDH mRNA levels. The
right column shows the induction factor upon Dox addition. Dox, doxy-
cycline; LTR, long-terminal repeat; MOI, multiplicity of infection; qRT-PCR,
quantitative reverse transcription; Rlx, relaxin; SIN, self-inactivating.

repeats also contained a chromatin insulator derived from the
chicken globin locus control region DNase I hypersensitivity 4
region (cHS4). In the integrated provirus the transgene cassette is
therefore flanked by two cHS4 insulators (Figure 2a). It has been
shown that the cHS4 insulator protects retrovirus vectors from
chromosomal position effects of integration and from silencing,
particularly in HSCs and their progeny.”** Notably, the vector
contained the transgene under the control of the mouse phospho-
glycerate kinase 1 promoter that is active in HSCs, their progeny,
as well as in tumor cells. The Rlx expression cassette can be acti-
vated by the addition of Dox.

We tested a new insulated SIN lentivirus vector containing
a Dox-inducible Rlx expression cassette (Ins-SIN-LV-RIx) in
a series of breast cancer cell lines. To assess potential chromo-
somal position effects, subsequent to transduction of cells with
Ins-SIN-LV-RIx at an multiplicity of infection of 1, individual
clones were analyzed for RIx mRNA levels by quantitative reverse
transcription-PCR with and without Dox induction. Exemplary
for these studies, Figure 2b shows data for BT474-M1-Rlx clones.
The addition of Dox increased mRNA levels, on average, 5,509-
fold in clones derived from Ins-SIN-LV-RIx transduced cells. We
also measured the ability of Rlx to stimulate cAMP production
in cells.”? In BT474-M1-Rlx clone #4, the clone that we used in
subsequent in vivo studies, cCAMP activity was 16-fold higher in
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culture supernatants 48 hours after the addition of Dox when
compared to pretreatment levels. This indicates that Rlx expressed
from Ins-SIN-LV-RIx is catalytically active and that its production
can be induced by Dox.

Effect of RIx expression on trastuzumab killing in vitro
Our immunohistochemical studies indicated that ECM proteins
mask Her2/neu in breast cancer cultures, implying that Rlx-
mediated ECM protein degradation might increase killing by
trastuzumab. We therefore utilized BT474-M1 clones transduced
with Ins-SIN-LV-RIx (BT474-M1-Rlx) with and without Dox
treatment to test this hypothesis. Immunohistochemical studies
of BT474-M1-Rlx demonstrated the presence of laminin in par-
acellular spaces with costaining of Her2/neu, and a decrease in
laminin in the Dox-treated group (Figure 3a). To analyze access
of therapeutics to Her2/neu, we measured cell viability of BT474-
M1-RIx cells after treatment with trastuzumab in the presence and
absence of Dox (Figure 3b). In agreement with earlier studies,”
incubation of Her2/neu-positive breast cancer cells with trastu-
zumab caused death of ~20% of cells. Induction of Rlx expres-
sion in BT474-M1-Rlx by Dox for 2 days, significantly increased
trastuzumab killing. Trastuzumab or trastuzumab with Dox had
no cytotoxic effect on the Her2/neu-negative breast cancer cell
line MDA-MB-231-RIx, which express Rlx at comparable levels
to BT474-M1-Rlx (Figure 3b, lower panel). These in vitro find-
ings create a basis for testing whether Rlx-mediated degradation
of tumor stroma proteins can increase the therapeutic efficacy of
trastuzumab in vivo.

Homing of gene modified bone marrow cells

to MMC tumors

Our stem cell-based approach for gene delivery of Rlx to tumors
is based on the active recruitment of bone-marrow localized
TAM progenitors by the tumor. The approach involves the ex vivo
transduction of HSCs with lentiviral vectors. As it was unclear
prior to this study whether human xenograft tumors could mobi-
lize and attract mouse TAM progenitors, we first tested our new
Ins-SIN-LV-RIx vector in a syngeneic system involving trans-
duction of mouse bone marrow HSCs. We used FVB/N-TgN
220-MMTV/neu mice that overexpress rat neu in breast tissue
(neu-tg mice). Mouse mammary carcinoma cells (MMC) is a
transplantable carcinoma line derived from a spontaneous mam-
mary tumor from neu-tg mice.** Our previous studies have shown
that MMC cells form tumor nests surrounded by laminin. Tumor
stroma is infiltrated with leukocytes. Leukocytes are separated
from MMC cells by tumor stroma proteins. Despite the presence
of tumor-specific, CD8* cells in MMC tumors, tumor progression
cannot be controlled, which appears, in part, to be due to physical
barriers."

As a source of HSCs, we used bone marrow cells from mice
that were injected intravenously with 5-fluorouracil (150 mg/kg)
2 days before the collection of the bone marrow. Bone marrow
cells were cultured for 3 days and nonadherent cells (enriched
for HSCs and primitive progenitors) were mock-transduced or
tranduced with a green fluorescent protein (GFP)-expressing LV
vector at a multiplicity of infection of 2. Transduced cells were
then transplanted into lethally irradiated neu-tg mice. Six weeks
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Figure 3 Effect of Dox-induced RIx expression on trastuzumab killing
in vitro. These studies used BT474-M1-Rlx clone #4 (see Figure 2b) and
a MDA-MB-231-RIx clone with a comparable RIx mRNA expression level.
(a) Immunofluorescent analysis of BT474-M1-RIx clone #4 for laminin
and Her2/neu 2 days after Dox addition. (b) In vitro killing of (Her2/neu-
positive) BT474-M1-RIx and (Her2/neu-negative) MDA-MB-231-RIx cells
by trastuzumab. BT474-M1-RIx cells were grown to confluence, incu-
bated with Dox (1 pg/ml) or PBS for 2 days and then treated with tras-
tuzumab (15 pg/ml) for 30 minutes. Cell viability was measured 2 hours
later by WST-1 assay. Viability of PBS-treated cells was taken as 100%.
N =5, *P < 0.05 for BT474-M1-RIx+trastuzumab w/ Dox versus w/o
Dox. Three independent experiments were performed and the data used
for statistical analysis. Dox, doxycycline; PBS, phosphate-buffered saline;
RIx, relaxin.

later, subsequent to the bone marrow engraftment of genetically
modified cells, mice were subcutaneously injected with MMC
cells. Dox was intraperitoneally injected at day 7 and then every
other day (Figure 4a). When analyzed before transplantation
47(+/-11)% of HSC cells expressed GFP after ex vivo LV trans-
duction (Figure 4b, left panel). In MMC tumors, we found large
numbers of GFP-marked transplanted donor cells localized to the
tumor stroma (Figure 4b, right panel). Flow cytometry analyses of
a cell suspension of explanted MMC tumors showed that a total of
4.65 (+/-1.1)% of all tumor cells (including stroma and malignant
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cells) were GFP™ and that approximately half of the GFP* cells
were also positive for the macrophage marker F4/80 (Figure 4b,
left panel). This study shows efficient transgene delivery to the
center of tumors using ex vivo transduced HSCs as a vehicle.

To validate the function of Ins-SIN-LV-Rlx in the MMC/neu-tg
mouse model, HSC were transduced with this vector and trans-
planted as described above. Seven days after MMC cell trans-
plantation, Rlx was induced by intraperitoneal Dox injection
and tumor growth monitored. Mice that received Ins-SIN-
LV-RIx transduced HSCs and Dox treatment had significantly
smaller tumors compared to animals without Dox induction and
to animals that received mock-transduced bone marrow cells
(Figure 4c). Sections from tumors harvested at day 19 after MMC
cell transplantation were stained for the basement membrane
using Jones’ methenamine silver staining method* (Figure 4d).
Less and more fragmented basement membrane fibers were
found in animals that expressed Rlx. We also performed immu-
nohistochemistry for the ECM protein collagen IV and quantified
signals by morphometry. The area of collagen IV per section was
11.5(+/-1.3)% for Tx(Mock), 13.3+/-1.8% for Tx(Mock)+Dox,
7.5(+/-0.8%) for Tx(Rlx), and 6.7+/-0.8% for Tx(Rlx)+Dox
[P <0.05 for Tx(Mock) versus Tx(RIx) and Tx(Mock)+Dox versus
Tx(RIx)+Dox]. This indicates that the Rlx-mediated decrease in
tumor collagen IV enables control of tumor growth. Notably, no
side effects (weight loss, hematological abnormalities, abnormal
organ histology) were observed in mice with Dox-induced Rlx
expression, indicating that Rlx expression from HSCs and their
progeny at extratumoral sites did not cause critical toxicity.

Infiltration of breast cancer xenograft

tumors by mouse TAMs

Rat Her2/neu (in neu-tg mice) does not react with trastuzumab.
We therefore tested the effect of Rlx-mediated tumor ECM pro-
tein degradation on trastuzumab therapy in xenograft models
with tumors derived from the Her2/neu-positive human breast
cancer cell lines BT474-M1 and HCC1954. Analysis of tumor sec-
tions derived from BT474-M1 cells (Figure 5a) or HCC1954 cells
(Figure 5b) showed efficient vascularization and infiltration with
mouse CD45% and F4/80" TAMs that were predominantly local-
ized to the tumor stroma. This histology implies that mouse bone
marrow-derived HSCs can be used to deliver a transgene to the
xenograft tumor.

Effect of RIx on trastuzumab therapy in vivo
Using the stem cell-based gene delivery approach in BT474-M1
and HCC195 xenograft tumor models, we tested whether (i) Dox-
induced Rlx expression had therapeutic effects and (ii) whether
Rlx-induced ECM degradation improved trastuzumab therapy.
We first performed in vivo studies in the BT474-M1 model.
We transduced mouse bone marrow cells with Ins-SIN-LV-RIx
and transplanted them into CB17-SCID/beige mice after sublethal
irradiation (Tx-Rlx) (Figure 6). Control mice received-mock
transduced bone marrow cells (Tx-Mock). This protocol resulted
in engraftment rates of ~50%, i.e., about 50% of bone marrow cells
were positive for human CD45 at 6 weeks after transplantation.'
Subsequent to the engraftment of transplanted HSCs, mice were
injected into the mammary fat pad with BT474-M1 cells. Dox or
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Figure 4 Studies with transplanted mouse HSCs in neu-tg mice carrying MMC tumors. (a) Scheme of experiment. A total of 5 x 10° of
mock- or LV-transduced HSCs were transplanted into lethally irradiated neu-tg mice via tail vein injection. Six weeks after HSCs engraftment,
MMC tumors were established via injection of 5 x 105 MMC cells subcutaneously. Mice received intraperitoneal injection of PBS or Dox (0.5 mg/
mouse in 500 pl PBS) starting at day 7 after MMC cell transplantation and then every other day. (b) Tumor homing of gene modified cells. Left
panel: GFP expression in HSCs before transplantation, middle panel: representative MMC tumor section from mice that received LV-GFP trans-
duced HSCs. Right panel: F4/80 and GFP flow cytometry analyses of MMC tumors from mice that received LV-GFP transduced HSCs. Tumors
were digested with collagenase to generate single cell suspensions. The gated sections P4 and P5 represent GFP*/F4/80% and GFP*/F4/40- cells,
respectively. Shown is a representative sample. (¢) Therapy study with mice that received mock-transduced (upper panels) and Ins-SIN-LV-RIx-
transduced (lower panels) mouse HSCs. Dox or PBS was injected intraperitoneally at day 7 after MMC cell implantation and then every other
day. RIx/Dox— versus Rlx/Dox+: P = 0.0021 for day 19. The P value has been calculated based data from three independent experiments with
different numbers of inoculated tumor cells in each experiment. The figure shows the data from animals injected with 5 x 105> MMC cells. (d)
Representative sections stained for basement membrane using Jones’ periodic acid silver staining method. Basement membrane appears in dark
brown/black. Dox, doxycycline; GFP, green fluorescent protein; HSC, hematopoietic stem cell; LV, lentivirus; MMC, mammary carcinoma cell;
PBS, phosphate-buffered saline; RlIx, relaxin.
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Figure 5 Infiltration of human breast cancer tumors by mouse TAMs.
(a) BT474-M1 and (b) HCC1954 tumors were established in CB17-SCID-
beige mice. Tumors were harvested at 4 weeks after tumor cell injection
and sections analyzed for vascularization using antibodies against mouse
CD31 (endothelial marker); for tumor ECM, using antibodies against
mouse laminin; for leukocyte infiltration using antibodies against mouse
CD45; and for TAM infiltration using antibodies against mouse F4/80.
Bar = 40 pm. TAM, tumor-associated macrophage.

phosphate-buffered saline (PBS) injections started at day 7 after
tumor cell transplantation and were repeated every other day.
Trastuzumab treatment (10 mg/kg) was performed weekly start-
ing at day 21 after tumor implantation. Dox treatment of mice
had no effect on tumor growth (Figure 6a). Induction of Rlx
expression in mice that were transplanted with Ins-SIN-LV-RIx
transduced HSCs markedly delayed growth of BT474-M1 tumors
(Figure 6a); Tx (Mock)-Dox versus Tx (Rlx)-Dox: P = 0.007).
Trastuzumab treatment of mice resulted in reduction of tumor
volumes in all groups. Importantly, Dox-induced Rlx expres-
sion further increased the therapeutic effect of trastuzumab
(Figure 6b); Tx (Mock)-trastuzumab/Dox versus Tx (Rlx) versus
Tx (Rlx)-trastuzumab/Dox: P < 0.05. In the Tx(RIx)/Dox/tras-
tuzumab group, tumors disappeared in 60% of mice and did not
reoccur within the monitoring period (6 weeks).

To show that the Rlx-mediated enhancement of trastu-
zumab therapy is mediated by ECM degradation and better
access to Her2/neu, we analyzed tumor histology (Figure 6c-f).
Hematoxylin and eosin staining of the tumor section from Rlx-
expressing mice revealed more dispersed and smaller tumor nests
compared to mice that did not express Rlx (Figure 6¢). Her2/neu
staining was comparable in all groups (Figure 6d). There was less
staining for basement membrane and the ECM protein collagen
IV in Rlx-expressing mice (Figure 6e,f). Quantitative image anal-
ysis of collagen IV signals revealed significantly less collagen IV in
Rlx versus non-Rlx-expressing mice (P < 0.05). The collagen IV
area per tumor section was 0.62 (+/-0.08)% in Tx(Mock) mice
and 0.33 (+/-0.03)% in Tx(RIx)+Dox mice.

As BT474-M1 tumors were sensitive to trastuzumab treatment,
we tested our approach in a second model with Her2/neu-positive
HCC1954 cells (Figure 7). Preliminary studies had shown that
trastuzumab only marginally delayed HCC1954 tumor growth.
As described above, we transplanted mice with mock-treated
and Ins-SIN-LV-RIx transduced HSCs and implanted HCC1954
tumor cells only when the transplanted cells were engrafted in
the bone marrow. As in the BT474-M1 model, Dox injection had
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no effect on tumor growth (Figure 7a). Trastuzumab treatment
did not significantly delay tumor growth; Tx (Mock)-PBS ver-
sus Tx (Mock)-trastuzumab: P = 0.24; Tx (Mock)-Dox versus Tx
(Mock)-trastuzumab/Dox: P = 0.17). Importantly, Dox-induced
Rlx expression from transplanted cells significantly delayed tumor
growth; Tx (Mock)-Dox versus Tx (Rlx)-Dox: P = 0.01. This effect
was increased by trastuzumab treatment; Tx (Rlx)-Dox versus Tx
(RIx)-Dox/trastuzumab: P = 0.008. Furthermore, Dox-induced
Rlx expression significantly facilitated trastuzumab therapy; Tx
(Mock)-trastuzumab/Dox versus Tx (Rlx)-trastuzumab/Dox: P =
0.006. No significant difference was found in Tx (RIx) mice treated
with PBS or Dox, although a trend toward a tumor growth delay
upon Dox induction was observable. The latter result suggests
that, although we used insulated vectors in this study, there was
still significant RIx background expression in vivo from TAMs/
TAM progenitors without Dox induction. This is also reflected in
Rlx mRNA levels in Tx (Rlx) mice with and without Dox treat-
ment. Quantitative reverse transcription-PCR on total RNA iso-
lated from tumors showed that GAPDH-normalized ACt values
were 89.6 (+/-21.6)% for Tx (Rlx) and 156.0(+/-37.7)% for Tx
(RIx)+Dox animals higher than control values in Tx (Mock)
mice. This demonstrates, significant induction of Rlx expression
by Dox, but also high background Rlx expression levels without
induction. To evaluate Rlx protein expression in tumors, we uti-
lized tumor lysates for immunoprecipitation/western blot analy-
sis with anti-Rlx antibodies. No Rlx expression was detectable
in Mock-transplanted animals, whereas specific Rlx signals were
present in Tx(Rlx) and Tx(RIx)Dox animals. Quantitative analy-
sis of Rlx-specific western blot signals showed that Rlx expression
was 3.7-fold higher in Dox-treated animals (Figure 7b). While
hematoxylin and eosin and Her2/neu stainings of tumor sections
did not show apparent differences between groups (Figure 7c),
collagen IV immunohistochemical analyses revealed markedly
decreased collagen IV signals in tumors of Tx(RIx)Dox compared
to Tx (Mock) animals (Figure 7d). Based on morphometry analy-
sis, the collagen IV area per tumor section was 6.7 (+/-1.2)% in
Tx(Mock) mice, 5.3 (+/-0.7)% in Tx(Rlx), and 1.7 (+/-0.5)% in
Tx(RIx)+Dox mice (P < 0.05 for Tx(Mock) versus Tx(RIx)+Dox).

In summary, we showed in two xenograft models with human
Her2/neu-positive breast cancer cell lines that stem cell-based Rlx
gene therapy delays tumor growth and allows for unfolding the
therapeutic potential of trastuzumab by removing physical barri-
ers for targeting Her2/neu.

DISCUSSION

This study confirms our earlier results in the neu/tg-MMC model
that HSC-mediated Rlx expression enables control of tumor
growth. As outlined above, tumor stroma is essential for tumor
growth, implying that Rlx-mediated degradation of ECM should
exert antitumor effects even in the absence of an active antitumor
immune response, as it is the case in CB17-SCID/beige mice. We
also expect that in breast cancer patients, in which, even at late
stage, tumor-specific T-cells often exist, intratumoral RIx expres-
sion as a monotherapy would exert therapeutic effects. This is
based on publications demonstrating that the capability of anti-
tumor T-cells to penetrate tumor stroma and infiltrate deep into
the parenchyma correlates with an improved prognosis in breast
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Figure 6 Therapy studies in the BT474-M1 xenograft model. CB17-SCID-beige mice were transplanted with either mock- or Ins-SIN-LV-RIx-
transduced HSCs cells [Tx (Mock) and Tx (RIx), respectively]. After engraftment of HSCs, BT474-M1 cells were implanted into the mammary fat pad.
Intraperitoneal Dox or PBS injections started 7 days after tumor cell implantation. Trastuzumab injections started 21 days after BT474-M1 cell trans-
plantation. (a) Tumor growth in Tx (Mock) and Tx (RIx) mice without trastuzumab treatment. Shown is the relative increase of tumor volume. Tumor
volumes at the day on which Dox/PBS injections were started (“b.t.”) were taken as 100%. b.t., before treatment; p.t., post-treatment. N = 7. Shown
are the average tumor volumes and SD. (b) Tumor growth in Tx (Mock) and Tx (RIx) mice with trastuzumab treatment. Note that the scale of the
y-axis is different. (c,d) Representative tumor sections of mice without RIx expression [Tx (Mock)] and with Dox-induced RIx expression [Tx (RIx)+Dox]
stained with (¢) H&E and for (d) Her2/neu. Tumors from trastuzumab-treated mice were either absent or too small and could therefore not be evalu-
ated. (e,f) Representative sections stained for basement membrane using (e) Jones’ periodic acid silver staining method and (f) collagen IV. Collagen
staining in f appears in brown. Collagen IV stained sections were used for morphometry. Bar = 40 um. Dox, doxycycline; GFP, green fluorescent protein;

HSC, hematopoietic stem cell; LV, lentivirus; PBS, phosphate-buffered saline; RIx, relaxin; SIN, self-inactivating.

cancer,”® ovarian cancer,” lung cancer,”® and bladder cancer®
patients. In this context, intratumoral Rlx expression might also
be able to improve various breast cancer vaccines, which, thus far,
showed efficient activation of tumor-specific T and B cells,****
however, lacked objective vaccine-induced cancer regression.

Our study also provides a proof-of-concept for an approach
that enhances antibody-based cancer therapy in a xenograft
model of Her2/neu-positive breast cancer as shown for trastu-
zumab treatment. In a model with Her2/neu-positive BT474-M1
tumors and the more treatment-refractory HCC1954 tumors, we
observed a significant delay of tumor growth when trastuzumab
therapy was combined with Dox-induced Rlx expression.

Both xenograft tumor models tested in this study adequately
reflected tumor histology seen in patients in situ, i.e., tumor
stroma surrounding nests of epithelial cancer cells. For Rix gene
delivery, we abandoned our Ad vector-based approaches that
we extensively tested in the past, as they were not efficient in

Molecular Therapy vol. 19 no. 3 mar. 2011

tumors with this histology due to physical barriers."** We also
believe that the continuous administration of recombinant human
RIx, as it has been done e.g., in lung fibrosis models,” is clinically
not feasible due to the high costs and side effects of systemic Rlx
application.”® We therefore used a “Trojan horse” stem-cell based
approach. This approach is based on the fact that tumor cells
secrete a number of chemokines that actively mobilize myeloid
progenitors from the bone marrow and recruit them to the tumor
stroma where they differentiate into TAMs. TAMs are critical for
tumor survival as they produce factors that trigger/support tumor
growth, neoangiogenesis, immune escape, and stroma develop-
ment. Ultimately, our plan is to transduce ex vivo, the patient’s
HSCs with optimized viral vectors containing therapeutic trans-
genes, and transplant these stem cells into cancer patients after
chemotherapy, expecting that they will engraft in the bone marrow
and provide a long-term source of genetically modified cells that
will home to tumors. HSC harvesting and in vitro transduction
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Figure 7 Therapy studies in the HCC1954 model. Mice were treated as described in Figure 6. (a) Tumor growth in mice. Shown is the relative
increase of tumor volume. Tumor volumes at the day Dox/PBS injection were started (“b.t.”) were taken as 100%. b.t., before treatment; p.t., post-
treatment. N = 5. Shown are the average tumor volumes and SD. In the Tx(RIx)Dox group, the decrease in tumor volume between days 13 and 15
is not significant. (b) Tumor lysates were subjected to immunoprecipitation with polyclonal anti-RIx antibodies and analyzed by western blot with
monoclonal anti-RIx antibodies. Representative samples are shown. In agreement with the manufacturer, the monoclonal anti-RIx antibody reacts
with 25kd and ~50kd RIx forms. (c) Representative paraffin sections of tumors from mice without RIx expression [Tx (Mock)] stained with H&E (left
panel) and for Her2/neu (right panel). Tumor sections for the other experimental groups were similar. (d) Immunohistochemistry for collagen IV.
Positive signals appear in brown. Bar = 40 pm. Dox, doxycycline; GFP, green fluorescent protein; H&E, hematoxylin and eosin; HSC, hematopoietic
stem cell; LV, lentivirus; PBS, phosphate-buffered saline; RIx, relaxin; SIN, self-inactivating.

are clinically well-established procedures and the HSC transplan- ~ where a number of patients developed leukemia due to insertional
tation can be embedded into the chemotherapy cycles that the — mutagenesis and activation of an oncogene(s). However, several
patient receives for cancer treatment. An advantage of using HSCs  recent studies in tumor-prone mouse models have demonstrated
over mesenchymal stem cells, which have been employed as gene  that tumorigenesis does not occur with SIN-lentivirus vectors and
delivery vehicles in cancer therapy studies,** is that after trans-  the use of insulated vectors would decrease the potential risk even
plantation into myelo-conditioned recipients, HSCs engraft and  more.* We have considered these findings in our approach and
provide a life-long source of genetically modified cells, specifically ~ developed insulated SIN-lentivirus vectors that allowed for Dox
of TAMs, which represent the predominant cell type of inflamma-  control of Rlx expression in vitro in breast cancer cell lines. In vivo
tory infiltrates of breast cancer. in xenograft tumors, however, we found significant Rlx mRNA
Tranduction of human CD34% cells with murine leukemia  expression without Dox induction. This indicates that chromatin
virus-based retrovirus vectors has been used in clinical trials for  insulators or Dox-inducible systems appear to function less effi-
genetic blood diseases such as SCID-ADA, SCID-X1, and sickle  ciently in vivo in cells derived from HSCs.
cell disease.”’ A critical problem with the use of murine leuke- As transduced HSCs not only home to tumors but also to
mia virus-based retroviruses became apparent in X-SCID trials, normal organs,"” Rlx is also expressed at extratumoral sites. In

486 www.moleculartherapy.org vol. 19 no. 3 mar. 2011



© The American Society of Gene & Cell Therapy

agreement with previous studies, we did however not observe path-
ological changes in organ histology and hematological parameters.
This might be due to the fact that Rlx inhibits collagen expression
when collagen is overexpressed i.e., in tumors; it does not mark-
edly alter basal levels of collagen expression, in contrast to other
collagen-modulatory cytokines, such as interferon-y.*” Based on
recent evidence that TAMs have a unique gene expression sig-
nature that distinguishes it from other tissue macrophages,*” we
are currently working on TAM-specific expression systems in the
context of insulated SIN-lentivirus vectors to increase the safety
of our approach.

There are concerns that tumor stroma degradation by Rlx
increases metastasis. Studies by Silvertown et al. reported that
permanent Rlx overexpression increased in vivo prostate xeno-
graft tumor growth and angiogenesis.* These results were recently
revised by the same group.* The general consensus is now that
Rlx expression alone is not sufficient to induce metastasis, a pro-
cess that involves epithelial to mesenchymal transition, dissocia-
tion of cells from the primary tumor, enhanced cell motility, and
the ability of cells to invade blood vessels.”***¢ Notably, in stud-
ies involving Ad-mediated Rlx expression, no metastases were
found.’'¢ In fact, Ad-mediated Rlx expression reversed the spread
of tumor cells that normally would metastasize.'”® Along this line,
RIx expression in this and our previous' studies did not result in
metastasis.

Our study has also potential relevance for other experimental
or established breast cancer therapies, including T-cell therapy.
Adoptive T-cell therapy, i.e., the infusion of tumor-competent
T-cells, has, so far, not achieved significant therapeutic benefit.
Among the obstacles that affect this type of therapy are physical
stromal barriers produced by the host-cancer interaction, which
prevents access of immune effectors to the cancer.”*® A detailed
analysis of an infused HER-2/neu-specific CD8-positive T cell
clone in a patient with breast cancer, suggests that tumor stromal
factors may be preventing intratumoral diffusion of T cells.*
Another application of HSC-based Rlx expression could be in
combination with encapsulated chemotherapy drugs. In this con-
text, it is notable that several liposomal formulations or albumin
conjugates of platinum drugs are now used clinically® and newer
formulations including various polymers, nanotubes, and den-
drimers, are currently under intensive clinical testing.

In summary, we show that regulated Rlx expression in breast
cancer tumors after stem cell-based gene delivery is safe and sig-
nificantly improves trastuzumab therapy.

Our results have implications for antibody therapy of other
epithelial and nonepithelial cancers as well as for other treatment
approaches that are based on T-cells or chemotherapy drugs deliv-
ered as liposomes, polymers, or nanoparticles.

MATERIALS AND METHODS

Cells. MMC cells were cultured in RPMI-1640 containing 15% fetal bovine
serum (Hyclone, South Logan, UT), 1% Penicillin/Streptomycin, and 1%
L-glutamine (Invitrogen, Eugene, OR). HCC1954 (human breast cancer
cells) were cultured in RPMI-1640 containing 10% fetal bovine serum,
1% Penicillin/Streptomycin, and rL-glutamine. BT474-M1 is a tumori-
genic subclone of BT474."° BT474-M1 cells were cultured in Dulbeccos
modified Eagle’s medium/F:12 with 10% fetal bovine serum, 1% Penicillin/
Streptomycin, and L-glutamine.
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To obtain mouse HSCs, donor mice were injected with 5-fluorouracil
(150 mg/kg) intravenously 2 days before bone marrow isolation. Bone
marrow cells were cultured for 3 days, and nonadherent cells were
collected for lentivirus infection and transplanted on the next day into
irradiated donor mice.

Antibodies. The following antibodies were used in immunohistochemical
studies: rat anti-mouse CD31 (BD Pharmingen, San Jose, CA), rat anti-mouse
CD45 (BD Pharmingen), rat anti-mouse F4/80 (Abcam, Cambridge, MA),
goat antihuman collagen IV (Southern Technology, Longwood, FL), rabbit
anti-laminin (DAKO, Glostrup, Denmark), mouse anti-Her2/neu (Abcam),
anti-mouse Ig-AlexaFluor 488 (green) (Invitrogen, Molecular Probes,
Eugene OR), anti-rabbit Ig-AlexaFluor 568 (red) (Molecular Probes).

RIx activity assay. The activity of RIx in culture supernatants was mea-
sured based using a cAMP bioassay as described elsewhere.?

Animal experiments. All experiments involving animals were conducted
in accordance with the institutional guidelines set forth by the University
of Washington. All mice were housed in specific pathogen-free facilities.
Immunocompetent rat Her2/neu transgenic mice (neu-tg) or CB17 SCID-
beige were used.

HSC/MMC model: A total of 5 x 10° lentivirus vector-transduced
bone marrow cells from 5-fluorouracil-treated mice were transplanted
into lethally irradiated (1,050 cGy) female neu-tg mice. Six weeks after
bone marrow transplantation, mice received 5 x 10° MMC cells by
subcutaneous injection.

Human xenograft model: Transplant recipients were 6-10-week
old, female CB17 SCID-beige mice, sublethally irradiated with 350 cGy
immediately before tail vein injection with 6 x 10° lentivirus vector-
transduced bone marrow cells from 5-fluorouracil-treated mice. After
engraftment of cells in the recipients’ bone marrow was confirmed, a
total of 4 x 10° BT474-M1 or HCC1954 were injected into the mammary
fat pad. The tumor volume was calculated using the formula [largest
diameter x (smallest diameter)?]. Mice were sacrificed when the tumor
volume reached 1,000 mm? or ulcerated.

Immunohistochemistry for human cancer tissue sections. Paraffin sec-
tions of breast cancer tissues were analyzed using anti-laminin and anti-
collagen IV antibodies. Antigen retrieval was performed on deparaffinized
sections by incubation in distilled water overnight at 60°C. Endogenous
peroxidase was blocked with 3% hydrogen peroxide in PBS for 10 min-
utes at room temperature (RT). To prevent nonspecific signals, an Avidin/
Biotin block (Vector Labs, Burlingame, CA) was used. Sections were incu-
bated with primary antibody (1:2,000) overnight at 4 °C before being rinsed
twice with PBS. The secondary antibody [biotinylated anti-rabbit (1:300)
in 1% bovine serum albumin/PBS] was incubated for 30 minutes at RT.
ABC solution was used as detection system. Sections were counterstained
with methyl green, dehydrated and mounted.

Immunocytochemistry for in vitro staining of cell cultures. Cells were
cultured on chamber slides (5 x 10*) until they reached 75% confluence.
Cells were fixed with acetone: methanol (1:1vol/vol) for 15 minutes at
4°C. Primary antibodies were incubated at RT for 1 hour. Anti-Her2/neu,
-laminin, and -collagen IV antibodies were utilized. After three washes
with PBS, glass slides were mounted using VECTASHIELD with DAPI
(Vector Labs). Photographs were taken with a Leica DFC300FX digital
camera. Confocal images were taken on a Zeiss META confocal microscope
using 40x or 100x oil lenses and Zeiss 510 software (Zeiss Microlmaging,
Thornwood, NY).

Immunohistochemistry for mouse tissue and organs. Tumors were
embedded in optimal cutting temperature medium and frozen at —80°C.
Sections were cut at a thickness of 8tm and fixed in methanol: aceton
(1:1vol/vol) at —20°C for 10 minutes. Nonspecific binding was blocked by
2% nonfat dry milk in PBS for 20 minutes at RT. Primary antibodies were
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incubated at RT for 1 hour. We used anti-Her2/neu, -laminin, -collagen
IV, -mouse CD31, -mouse CD45, -mouse F4/80 antibodies. The basement
membrane of the tumors was visualized using Jones’ methenamine silver
staining method.”

Morphometry. Images of anticollagen IV labeled paraffin tumor sections
were taken using a Leica DFC300FX digital camera with a Leica DMLB
microscope (Leica, Wetzlar, Germany). Ten x20-magnification pictures per
tumor section (five sections per tumor, collected at a distance of 100 Lm)
were analyzed using the Image-Pro Plus program (Media Cybernetics,
Bethesda, MD) and the collagen IV-positive area (% collagen IV area per
tumor section or mm? collagen IV/mm? tumor section) was calculated.

Quantitative reverse transcription-PCR. Quantification of Rlx mRNA was
performed as described elsewhere.”” mRNA extraction was performed
with RNAeasy kit (Qiagen, Valencia, CA). Complementary DNA was syn-
thesized by reverse transcription (QuantiTect Reverse Transcription Kit;
Qiagen). Amplification of complementary DNA was performed with SYBR
GREEN mastermix (Quantace, San Mateo, CA) as described earlier."”

In vitro viability assays. 5 x 10* BT474 cells/well were seeded in tripli-
cate in 96-well plates and grown to confluence. Trastuzumab (15 f1g/ml)
was added for 30 minutes and cell viability was measured 2 hours later by
WST-1 assay (Roche, San Francisco, CA).

RIx immunoprecipitation/western blot. For immunoprecipitation, the
protein/G-gel crosslinking kit (Pierce, Rockford, IL) and the rat mono-
clonal antibody MAB2804 (R&D Systems, Minneapolis, MN) were used.
Precipitated proteins were analyzed by western blot using anti-Rlx anti-
body ab47546-conjugated to horse radish peroxidase (Abcam). Western
blot signals were quantitated using SigmaGel software.

Statistical analyses. Statistical significance of in vivo data was analyzed
by Kaplan-Meier survival curves and log-rank test (GraphPad Prism
Version 4). Statistical significance of in vitro data was calculated by two-
sided Student’s t-test (Microsoft Excel). P values <0.05 were considered
statistically significant. JMP statistical package was used to perform power
analysis and determine the minimal number of animals per group. Using
parameters of o. = 0.05; power = 80%; effect size = 50% (80% chance of
observing a difference of 50% in tumor size at a level of significance of
0.05), we arrived at a minimal group size of five for a comparison of two
groups. Therefore all experiments were at least performed once with five
animals per group and, if required, repeated with additional animals until
significance was achieved.
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