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The immunosuppressive tumor microenvironment represents a major hurdle to cancer therapy. We developed
a gene transfer strategy into hematopoietic stem cells (HSCs) to target transgene expression to tumor-infiltrating
monocytes/macrophages. Using a combination of transcriptional and microRNA-mediated control, we achieved
selective expression of an interferon-a (IFN-a) transgene in differentiated monocytes of human hematochimeric
mice. We show that IFN-a transgene expression does not impair engraftment and long-term multilineage re-
population of NSG (NOD/LtSz-scidIL2Rgnull) mice by transplanted human HSCs. By providing a source of human
cytokines in the mice, we improved the functional reconstitution of human myeloid, natural killer, and T cell
lineages, and achieved enhanced immune-mediated clearance of transplanted human breast tumors when
hematopoiesis was engineered for tumor-targeted IFN-a expression. By applying our strategy to mouse breast
cancer models, we achieved inhibition of tumor progression and experimental metastases in an autologous
setting, likely through enhanced generation of effector T cells and their recruitment to the neoplastic tissues.
By forcing IFN-a expression in tumor-infiltrating macrophages, we blunted their innate protumoral activity and
reprogrammed the tumor microenvironment toward more effective dendritic cell activation and immune effec-
tor cell cytotoxicity. Overall, our studies validate the feasibility, safety, and therapeutic potential of a new
cancer gene therapy strategy, and open the way to test this approach as adjuvant therapy in advanced breast
cancer patients.
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INTRODUCTION

Increasing evidence shows that the immune system has the potential
to contribute to cancer eradication (1). The graft-versus-tumor activity
of donor T cells is exploited in allogeneic hematopoietic stem cell
(HSC) transplantation to treat refractory hematological malignancies
(2). More recently, several immunotherapeutic approaches aimed at
promoting antitumor immunity have shown promising results in the
treatment of advanced solid tumors (3). However, a major hurdle to
the efficacy of cancer immunotherapy is the immunosuppressive tu-
mor microenvironment, which counteracts effective and long-lasting
antitumor responses through the release of inhibitory factors for in-
nate and adaptive immune cells and the recruitment of immuno-
suppressive leukocytes (4). Thus, approaches aiming at reprogramming
the tumor microenvironment toward a more permissive state for the
generation and deployment of immune effector responses are crucial to
improve the success of current immunotherapy strategies for cancer.

Type I interferons (IFNs) are pleiotropic cytokines involved in in-
nate and adaptive immunity that have been shown to promote anti-
tumor immune responses (5). IFNs promote the survival, proliferation,
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and cytotoxicity of CD8+ T cells, the immunoglobulin class switching
of B cells, and the activation of dendritic cells (DCs), which have a
crucial role in the initiation of adaptive immune responses (6, 7).
Moreover, IFNs increase natural killer (NK) cell cytotoxicity by mod-
ulating the surface expression of activating and inhibitory receptors
and enhance NK cell survival and expansion by inducing the produc-
tion of interleukin-15 (IL-15), a cytokine also important to maintain
CD8+ memory T cells. Type I IFNs also increase the expression of
tumor antigens on neoplastic cells, making them more immunogenic
(8). The broad biological activities of IFNs provided the rationale for
testing administration of exogenous IFN-a as an anticancer treatment,
which proved effective against several solid and hematological malig-
nancies (9). However, clinical use of IFN-a has since declined because
of the substantial toxicity associated with systemic administration and
the limited efficacy at the maximal tolerated doses, thus calling for
safer and more effective delivery strategies (10).

Our group has described a population of monocytes, TIE2-expressing
monocytes (TEMs), which have proangiogenic activity and are prefer-
entially recruited to tumors in mice and humans (11, 12). We ex-
ploited the tumor-homing ability of TEMs to target IFN-a to mouse
tumors by transplanting hematopoietic stem/progenitor cells (HS/PCs),
which were genetically modified with a transcriptionally targeted IFN-a
transgene using enhancer/promoter sequences from the mouse Tie2/Tek
gene (13). Whereas this study provided proof of principle of a potential
new therapeutic strategy, its translation to the clinical setting has re-
mained challenging because of concerns on the feasibility and safety of
gene transfer into human HSCs.

Recently, we and others have provided evidence for safe and effec-
tive HSC gene transfer by lentiviral vectors (LVs) in clinical trials of
gene therapy for inherited monogenic diseases (14–17), thus opening
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the way to clinical development of our anticancer strategy. However,
transfer of an IFN-a transgene into HS/PCs raises further concerns,
given the well-known detrimental effects of high-dose IFN-a on myelo-
thrombopoiesis (18) and the reported activation of dormant HSCs
in IFN-a–treated mice, ultimately leading to exhaustion of the HSC
pool (19). Thus, we sought to implement a stringent control of trans-
gene expression during posttransplant hematopoiesis to limit HSC ex-
posure to transgenic IFN-a expression, and performed comprehensive
preclinical studies to establish the safety and potential efficacy of the
strategy.
www.Scie
RESULTS

Genetic engineering of HSCs for targeted transgene
expression in myelo-monocytic progeny
To express the human IFN-a specifically in human TEMs (12), we
cloned enhancer/promoter sequences from the human TIE2/TEK
locus with homology to the sequences previously described from the
mouse genome (20) into a third-generation, green fluorescent protein
(GFP)–expressing lentiviral reporter vector (Fig. 1A) and confirmed
the selective activity of this promoter in endothelial cells (fig. S1, A
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Fig. 1. Targeted transgene expression in the myelo-monocytic progeny
ofHS/PCs by an LVexploiting the human TIE2gene regulatory sequences.

responsive element; cPPT, central polypurine tract; PRE, posttranscriptional reg-
ulatory element of woodchuck hepatitis virus. (B) Frequency (top panel) and
(A) Schematic representation of the vector design and of the human TIE2 locus.
The genomic coordinates of the human TIE2 promoter and enhancer are in-
dicated. Prom, promoter; Enh, enhancer; Ex, exon; CDS, coding sequence;
UTR, untranslated region. DU3 R U5, long terminal repeat regions with self-
inactivating deletion in U3; y, packaging signal; eGFP, enhanced green
fluorescent protein; SD and SA, splicing donor and acceptor sites; RRE, Rev-
level (MFI; bottompanel) ofGFPexpression (mean±SEM) in the indicatedhem-
atopoietic populations of hTIE2-GFP NSGmice (n = 4 to 10) or after in vitro dif-
ferentiation of human CD34+ cells derived from the BMof hTIE2-GFP NSGmice.
The populations in which the TIE2 promoter is expected to be active are high-
lighted in green. Note that GFPMFI cannot be directly compared among the
three plots, as they represent distinct experimental acquisitions.
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to C). We then transduced CD34+ HS/PCs from human cord blood and
grew them in clonogenic assays. Myeloid (CD33+), but not erythroid
(CD235a+), cells expressed the GFP protein (fig. S1D). To investigate
the specificity of expression of the hTIE2-GFP LV throughout hemato-
poiesis, we used a human hematochimeric xenotransplantation model.
We transduced human CD34+ HS/PCs with the hTIE2-GFP LV, trans-
planted them inNOD/LtSz-scidIL2Rgnull (NSG)mice (21, 22), and ana-
lyzed hematopoietic subpopulations derived from the reconstituted
www.Scie
human hematopoiesis (figs. S2 and S3). We found a strong preferential
expression of the hTIE2-GFP LV in circulating myeloid versus lym-
phoid cells, as shown by the frequency andmean fluorescence intensity
(MFI) of GFP+ cells (Fig. 1B; overall MFI fold difference ± SEM, 10 ±
1.4; see Supplementary Materials and Methods for calculation). Cor-
respondingly, in the bone marrow (BM), GFP expression was well de-
tectable in differentiating myeloid cells, but not in lymphoid cells or in
CD34+CD38+ progenitors. GFP expression was also detectable in the
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Fig. 2. Suppression of transgene expression in stem and early PCs
and long-term multilineage reconstitution of hTIE2-IFN-mirT NSG
mice. (A) Schematic representation of the vector design. Abbreviations
as in Fig. 1A. miR-XT, target sequences for the indicated miRNAs. (B) Repre-
sentative flow cytometry plots of human umbilical vein endothelial cells
(HUVECs) transduced with the control (hTIE2-GFP) or miRNA-regulated
(hTIE2-GFP-mirT) vector. The frequency of GFP+ cells and the MFI per
integrated vector are shown. (C) Top: Frequency (left panel) and MFI (right
panel) of GFP expression (mean ± SEM) in progenitors and HSCs present in
the BM of hTIE2-GFP (n = 7) and hTIE2-GFP-mirT (n = 7) NSG mice. **P =
0.0134, ***P = 0.0002, Student’s t test. (D) Percentages of human CD45+ cells (mean ± SEM) present in the peripheral blood (PB) of mock (n = 4 to 9),
hTIE2-GFP-mirT (n = 7 to 17), and hTIE2-IFN-mirT (n = 8 to 17) NSG mice at the indicated time points after transplant. (E) Percentages within human
CD45+ cells (mean ± SEM) of the indicated lineages present in the PB of mock (n = 11), hTIE2-GFP-mirT (n = 8), and hTIE2-IFN-mirT (n = 11) NSG mice
at 12 weeks after transplant. (F) Percentages within human CD45+ cells (mean ± SEM) of HSCs and progenitors present in the BM of mock (n = 9),
hTIE2-GFP-mirT (n = 8), and hTIE2-IFN-mirT (n = 11) NSG mice at 19.5 weeks after transplant.
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early progenitor subset enriched for HSCs (CD34+CD38−), which ex-
press the TIE2 receptor (23).

Because circulating myeloid cells may not reach full maturation in
NSG mice, we investigated if the expression of our LV was enhanced
upon terminal monocyte/macrophage differentiation. We cultured
in vitro human CD34+ cells isolated from the BM of transplanted
NSG mice in the presence of macrophage colony-stimulating factor
(M-CSF) and granulocyte colony-stimulating factor (G-CSF), and found
strong GFP up-regulation in the differentiated CD14+ macrophages
with respect to CD13+CD14− granulocytic cells (Fig. 1B). Together,
these results indicate that the reconstituted human TIE2 regulatory ele-
ments are preferentially activated during myeloid differentiation and
reach high activity in mature monocytes/macrophages. The expression
cassette, however, is also active in HSC.

Detargeting transgene expression from HS/PCs
Because chronic activation of the type I IFN pathway in HSCs might
impair their function (19, 24), we refined our strategy by incor-
porating target sequences for miR-126 and miR-130a (mirT) into
the LV (Fig. 2A). This modification makes the LV susceptible to nega-
tive regulation (repression) by the endogenous microRNAs (miRNAs).
We previously showed that both miR-126 and miR-130a are expressed
in the HS/PC compartment but not in mature blood cells (25, 26).
Because we inserted multiple copies of perfectly complementary
miRNA target sequences in the vector, the miRNAs act as small in-
terfering RNAs against the transcript and effectively suppress its trans-
lation. Thus, our miRNA-based off-switch design should detarget LV
expression from HS/PCs, limiting potential transgene toxicity while en-
abling expression in their differentiated myelo-monocytic progeny.

To verify transgene detargeting in miR-126–expressing cells, we
first transduced human umbilical vein endothelial cells (HUVECs),
which express high levels of miR-126 (27), with both control (hTIE2-GFP)
and miRNA-regulated (hTIE2-GFP-mirT) LVs. GFP was not expressed
in cells transduced with the mirT vector (Fig. 2B), indicating full sup-
pression of the hTIE2-mirT construct in endothelial cells. We then in-
vestigated posttranscriptional regulation of this construct in human
HS/PC subpopulations in the BM of reconstituted NSG mice carrying
matched amounts of hTIE2-GFP or hTIE2-GFP-mirT LV [vector copy
number (VCN) = 2 to 5]. We found effective transgene detargeting from
HSCs by the mirT LV [6.6 ± 1 (fold repression ± SEM); P = 0.0002,
Student’s t test; see Supplementary Materials and Methods for calcula-
tion] (Fig. 2C). The residual GFP expression observed in progenitors was
also reducedby themirTLV(4.1±0.7,P=0.0134), albeit to a lower extent
than in HSCs, in agreement with the expression patterns of miR-126 and
miR-130a, which peak in HSCs and decrease in progenitors (25, 26).
These results indicate effective miRNA-mediated detargeting of trans-
gene expression from the HS/PC compartment.

We then cloned the human IFNA2B complementary DNA (cDNA)
in the hTIE2-GFP-mirT (hTIE2-IFN-mirT) and hTIE2-GFP (hTIE2-
IFN) LVs (see Fig. 2A) and confirmed suppression of IFN-a expression
in HUVECs transduced with the mirT-regulated vector by enzyme-
linked immunosorbent assay (ELISA) (fig. S4A). We then tested
whether transduction with the hTIE2-IFN-mirT LV would affect
HS/PC properties. Clonogenic assays did not reveal IFN-a toxicity
on committed progenitors (fig. S4B). Mice transplanted with hTIE2-
IFN-mirT–transduced HS/PCs (hTIE2-IFN-mirT mice) showed simi-
lar engraftment levels and kinetics as compared to hTIE2-GFP-mirT
and hTIE2-GFP (hTIE2-GFP±mirT) mice or mice transplanted with
www.Scie
mock-transduced HS/PCs (mock mice) (Fig. 2D). Furthermore, they
showed similar proportions of human B, T, and myeloid cells in the
blood and HS/PCs in the BM long-term posttransplant (Fig. 2, E and
F) with no evidence of in vivo counterselection of hTIE2-IFN-mirT–
transduced cells (fig. S4C). Together, these results indicate that trans-
duction with the hTIE2-IFN-mirT LV did not interfere with the ability
of human CD34+ cells to reconstitute a sustained multilineage hema-
topoietic system in NSG mice.

Activation of a type I IFN response in tumors of human
hematochimeric mice
Having provided evidence of the feasibility of engineering human
hematopoiesis with the new IFN-a LV, we sought to determine wheth-
er it could enable delivery of bioactive IFN-a to the tumor site and
hence inhibit its growth. Thirteen weeks after the transplant of gene-
modified human CD34+ cells, we orthotopically injected the MDA-
MB 231 (MDA) breast cancer cell line in hTIE2-IFN-mirT (n = 10)
and, as controls, hTIE2-GFP or hTIE2-GFP-mirT (hTIE2-GFP±mirT)
(n = 13) or mock (n = 7) NSG mice (Fig. 3A). We noted an increase in
the number of circulating human myeloid cells 3.5 weeks after tumor
injection [4.7 ± 0.7 (fold change ± SEM) compared to tumor-free NSG
mice], with the greatest expansion found in monocytes (7.6 ± 1.5) and
no expansion seen in B cells (Fig. 3B). Mechanistically, such myeloid
cell expansion may be induced by human G-CSF, a cytokine that pro-
motes the proliferation and differentiation of myeloid progenitors (28)
and that is produced by MDA cells (29). Indeed, flow cytometric anal-
ysis of tumor biopsies obtained 4.5 weeks after tumor injection showed
that human hematopoietic cells were recruited into the tumors, and
most of them were myeloid, with no differences between the treatment
groups (Fig. 3C and fig. S5A). T cells were very few in the tumor as in
the blood.

We then assessed whether the recruited myeloid cells could deliver
IFN-a to the tumors and hence induce activation of a type I IFN re-
sponse. We measured the expression of two IFN-inducible genes, IRF7
and OAS1A, by quantitative polymerase chain reaction (qPCR) in the
tumors, BM, and liver of hTIE2-IFN-mirT and control mice at 4.5 weeks
after tumor injection. We found both genes to be significantly up-regulated
in tumors of hTIE2-IFN-mirTmice compared tomock controls (Fig. 3D).
These results indicate that the progeny of transduced and transplanted
human HS/PCs infiltrated the tumor and induced an IFN-a response
preferentially at the tumor site. Despite the observed activation of IFN-a
signaling in the tumors, we found no difference in the growth of ortho-
topically injected tumors between hTIE2-IFN-mirT mice and controls
(Fig. 3E). The lack of antitumor efficacy was, however, not unexpected; in-
deed, the antitumor activity of IFN-a ismainlymediated through itsmod-
ulatory activities on immune cells, which are impaired in NSG mice (30).

Generation of a human tumor model to study immune
responses in human hematochimeric mice
To overcome the absence of human cytokines supporting full devel-
opment and function of T, NK, and myeloid cells in NSG mice, we
engineeredMDA cells for expression of human granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-7, or IL-15 (MDA3; fig. S6, A
and B). When human NSG mice previously reconstituted with human
hematopoietic cells were challenged with MDA3 cells, we observed a
marked expansion of T and NK cells (fig. S7, A and B). Monocytes,
which largely accounted for the myeloid cell expansion in MDA-injected
mice, were not expanded. Conversely, in MDA3-injected mice, another
nceTranslationalMedicine.org 1 January 2014 Vol 6 Issue 217 217ra3 4
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myeloid cell population, characterized by high granularity (SSChigh) and
lack of the monocyte marker CD14, primarily accounted for the ex-
pansion of the myeloid compartment (fig. S7C).

By monitoring tumor growth over time, we observed tumor regres-
sion in MDA3-injected as compared to MDA-injected mice (P = 0.0138,
day 21, Student’s t test; Fig. 4A).Notably,we foundno significant difference
in the growth of the two tumor cell lines orthotopically injected in untrans-
www.Scie
plantedNSGmice, indicating that the transduced cytokines did not confer
growth advantage or disadvantage on the MDA tumor cell line per se.
Rather, this finding suggested that cytokine-primedhumanhematopoietic
cells promoted tumor rejection.We then purified T cells from the mouse
spleen and stimulated them in vitro.WhereasT cells fromMDA-injected
mice did not survive in culture, the T cells from MDA3-injected mice ex-
panded and responded to restimulation with phytohemagglutinin (PHA)
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Fig. 3. Injection of MDA-MB 231 breast cancer cells into human hemato-
chimeric NSG mice. (A) Schematic representation of the experimental

hTIE2-GFP and hTIE2-GFP-mirT (n = 13), and hTIE2-IFN-mirT (n = 10) NSG
mice at 4.5 weeks upon tumor injection. (D) IRF7 (left) and OAS1 (right)
design. (B) Fold change (mean ± SEM) of the absolute numbers of the
indicated human cells at 3.5 weeks upon tumor injection with respect to T0
(before tumor injection) in the PB of tumor-bearing (mock/hTIE2-GFP/TIE2-
GFP-mirT, n = 20; hTIE2-IFN-mirT, n = 10) and tumor-free (no tumor, n = 9)
human hematochimeric NSG mice. (C) Percentages (mean ± SEM) of total
intratumoral human CD45+ cells (top panel) and of myeloid and T cells
within intratumoral human CD45+ cells (bottom panel) in mock (n = 7),
expression (mean fold change over Ctrl organs ± SEM) in tumors and
organs of control (mock, n = 4) and IFN-treated (hTIE2-IFN-mirT, n = 10)
human hematochimeric NSG mice, as measured by reverse transcription
(RT)–qPCR. **P = 0.0045 (IRF7 ), **P = 0.0057 (OAS1), ***P = 0.0007, Student’s
t test. (E) Tumor kinetic growth over time of orthotopically injected MDA-MB
231 cells (mean tumor measurement ± SEM) in hTIE2-GFP and hTIE2-GFP-
mirT (n = 4), hTIE2-IFN-mirT (n = 3), and mock (n = 3) NSG mice.
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orMDAcells with similar efficiency as peripheral bloodT cells fromnormal
human donors (fig. S7D and Fig. 4B). Notably, tumor rejection was not ac-
companied by obvious signs of graft-versus-host disease in the mice,
which appeared healthy when euthanized at the end of the experiments.
Together, these results indicate development of a functional human im-
mune system within the mouse that can reject an allogeneic human tu-
mor while sparing the host mouse tissues.

Tumor inhibition in mice bearing human chimeric
hematopoiesis engineered for IFN-a delivery
by myelo-monocytes
We then investigated the cytokine dose response for tumor clearance
by challenging human hematochimeric mice with MDA3 cells diluted
1:10 in the parental cells (termedMDA3.1). Althoughwe still observed a
substantial T cell and myeloid cell expansion in mice challenged with
MDA3.1 cells as compared toMDA-injectedmice, the increase in T cell
numberwas lower thanwith undilutedMDA3cells, and almost lacking for
NK cells (Fig. 5A).MDA3.1 tumors were not rejected in hTIE2-GFP-mirT
mice and grew as in MDA-injected control hosts (Fig. 5B).

We then asked whether genetic engineering of human hematopoiesis
for tumor-targeted IFN-a delivery would enhance tumor rejection in
this setting. When we compared hTIE2-GFP-mirT (n = 7) and hTIE2-
IFN-mirT (n = 8) mice injected orthotopically with the MDA3.1 cells,
we found that whereas T cell expansion was similar in both groups,
there was marked inhibition of tumor growth only in hTIE2-IFN-mirT
mice (P=0.0118, day21, Student’s t test; Fig. 5Band fig. S8A). Similar results
were obtained in a second independent experiment (fig. S8B). As ob-
served in HS/PC-transplanted NSG mice challenged with MDA3 cells,
there were no obvious signs of graft-versus-host disease in hTIE2-IFN-
www.ScienceTranslationalMedicine.org
mirT mice that rejected MDA3.1 tumors.
Immunofluorescence staining showed that
all MDA3.1 tumors were highly infiltrated
by human T cells as compared to MDA
controls (fig. S9A). Myeloid CD11c+ cells
were also present, albeit to a lower extent,
in all tumors. Notably, a fraction of these
CD11c+cells expressedDNGR1,which iden-
tifies a DC subset involved in antigen cross-
presentation in response to type I IFN (fig.
S9B) (6, 7). IRF7 and OAS1A were slightly
but significantly up-regulated in the tu-
mors ofhTIE2-IFN-mirTmice as compared
to hTIE2-GFP-mirTmice (IRF7 P = 0.049,
OAS1A P = 0.013, Student’s t test) (Fig.
5C).A trend towardup-regulationwas also
detected in the spleen.

To further prove that IFN-a expressed
from the genetically engineered macro-
phages recruited within the tumor was suf-
ficient to trigger an antitumor effect, we
set up a tumor model based on mixing
MDA3.1 cells with gene-modified mono-
cytes followed by adoptive T cell transfer.
We injected untransplanted NSGmice with
MDA3.1 cells mixed or not with hTIE2-
GFP-mirT– or hTIE2-IFN-mirT–transduced
human blood monocytes, followed by in-
travenous delivery of T cells isogenic to
the monocytes (Fig. 5D). To efficiently transduce human blood mono-
cytes, we preloaded the cells with Vpx-containing Simian immunode-
ficiency virus (SIV)–like particles before LV transduction (31), obtaining
more than 60% cells expressing the GFP protein from the hTIE2-GFP-
mirT construct (fig. S10A). When hTIE2-GFP-mirT monocytes were
co-injected with MDA3.1 cells, tumor growth was accelerated, likely as
a result of monocyte/macrophage-mediated promotion of tumor angio-
genesis, as previously described (Fig. 5E) (11, 12). This tumor-promoting
effect was abrogated when hTIE2-IFN-mirT–transduced monocytes
were used. Moreover, tumors from the latter group showed increased in-
filtration by activated T cells (fig. S10, B and C). These findings suggest
that forced IFN-a expression can reprogram the protumoral properties of
the injected monocytes and boost the recruitment and activation of T
cells within the tumor.

Overall, these results indicate that human IFN-a delivery by genet-
ically engineered tumor-infiltrating macrophages induces a type I IFN
response in the tumors that potentiates the deployment of antitumor
immunity without obvious toxicity to the host.

Long-term hematopoietic repopulation sustained by murine
HS/PCs engineered with a mouse mTie2-IFN transgene
The biological activity of IFN-a2 is strictly species-specific (32, 33). Thus,
the xenotransplant model described above could only capture IFN-a
effects on cells derived from the human graft and the tumor. To more
stringently assess potential toxicity on multiple tissues (including bona
fide HSC) and antitumor activity in settings that better represent immune-
competent hosts and multistep tumorigenesis, we performed additional
studies using the mouse IFN-a transgene. We compared the previous-
ly described murine mTie2-IFN construct (13) with a homologous,
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CSF improves human T cell functions and promotes effective tumor growth inhibition. (A) Tumor
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(non BMT NSG) injected with MDA (n = 6) or MDA3 (n = 6) cells, and NSG mice transplanted with human
CD34+ cells (BMT NSG) and injected with MDA (n = 3) or MDA3 (n = 7) cells. *P = 0.0293 (day 18), P =
0.0138 (day 21), Student’s t test. (B) Splenic T cells were purified from either human hematochimeric NSG
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against the MDA-MB 231 tumor cell line at the indicated effector/target (E/T) ratio. PHA stimulation is used
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miR-126/130a–regulated construct (mTie2-IFN-mirT; Fig. 6A). Again,
IFN-a expression was suppressed in endothelial cells by the mirT
vector, and clonogenic assays did not reveal toxicity in hematopoietic
progenitors with either of the constructs (fig. S11, A and B).

To stringently assess HSC toxicity, we transplanted C57Bl/6 Ly5.2
(CD45.2+) mice with mTie2-IFN LV– (n = 12),mTie2-IFN-mirT LV–
(n = 14), or mock-transduced (n = 16) CD45.2+ HS/PCs (Fig. 6B). BM
analysis 12 weeks after transplant showed up-regulation of the Sca1
molecule on Lineage−Kit+CD150+ cells in IFN-treated mice as compared
to mock controls (Fig. 6C), with a trend toward lower up-regulation in
mTie2-IFN-mirT versus mTie2-IFN mice [which had similar VCN
per genome: 0.7 ± 0.1 (mean ± SEM) and 0.5 ± 0.1, respectively]. Cell
cycle analysis performed on highly purified HSCs (Fig. 6D and fig.
www.Scie
S11, C and D) showed significantly fewermTie2-IFN–transduced HSCs
in G0 phase as compared to mock (30 versus 60%; n = 4 pools of 3 mice
for each group; P = 0.0433, Student’s t test). The cell cycle status of
HSCs derived frommTie2-IFN-mirT mice (n = 4 pools of 2 to 3 mice)
did not significantly differ from that of control mice, suggesting that
detargeting IFN-a expression from HS/PCs by miRNA regulation re-
duces nonphysiological activation of HSCs.

We then performed a secondary competitive transplant with com-
petitor cells obtained from nontransplanted C57Bl/6 Ly5.1 (CD45.1+)
mice at a 50:50 or 75:25 ratio, and assessed the ability of IFN-transduced
(CD45.2+) HSCs to repopulate secondary recipients (Fig. 6B). Whereas
BM cells from mTie2-IFN or mTie2-IFN-mirT mice contributed less effi-
ciently to hematopoietic reconstitution of secondary recipients compared
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to BM cells from mock mice (Fig. 6E, top panel; P = 0.0031 and P <
0.0001, Student’s t test, mock versusmTie2-IFN andmTie2-IFN-mirT,
respectively, at 4 weeks after BM transplant dose 50:50; P = 0.0015 and
P < 0.0001, Student’s t test, mock versus mTie2-IFN and mTie2-IFN-
mirT, respectively, at 4 weeks after BM transplant dose 75:25), this
was likely due to lower HSC input or engraftment from the primary
hosts and not to hematopoietic competition in the secondary hosts.
Indeed, BM cells from mTie2-IFN or mTie2-IFN-mirT mice sustained
long-term (14 weeks after transplant) multilineage repopulation in
secondary transplants. When we normalized post-engraftment
levels for all experimental groups of CD45.2+ cells to their input levels,
we found a similar contribution to the circulating cells over time (Fig.
6E, bottom panel) and a similar proportion of HSCs (defined as KSL
CD48−CD150+ cells) among CD45.2+ BM cells at the end of the ex-
www.Scie
periment (Fig. 6F). Together, these data suggest that HSCs were fewer
or engrafted less efficiently if harvested from the BM of mTie2-IFN or
mTie2-IFN-mirT mice, but were still able to sustain long-term repop-
ulation of the mice. When we measured VCNs in the BM of second-
ary transplants at the end of the experiment and compared them to
VCNs in the infused CD45.2+ cells harvested from primary transplants,
we found that the fraction of IFN-a–transduced cells within the trans-
planted population decreased substantially upon secondary transplan-
tation (fig. S11E).

Overall, these results indicate that the extent of exposure to trans-
genic IFN-a mediated by engineering hematopoiesis did not cause ex-
haustion of the HSC compartment and did not abrogate the potential
to repopulate long-term secondary recipients. However, the lower
contribution to engraftment by BM cells from mTie2-IFN mice,
Fig. 6. Reduced IFN-mediated activation of
the HSC cell cycle in mTie2-IFN-mirT mice and
long-term multilineage repopulation of
secondary recipients by IFN-treated BM cells
in competitive settings. (A) Schematic represen-
tation of the vector design. Abbreviations as in Fig.
1A. Ifna, murine IFN-a cDNA; miR-XT, target se-
quences for the indicated miRNAs. (B) Schematic
representation of the experimental design. (C)
Left: Representative plots showing Sca1 expres-
sion within the Lineage−Kit+CD150+ BM cells in
mTie2-IFN (red open histogram) and mTie2-IFN-
mirT (blue open histogram) C57Bl/6 mice with
respect to mock control mice (gray histograms)
at 12 weeks upon primary transplant. Right: Per-
centage andMFI (mean±SEM)of Sca+ cellswithin
Lineage−Kit+CD150+ cells in mTie2-IFN (n = 6),
mTie2-IFN-mirT (n = 6), and mock (n = 6) C57Bl/6
mice at 12 weeks upon primary transplant. **P =
0.0059 (mTie2-IFN versus mock), **P = 0.0096
(mTie2-IFN-mirT versus mock), ****P < 0.0001, Student’s
t test. (D) Cell cycle analysis (mean ± SEM) per-
formed on Lineage−Sca+Kit+CD48−CD150+ HSCs in
mock (n= 4 pools of 3 mice),mTie2-IFN (n = 3 pools
of 3mice), andmTie2-IFN-mirT (n= 4 pools of 2 to
3mice) C57Bl/6mice at 12weeks upon transplant
(primary transplant). *P= 0.0433, Student’s t test. (E)
Top: Time course analysis of the percentage of
CD45.2+ cells present in the PB of mock (n = 6),
mTie2-IFN (n = 5 to 6), and mTie2-IFN-mirT (n =
8 to 9) mice upon secondary transplant with a
50:50 or 75:25 ratio of CD45.2/CD45.1 cells. Bottom:
Ratio of the percentages (mean ± SEM) of CD45.2+

cells present in the PB at the indicated time point
with respect to 4 weeks upon secondary trans-
plant in mock (n = 6), mTie2-IFN (n = 5 to 6), and
mTie2-IFN-mirT (n = 8 to 9) mice. (F) Percentage
(mean ± SEM) of Lineage−Kit+Sca+CD48−CD150+

HSCs within the CD45.2+ cells present in the BM
of mock (n = 4 to 6), mTie2-IFN (n = 5 to 6), and
mTie2-IFN-mirT (n = 5 to 7) mice at 15.5 weeks
upon transplant with a 50:50 or 75:25 ratio of
CD45.2/CD45.1 cells.
A 
U3 R U5 
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together with the decreasing proportion of engineered cells upon serial
transplantation, suggests the occurrence of a progressive loss of the
engineered HSCs. This may provide a built-in safeguard mechanism
against permanent modification of hematopoiesis. This safety feature
appeared to remain functional even when deploying the miRNA-regulated
vector.

Inhibition of primary mammary tumors in MMTV-PyMT
transgenic mice with mTie2-IFN–engineered hematopoiesis
We investigated the antitumor activity of the new mTie2-IFN-mirT
LV platform in an oncogene-driven mouse model of mammary car-
cinogenesis. We transplanted 5.5-week-old transgenic MMTV-PyMT
mice with HS/PCs either transduced with the mTie2-IFN (n = 15) or
mTie2-IFN-mirT (n = 11) LVs or mock-transduced (n = 13) (Fig. 7A).
At 15 weeks of age, we observed significant inhibition of the multifocal
and rapidly growing tumors (P < 0.0001, Student’s t test), typically
observed in this model, in both IFN vector groups (Fig. 7B). Notably,
tumor inhibition was achieved even with a low chimerism of gene-
modified cells [VCN: 0.14 ± 0.05 (mean ± SEM) in BM cells of
mTie2-IFN-mirT mice; 1.1 ± 0.2 in BM cells of mTie2-IFN mice]. Al-
though there were no differences in the total number of splenic CD3+,
CD4+, and CD8+ T cells between the two groups (fig. S12A), we found
an increased proportion of effector CD4+ and CD8+ T cells and central
www.Scie
memory CD8+ T cells in mTie2-IFN-mirT mice (Fig. 7C and fig.
S12B). Splenocytes of mTie2-IFN-mirT mice after ex vivo stimulation
displayed a higher percentage of CD44high effector T cells (P < 0.0001,
Student’s t test), which produced higher IFN-g levels compared with
control cells (Fig. 7D and fig. S12C). These data suggest enhanced immune
cell activation in tumor-bearing mice with mTie2-IFN–engineered
hematopoiesis. BM analysis showed some signs of activation of the
HSC compartment, which were alleviated by the mirT construct, as
described above for C57Bl/6 mice (fig. S13, A and B).

Inhibition of experimental lung metastases in mice bearing
mTie2-IFN–engineered hematopoiesis
To test the ability of mTie2-IFN–engineered hematopoiesis to directly
suppress the growth of late-stage carcinoma cells, we injected PyMT
cells derived from advanced metastatic primary tumors into the tail
vein of wild-type FVB mice either transplanted with mock- or mTie2-
IFN-mirT–transduced HS/PCs (Fig. 8A). All mock mice had metastatic
outgrowth in the lung (Fig. 8B), with multiple large metastases (n =
6 mice; average total metastatic area, 12.6 mm2; 29 to 54 sections ex-
amined per mouse). mTie2-IFN-mirT mice showed a highly signif-
icant reduction in the size of the metastatic foci and a trend toward
a reduced number of metastases (n = 6; average total metastatic area,
2.3 mm2; 22 to 43 sections examined per mouse). The total tumor area
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Fig. 7. Effective tumor growth inhibition in mTie2-IFN-mirT MMTV-
PyMT mice. (A) Schematic representation of the experimental design. (B)

mock (n=6)andmTie2-IFN-mirT (n=6)FVB/MMTV-PyMTmice.WithinCD3+CD4+

T cells: *P = 0.0355, **P = 0.0012; within CD3+CD8+ T cells: ***P = 0.0005

Mammary tumor growth (mean tumor weight ± SEM) at 15 weeks of age
in control (mock; n = 13), mTie2-IFN (n = 15), and mTie2-IFN-mirT (n = 11)
FVB/MMTV-PyMT mice. Two independent experiments are combined. ****P <
0.0001, Student’s t test. (C) Percentages (mean±SEM)of T cell subpopulations
within either CD4+ (left) or CD8+ (right) T cells in the spleen of 15-week-old
(naïve), P = 0.0008 (central memory), P = 0.0009 (effector memory); Student’s
t test. (D) Percentage (mean ± SEM) of effector CD44high T cells (left) and
percentage (center) and mean MFI (right) (mean ± SEM) of IFN-g+ cells
within CD44high T cells in 15-week-old mock (n = 6) and mTie2-IFN-mirT
(n= 6) FVB/MMTV-PyMTmice. ***P= 0.0004, ****P<0.0001, Student’s t test.
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was, on average, more than fivefold greater in control versus mTie2-IFN-
mirT mice (P = 0.0022, Mann-Whitney test). These results demonstrate a
direct antitumor effect of the engineered hematopoietic cells on exper-
imental lung metastases. The observed effects were obtained at low
chimerism of gene-modified cells (VCN: 0.34 ± 0.1, mean ± SEM).
www.ScienceTranslationalMedicine.org 1
We thenmeasured the extent of T cell in-
filtration in the metastatic nodules ofmTie2-
IFN-mirT and mock mice (Fig. 8C) and
found that it was significantly higher in the
former (P = 0.0004, Student’s t test), where-
as no difference was found in the surround-
ing lung parenchyma. Notably, T cells from
control mice tended to cluster at the metas-
tasis margins but did not infiltrate the tumor
mass. Together, these results indicate that
engineering hematopoiesis for transgenic
IFN-a expression inmonocytes/macrophages
enhances the recruitment and activation of
immune effector cells, thus leading to ef-
fective inhibition of metastatic growth of
breast cancer cells.
DISCUSSION

We here provide comprehensive preclin-
ical data supporting the feasibility, safe-
ty, and therapeutic efficacy of genetically
engineering human HS/PCs for tumor-
targeted IFN-a delivery by monocytes/
macrophages. We developed an LV that
switches on transgene expression in the
myeloid progeny of transduced HS/PCs
and allows high transgene expression in
mature, tumor-infiltrating macrophages.
This was achieved by using a combina-
tion of transcriptional targeting to the
monocyte lineage, mediated by human
TIE2 enhancer/promoter sequences, and
posttranscriptional detargeting from early
progenitors, mediated by endogenous
miR-126 and miR-130a (26). Because of
the lack of cross-reactivity between hu-
man IFN-a2 and mouse tissues (32, 33),
we performed our studies using the hu-
man or mouse IFN-a transgene in human
hematochimeric mice challenged with tu-
mor xenografts or in mice spontaneously
developing breast cancer transplanted with
engineered murine HS/PCs, respectively.
These approaches comprehensively inter-
rogate the therapeutic and potential adverse
interactions between the transgene, the tu-
mor, and the host.

We assessed the specificity of our vec-
tor by analyzing reporter GFP expression
in the reconstituted hematopoiesis of trans-
planted mice and by tracking IFN-induced responses in the host tissues,
which provides a sensitive readout for biologically relevant IFN-a
expression. Preferential targeting of myeloid- versus lymphoid-lineage
cells was shown by the differential frequency of reporter-positive cells
and the mean expression level of the reporter in the two hematopoietic
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Fig. 8. Effective inhibition of metastatic late-stage mammary
carcinoma PyMT cells in the lungs ofmTie2-IFN-mirT FVB mice.
(A) Schematic representation of the experimental design. (B) Left:
Number of metastatic foci (purple bars) and total metastatic area

(black line) in single serial sections (individual bars) of the entire left lung of each of the control (Ctrl; n = 6)
and mTie2-IFN-mirT (IFN; n = 6) FVB mice. Mice were analyzed 4 weeks after the intravenous injection of
metastatic late-stage carcinoma PyMT cells. Right: Hematoxylin and eosin staining of representative lung
sections of control (Ctrl) andmTie2-IFN-mirT–transplanted (IFN) FVB mice treated as described above. Scale
bar, 1 mm. (C) Representative confocal images (left) and quantitative analysis (right; mean ± SEM) of the T
cell immunostaining on lung sections in the normal lung parenchyma (lung) or in the metastatic nodules
(met) of mock (full dots; n = 3) and mTie2-IFN-mirT (open dots; n = 3) mice. Dashed lines indicate tumor
margin. Scale bar, 150 mm. ***P = 0.0004, Student’s t test.
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compartments. miRNA regulation effectively suppressed transgene ex-
pression in HS/PCs. Furthermore, IFN-responsive genes were signifi-
cantly up-regulated mostly at the tumor site and less markedly in the
spleen and BM of transplanted mice. These data highlight the targeting
specificity achieved by our genetic platform, particularly if one considers
the differential contribution of hematopoietic cells to tissues in NSG
mice, which is minimal in the tumor and nearly exhaustive in hemato-
lymphoid tissues. The basis for such specificity is likely to be the up-
regulation of the TIE2 promoter in differentiated macrophages, a process
that occurs preferentially in tumor-infiltrating macrophages among
other tissue-resident macrophages (34). A residual level of transgenic
IFN-a expression is expected in the spleen and BM of transplanted
mice because of the large pool of monocytes/macrophages found in
these organs (35). In fact, we observed Sca1 up-regulation in progeni-
tors and increased cell cycle progression of HSCs in the BM of mTie2-
IFN mice, two previously reported signs of IFN-a exposure (19, 24). These
phenotypes were alleviated but not abrogated by inclusion of mirT
sequences in the LV, suggesting that differentiated TIE2+ myeloid cells
could function as a paracrine source of IFN-a. HSCs harvested from
the BM of mTie2-IFN (with or without mirT) mice did not exhaust in
competitive serial transplantation experiments. This outcome is reassur-
ing in view of previous studies that reported competitive disadvantage of
HSCs chronically exposed to exogenous IFN-a or made hypersensitive
to IFN-a signaling by Irf2, Adar, or Irgm1 knockout (19, 24, 36, 37).
The lack of HSC exhaustion in our study implies that the overall level of
IFN-a expression in the BM of transplanted mTie2-IFN mice is limited
by the specific LV design. We did observe, however, counterselection of
the genetically modified HSCs (mTie2-IFN LV with or without mirT)
in serially transplanted BM cells. The latter finding may be explained
postulating that exposure to IFN-a locally varies within the BM and may
cause selective exposure of the engineered HSCs to IFN-a via juxtacrine
secretion by their nearby differentiated myeloid progeny. This may lead
to increased activation of the transduced HSCs and impaired engraft-
ment upon serial transplant. This scenario would make our HSC engi-
neering strategy self-limiting in the long term, providing an added safety
feature from the standpoint of clinical testing. Dose escalation studies of
hTIE2-IFN-mirT gene transfer performed on humanHS/PCs from clin-
ically relevant sources, such as BM or mobilized peripheral blood, are
required to further address potential hematopoietic toxicity and the
in vivo persistence of transduced HS/PCs.

The antitumor efficacy of our strategy was demonstrated in a hu-
man hematochimeric mouse model permissive to the development of
cell-mediated immune responses. Human cytokines have been admin-
istered or expressed in NSG mice by different approaches to overcome
the limited myeloid, NK, and T cell reconstitution by transplanted hu-
man HS/PCs (30). We engineered the human breast tumor cell line
(MDA-MB 231) to release, in addition to high levels of G-CSF, human
IL-7, IL-15, and GM-CSF. By challenging human hematochimeric
NSG mice with these tumor cells, we observed tumor cell rejection,
likely mediated by alloreactive human T cells developed within the
mouse thymus, and thus tolerant to the host tissues, and by the ex-
panded human NK cells (fig. S14). Because tumor cells were rapidly
cleared in these mice, the exogenous source of cytokines was rapidly
exhausted as well. It is likely, however, that the expanded innate and
adaptive immune cell populations triggered by the initial tumor im-
plant become themselves a source of some required cytokine. By low-
ering the dose of exogenous cytokines released by the tumor implant,
we could demonstrate the enhanced capacity of human hematopoiesis
www.Scien
engineered for targeted delivery of IFN-a to mount an effective immune
response leading to tumor rejection, which was associated with activation
of a type I IFN response in the tumor, without causing obvious graft-
versus-host disease. Several mechanisms may underlie the IFN-enhanced
antitumor response. The proangiogenic activity of tumor-associated
macrophages may be directly counteracted by the engineered expression
of IFN-a, as shown by mixing the tumor cell challenge with blood
monocytes transduced with the hTIE2-IFN-mirT or control vector. DCs
recruited to the tumor, including the DNGR1-expressing subset, may
be stimulated by paracrine or autocrine transgenic IFN-a expression (fig.
S15) to enhance costimulation and cross-presentation of tumor antigens,
resulting in more effective induction of T cell responses (6, 7). Indeed,
human T cells highly infiltrate the tumor and likely mediate its rejection.
NK cells, despite being poorly expanded by the lower cytokine doses
found in these settings, are also activated by IFN and may contribute
to tumor inhibition.

Parallel studies in the murine PyMT breast cancer model estab-
lished that our strategy can efficiently inhibit tumor growth, pro-
gression, and experimental metastases in an autologous/syngeneic
setting, primarily by enhancing the generation of memory and ef-
fector T cells and their recruitment to the neoplastic lesions. It will
be interesting to identify the antigens targeted by tumor-infiltrating
effector T cells in these settings, which might uncover tumor-associated
antigens of possible clinical relevance. Because in this model the IFN-a
transgene and the host belong to the same species, a direct antiangio-
genic effect of IFN-a on tumor endothelial cells may contribute to
the antitumor response, consistent with our previous studies (13).
This therapeutic mechanism would likely be operational in clinical
settings.

Recent studies have implicated IFN-a signaling to host immune
cells as a metastasis suppressor mechanism, and shown that metastatic
breast cancer cells from human patients preferentially down-regulate
IRF7 target genes (38). These findings strengthen the rationale for
clinical translation of our strategy. Nevertheless, it remains to be seen
whether genetic engineering of human hematopoiesis for IFN-a ex-
pression in NSG mice would also be effective against advanced tumors
or spontaneous metastases.

Our data could revive interest in testing high-dose chemotherapy
followed by autologous HSC transplantation in advanced breast
cancer patients (39, 40). Because we showed antitumor efficacy even
at low chimerism of transduced cells, we envisage genetic modification
of only a fraction of HSCs to limit potential IFN-a exposure and tox-
icity. Moreover, our strategy could be tested in other malignancies for
which autologous HSC transplantation is currently adopted as a therapeu-
tic regimen, such as lymphoma and multiple myeloma, for which previ-
ous studies have shown some efficacy of IFN-a administration (41–43).
If proved safe and effective in humans, our strategy could also be com-
bined with other immunotherapeutic approaches to best exploit the
biological weapons of immunity in the unrelenting fight against cancer.
MATERIALS AND METHODS

Study design
All mice were randomized into different HSC transplantation groups.
On the basis of a standard backward sample size calculation, in each
experiment, we transplanted at least eight mice per condition and per-
formed at least two independent experiments to obtain a sufficient
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number of mice to have a statistical power of 0.8 with a level of sig-
nificance of 0.05 and an estimated effect size of 0.8. Often, more than
eight mice per condition were transplanted to compensate for the pos-
sible loss of mice due to the BM transplantation procedure. The out-
comes of the following analyses were blindly assessed: experimental
PyMT lung metastasis quantification, T cell infiltrate quantification
on lung sections with experimental PyMT lung metastasis, and human
tumor growth measurements.

BM transplantation in NSG mice and orthotopic injection of
human breast cancer cells
Human cord blood–derived CD34+ cells (purchased from Lonza,
2C-101) were prestimulated and transduced with the indicated LV
as described in Supplementary Materials and Methods. After trans-
duction, 3 × 105 or 1.5 × 105 cells were infused into the tail vein of
sublethally irradiated 10-week-old NSG mice. The parental MDA and
the transduced MDA3 human mammary carcinoma cells (see Sup-
plementary Materials and Methods) were implanted orthotopically
(4 × 106 cells in 50 µl) in the mammary fat pad of 23-week-old NSG fe-
males 13 weeks upon transplantation of transduced or mock-transduced
human CD34+ cells.

BM transplantation in FVB, FVB/MMTV-PyMT,
and C57Bl/6 mice
Lineage-negative cells enriched in HS/PCs were isolated from total
BM of 6-week-old FVB or C57Bl/6 Ly45.2 and transduced with the
indicated LV as described in Supplementary Materials and Methods.
After transduction, cells were infused into the tail vein of lethally ir-
radiated 6-week-old FVB and C57Bl/6 Ly45.2 females or 5.5-week-old
FVB/MMTV-PyMT females. Secondary competitive BM transplanta-
tion in C57Bl/6 Ly45.1/Ly45.2 mice was performed as described in
Supplementary Materials and Methods.

Experimental MMTV-PyMT metastases
Primary FVB/MMTV-PyMT metastatic tumor cells were obtained
from late-stage tumors of 16-week-old FVB/MMTV-PyMT mice as de-
scribed in Supplementary Materials and Methods, and 105 tumor cells
were intravenously injected into 13-week-old FVB females 7 weeks
upon transplantation of transduced or mock-transduced HS/PCs.

Statistical analysis
In all studies, values are expressed as means ± SD or SEM, as indi-
cated. Statistical analyses were performed by unpaired Student’s t test
or Mann-Whitney test, as indicated. Percentages were converted into
log odds for statistical analysis. Differences were considered statistical-
ly significant at P < 0.05.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/217/217ra3/DC1
Materials and Methods
Fig. S1. Targeted transgene expression in human endothelial cells by an LV exploiting the
human TIE2 gene regulatory sequences.
Fig. S2. Hematopoietic reconstitution by transplanted cord blood–derived CD34+ human cells
in the peripheral blood of NSG mice.
Fig. S3. Hematopoietic reconstitution by transplanted cord blood–derived CD34+ human cells
in the BM of NSG mice.
Fig. S4. Effective in vitro suppression of human IFN-a expression in miR-126–expressing cells trans-
duced with the hTIE2-IFN-mirT and absence of overt toxicity of hTIE2-IFN-mirT–transduced cord
blood–derived human CD34+ cells.
www.Scien
Fig. S5. Human hematopoietic cells infiltrate MDA-MB 231 tumors grown in NSG mice.
Fig. S6. MDA3 tumor cells.
Fig. S7. T, myeloid, and NK cell expansion in human hematochimeric NSG mice challenged
with MDA3 cells.
Fig. S8. Tumor growth inhibition in MDA3.1-injected mice upon IFN-a delivery.
Fig. S9. Effective recruitment of innate and adaptive immune cells in MDA3.1 tumors grown in
NSG mice.
Fig. S10. Adoptive transfer of human T cells in untransplanted NSG mice injected with MDA3.1
tumors mixed with hTIE2-GFP-mirT– or hTIE2-IFN-mirT–transduced human monocytes.
Fig. S11. Effective in vitro suppression of murine IFN-a expression in miR-126–expressing cells
transduced with mTie2-IFN-mirT LV and protection from IFN-mediated activation of HSC cell
cycle in mTie2-IFN-mirT–transduced HSCs.
Fig. S12. Splenic T cells in IFN-treated mice.
Fig. S13. Reduced HSC activation and Sca1 up-regulation upon engineering HS/PCs with the
miRNA-regulated mTie2–IFN-a vector.
Fig. S14. NK and T cells contribute to mediate tumor growth inhibition in MDA3-injected hu-
man hematochimeric NSG mice.
Fig. S15. Characterization of murine Tie2 promoter activity in the spleen of transgenic Tie2-GFP
mice.
Table S1. List of anti-human antibodies used for flow cytometry.
Table S2. List of anti-murine antibodies used for flow cytometry.
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