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Abstract

Immune cells create a complex cytokine environment that promotes cancer cell
survival, angiogenesis, invasion and metastasis. To survive in the environment, however,
cancer cells expressing recognizable tumor antigens must evolve strategies to thwart
immune detection and destruction. Immune escape is thus a hallmark of cancer
progression, but its underlying molecular genetic basis remains poorly understood. The
interplay between immune escape and other hallmarks of malignant conversion, such as
invasion and metastasis, is similarly obscure.

IDO is an enzyme catalyzing the initial and rate-limiting step in the catabolism of
tryptophan along the kynurenine pathway. The IDO activity of mouse placenta has an
essential role in preventing rejection of allogeneic fetuses. By depleting tryptophan
locally, IDO seems to block the proliferation of alloreactive T lymphocytes. T



lymphocytes are extremely sensitive to tryptophan shortage, which causes their arrest in
the G1 phase of the cell cycle. These observations introduced the concept that IDO
expression could suppress immune responses by blocking T-lymphocyte proliferation
locally.

The aberrant activation of the human epithelial growth factor receptor (HER, ErbB)
family of receptor tyrosine kinases (RTKSs), which includes HER1 (ErbB1, epithelial
growth factor [EGFR]), HER2 (ErbB2, neu), HER3, and HER4, has been implicated in
tumor growth and progression. Of the four HER family members, HER?2 is the most
potent oncoprotein. HER2 is amplified or overexpressed in about 30% of breast cancers
and is associated with a poor clinical outcome, including a positive correlation with
metastasis. In addition, HER2 increases the metastatic potential in murine and human
cancer cell lines and induces mammary tumors and lung metastases in transgenic animal
models.

Immune escape is a central hallmark of cancer, but compared to other recognized
hallmarks of cancer—apoptotic resistance, angiogenesis, invasion and metastasis—much
less is known about the genetics of immune escape. Recently, IDO was found to play a
very important role in the regulation of immune responses. Overexpression of HER2
enhances the metastatic potential and correlates with poor prognosis. Here, our data show
that HER2 upregulates IDO expression.
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The HER2 gene, also known as neu or erbB2, encodes a 185 kDa transmembrane
receptor tyrosine kinase belonging to the epidermal growth factor receptor (EGFR)
family. Overexpression of HER2 is found in about 30% of human breast cancers and in
many other cancer types. The HER2 phosphorylates downstream substrates and activates
a variety of signaling cascades, including the phosphatidylinositol-3 kinase (P13K)/Akt
and Ras/MAPK pathways. These regulatory signal cascades promote cell survival and
tumor growth and metastasis. It has already been used as a target for cancer therapies
such as trastuzumab (Herceptin), an anti-HER2 antibody that has shown a good clinical
benefit in patients with HER2-driven metastatic breast cancer. Although the functionality
of HER2 in breast cancer has been extensively studied. its role in tumor progression is
still poorly completely understood, especially its role in tumor immune escape.

IDO, an enzyme that specifically catabolizes tryptophan, is an amino acid essential
for T cell viability and proliferation. IDO is found under basal conditions in the
epididymis, thymus, gut, lung, placenta, and some subsets of dendritic cells. IDO was
originally discovered in 1967 in the rabbit intestine and is the object of renewed attention
by immunologists in view of its capacity to act as an inducible negative regulator of T
cell viability, proliferation, and activation during inflammation. In addition to potential in
direct effects by IDO on APC function, IDO has been proposed to suppress T cells by
degrading tryptophan and increasing the level of tryptophan degradation products
(kynureneria and quinolinate). Both of these activities suppress T cell response by
inducing T cell apoptosis. Recently, IDO has been found in human cancers of variable
origin and is implicated in tumor evasion in several murine models. Due to its ability to
suppress immune response endogenous tumor Ags, IDO represents an ideal target for
immunomodulatory drugs.



Our preliminary study suggested a link between HER2 over-expression and
upregulation of IDO. IDO expression was also shown to predict tumor immune escape.
We were interested in addressing the question of whether HER2 could enhance IDO
transcription and identifying the downstream molecules of HER2 that are involved in this
process. In the present study, the mechanism of the IDO expression induced by HER2
mediated signaling was investigated and HER2-overexpressing cancer cells drive
immune escape and provide crucial evidence of a function between the HER2 and IDO.
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® Increased expression of IDO in HER2-overexpressing cancer cell lines

It is well known that HER2 enhances cancer progression and metastasis, and the
Immunomodulatory protein IDO is involved in the metastasis and immune escape of
cancer. We hypothesized that IDO plays a role in HER2-mediated tumor metastasis and
immune escape. To test this hypothesis, we examined IDO expression in different breast
and ovarian cancer cell lines by western blotting (WB) analysis. We found IDO was
highly expressed in HER2 over-expression cell lines.(Fig.1A, B) By using FACS, the
expression of IDO of HER2 over-expression breast cancer cells, MDA-MB-453, was
higher than HER2 basal level cells, MDA-MB-231.(fig.1C) The results show that
increased expression of IDO in HER2-overexpressing breast and ovarian cancer cell
lines.

® HER?2 the enhances Immunomodulatory protein IDO expression

It has been reported that the level of HER2 on tumor cells affected the production of
proteolytic enzymes. Aberrant HER2 activation has also been demonstrated to increase
immune escape and metastasis by stimulating the expression of several key molecules
including MMP-1 and MMP-9. To investigate whether HER2 over-expression associates
with IDO, HER2 basal level breast cancer cell lines, MCF-7 and MDA-MB-435 were
transfected with the plasmid pcDNA3.1/HER2. The stable clones over-expressing HER2
were selected by G418 and the increased level of HER2 expression confirmed by Western
blot. The western blotting data show that IDO expression was higher in the HER2
transfectants of MDA-MB-435 breast cancer cells (435/HER2) and MCF-7/HER2 than
that in the vector control cells (435/neo) and parental cell, MCF-7 (fig.2 A. B). In
addition, this phenomenon was supported in two independent HER2 stable transfectants
of MDA-MB-435 and MCF-7 breast cancer cells by Western blot and also observed in
the NIH 3T3 cell and its HER2 stable transfectant (Fig2 C).

The increase in IDO expression by HER2 was further supported by fluorescence
confocal microscopy. The 435/HER2 and MCF-7HER2 cells expressed much higher
levels of IDO than did the vector control cells (435/neo) and parental cell (MCF-7) (red)
(Fig3 A.B). And we determined IDO expression by fluorescence-activated cell sorting
(FACS) analysis and found that IDO expression was higher in the HER2 transfectants of
MDA-MB-435 breast cancer cells (435/HER2) than that in the vector control cells
(435/neo) (Fig 3C).

® HER?2 knocked-down reduced IDO level in HER2-overexpressing cells
The HER2 status was confirmed using an HER2-shRNA plasmid. To further



examine whether HER2 is required for the enhanced IDO expression in
HER2-overexpressing cancer cells, we used a HER2-shRNA, that is known to target
HER2 mRNA and knock-down the HER2 expression. By using FACS and western
blotting, we found that HER2-shRNA decreases the IDO expression in HER2 stable
transfectants MDA-MB-435/HER2 cells which is compared to untransfected cell,
tansfection reagent only(mock) and luciferase-shRNA transfected. Similar results were
also observed by using FACS to demonstrate the IDO expression was down-regulated in
HER2-shRNA transfected MDA-MB-435/HER?2 cells (Fig.4 A.B). Down-regulating IDO
by HER2-shRNA was also observed in endogenous HER2 overexpressing SKOV3 cells
western blotting (Fig.4C). Therefore, these results indicate that HER2 is able to increase
the expression of the immuosuppression protein 1DO.

® HER2/neu induced the expression of IDO at transcriptional level

To investigate whether HER2 over-expression associates with the transcription of
IDO, MCF-7 cells were stable transfected with the plasmid pcDNA3.1/HER2. The stable
clones overexpressing HER2 were selected by G418 and the increased level of HER2
expression. Semiquantitative RT-PCR analysis showed that IDO mRNA expression at
transcriptional level was very low in MCF-7 cells. The result shows that mRNA
expression was significantly increased in MCF-7/HER2 cells (Fig.5A). To determine
whether over-expression of HER2 affects IDO promoter activity, the plasmid containing a
luciferase reporter gene driven by IDO promoter (pIDO-Luc) was constructed and
MCF-7 and MCF-7/HER2 cells were transfected with pIDO-Luc. Parental MCF-7 cells
ransfected with pLucl267 was used as a control. The effect of HER2 on the IDO
promoter activity was assessed by luciferase assay. Luciferase activities from
MCF-7/HER2 cells showed an almost thirteen fold increase compared with the control
cells. And MCF-7/HER2 co-transfected HER2-shRNA and pIDO-Luc were shows
down-regulation of IDO promoter activity (Fig. 5B). It’s suggesting that HER2
over-expression induced IDO promoter activity.

® Effect of HER2-triggered Ras pathway on IDO expression

HER2 phosphorylates downstream substrates and activates a variety of signaling
cascades, including the phosphatidylinositol-3 kinase (PI3K)/Akt and Ras/MAPK
pathways and enhance protein synthesis. We next examined whether the enhancement of
IDO protein synthesis by HER2 might occur through the PI1-3K/Akt or Ras pathway. If
PI3K or Ras is involved in the HER2-enhanced IDO systhesis, blockage of the HER2
downstream signals such as PI-3 kinase or mTOR or Erk or JNK should inhibit
HER2-induced IDO expression. Treatment of different inhibitors, including the PI3K/Akt
signaling inhibitors for PI-3 kinase (LY294002) and and mTOR (rapamycin) or Ras
signaling inhibitors for MEK1 inhibitor (PD98059) and JNK inhibitor (SP600125) indeed
inhibited CXCR4 expression in MCF-7/HER2 cells. We then determined whether the
activity of the IDO promoter and IDO mRNA could be inhibited by inhibitors.
Aftertransient transfection with pIDO-Luc into MCF-7/HER2 cells and then treated
inhibitors, the IDO promoter activity was measured. As shown in Fig. 6A, that the
expression of the MEK1 inhibitor (PD98059) and JNK inhibitor (SP600125) significantly
reduced HER2-induced IDO promoter activity. Further confirmed by using RT-PCR, we
detected IDO mRNA after treated signaling inhibitors. The result shows that IDO mRNA



were reduced after the treatments of MEK1 and JNK inhibitor (Fig. 6B).
i

The RTK HER2 and the immunomodulatory protein HER2 are two different type
protein, but the our study demonstrates that HER2 enhances IDO expression and that
IDO is required for HER2-mediated tumor immune escape, therefore resolving a
longstanding puzzle of how HER2 overexpression guides cancer cells metastasis and
tumor-derived immunosuppression. IDO expression was recently found to be correlated
with tumor immune escape. In view of the fact that HER2 over-expression is a known
marker of poor prognosis in breast cancer, our observations add strong support for the
identified mechanism, namely HER2 enhancement of IDO expression.

Immunosuppression and evasion can be achieved through a variety of mechanisms,
many of which are well-characterized, experimentally supported, and at the disposal of
cancer cells. These include secretion of Th2-associated cytokines such as IL-10 or TGF-
leading to Th2 polarization, over-expression of Fas ligand/TRAIL, overexpression of
complement inhibitors (DAF and CD55), and overexpression of HLA-G protecting
against NK-induced lysis. A novel mechanism of tumor-derived immunosuppression
through IDO has gained attention recently and has stimulated research in cancer
immunology. Our results demonstrate HER2 could directly stimulate IDO gene
expression in breast cancer cell lines and HER2 increased IDO transcripts in human
cancer cells. However, the mechanisms of the transcription regulation of IDO gene are
largely unknown.

It has been known that HER2 over-expression is related to structurally related
proteases, MMP-2, 7 and MMP-9 expression which is associated with tumor metastasis.
In our study, increased mRNA and protein expressions of IDO were observed in MCF-7
stable transfected with HER2. The promoter activity of IDO gene was markedly
upregulated in MCF-7/HER?2 cells. When we knocked-down HER2 expression of cancer
cell by using RNA interference, an decreased promoter activity and protein expression of
IDO was observed in both parental SKOV3 and MCF-7/HER?2 cells. In depth, we found
that IDO was regulated with HER2 through RAS signaling pathway.
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(A)HER2 enhances the IDO expression. HER-2 and IDO in various breast cancer cell
lines were examined by western blotting.
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(B) Increased expression of IDO in HER2-overexpressing ovarian cancer cell lines

(©)



120 160 200

Counts

80

LILELL | T LI ELILELL) |
10° 104

10
FITC-A

(C) MDA-MB-453 and MDA-MB-231 cells were stained for the IDO antibody and
analyzed using FACS
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(A) Over-expression of IDO in HER2-transfected MCF-7/HER2 stable cell lines.
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(B) Over-expression of IDO in HER2-transfected MDA-MB-435/HER?2 stable cell
lines.
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(C). NIH3T3 cells and their HER2 stable transfectants were stained for the HER2, IDO
and Actin antibody and analyzed using Western blot.

Figure 3
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(A)(B) HER2 enhances IDO expression demonstrated by immunofluorescent staining

MCF-7

MCF-7/HER I8

(A) MCF-7 and MCF-7/HER2 cells were stained with anti-HER2 (green) and anti-IDO
(red) antibodies and examined under a confocal microscope
HER2

(B) 435/neo and 435/HER?2 cells were stained with anti-HER2 (green) and anti-1DO (red)
antibodies and examined under a confocal microscope
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(C) MDA-MB-435 and their HER2 stable transfectants cells were stained for the IDO
antibody and analyzed using FACS.
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(A) MDA-MB-435/HER?2 cells were treated with HER2 siRNA and subjected for
FACS analysis.
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(B) HER2-shRNA reduces IDO level in HER2-overexpressing cells
MDA-MB-435/HER2 cells were transfected with HER2-shRNA.
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(C) HER2-shRNA reduces IDO level in HER2-overexpressing SKOV3 cells were
transfected with HER2-shRNA
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(A) Amplification of IDO mRNA in HER2-overexpression cell line.
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(B) Luciferase activities from MCF-7/HER2 cells showed increase of IDO promoter
activity compared with the MCF-7 cells. However, HER2-shRNA may reduce IDO
promoter activity.
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(A) Effect of HER2 signaling pathway on IDO promoter activity
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(B) Effect of HER2 signaling pathway on IDO mRNA expression



