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Figure 15. Uptake and cross-presentation of

neutrophil elastase (NE) and proteinase 3 (PR3)
+NE increases susceptibility to Killing by PR1-CTL and
anti PRI/HLA-A2. (A) MDA-MB-231 cells were
cultured with soluble NE or PR3 (10 ug/ml) at
increasing time-points then analyzed for expression
of PRI/HLA-A2. Mean+SEM fold increase of MFI
of PRI/HLA-A2 versus unpulsed cells is shown.
(ANOVA with Tukey multiple comparison test). (B)
MDA-MB-231 cells were cultured overnight in media
supplemented with NE or PR3 then used in standard
cytotoxicity assays with PR1-CTL as effectors. There
was greater killing of NE- or PR3-pulsed cells versus
unpulsed cells. PR1-pulsed and unpulsed T2 cells
were used as controls to confirm specificity of PRI killing. (C) MDA-MB-231 cells were cultured in media
supplemented with NE or PR3 for 24 hours. Cells were then incubated with anti-PR1/HL A-A2 (8F4) antibody for 60
minutes after which complement was added. Complement-dependent cytotoxicity was measured using calcein-AM
release and shows specific killing of NE- or PR3-pulsed MDA-MB-231 cells by 8F4 antibody. *, P<0.05,
** P<0.001. Reprinted by permission: Alatrash GA, Mittendorf EA et al. Broad cross-presentation of the
hematopoietically derived PR1 antigen on solid tumors leads to susceptibility to PR1-targeted immunotherapy. The
Journal of Immunology. 2012 Oct 26 [Epub ahead of print]. Copyright 2012. The American Association of
Immunologists, Inc.
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Cross-presentation of NE and PR3 renders cells susceptible to PR1-targeted therapy

PR1 has been effectively targeted in leukemia using a PR1 peptide vaccine,*** PR1-CTL,*"
1% and 8F4 (anti-PR1/HLA-A2 antibody).'*® We therefore investigated whether PR1/HLA-A2
expression on breast cancer cells following NE or PR3 cross-presentation would render them
susceptible to killing by PR1-CTL or 8F4 antibody. MDA-MB-231 cells were cultured in media
supplemented with NE or PR3 for 24 hours then incubated with PR1-CTLs in a standard cytotoxicity
assay. MDA-MB-231 maintained in standard media without NE or PR3 were not killed by PR1-CTL.

Cross-presentation of NE and PR3 increased susceptibility of the cells to lysis by PR1-CTL (Fig. 15B).
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS

In this thesis, we have identified novel functions of NE, a serine protease in the tumor
microenvironment. We show that NE is present in TANSs and that breast cancer cells do not produce
endogenous NE suggesting TANSs as the primary NE source in breast cancer. We also demonstrate that
NE is taken up by breast cancer cells in an antigen-specific manner. Importantly, after uptake, NE
modulates adaptive immune responses by enhancing antigen presentation. Specifically, NE uptake
leads to increased generation of LMW CCNE isoforms and enhanced susceptibility of breast cancer
cells to lysis by CCNE-CTL. Furthermore, we have shown that NE, as well as PR3, a second neutrophil
primary granule protease with significant homology to NE, is cross-presented by breast cancer cells
leading to increased PR1/HLA-A2 on the cell surface and subsequent killing by PR1-targeted therapies
including PR1-CTL and 8F4, an antibody targeting PR1/HLA-A2. Therefore, we have provided
evidence for a novel mechanism linking NE, a protease secreted by innate immune cells, to adaptive
immune responses against novel antigens in breast cancer. These findings have significant implications

for cancer biology and tumor immunology.

Uptake of neutrophil elastase

The majority of studies investigating the effects of NE in cancer have focused on its ability
to promote invasion and metastasis through degradation of the ECM.>* *#* % Two other studies have
demonstrated that NE can impact tumor cell proliferation by its effects on cell signaling. Studies have
shown that NE can cleave the TNF receptor from the cell surface and that cleaved receptors can bind
circulating TNF-a thereby decreasing TNF signaling and subsequently decreasing caspase 8-mediated
apoptosis.'?® 2" 1% A study by Houghton et al. showed that NE uptake by lung cancer cells can cleave
IRS-1 leading to hyperactivity of the PI3K pathway resulting in increased proliferation.”*® Our studies
confirmed the findings of Houghton et al. that cancer cells can take up exogenous NE. NE uptake in
breast cancer cells led to increased expression of LMW forms of CCNE which have previously been

shown to be hyperactive compared to the FL CCNE protein.'®® These hyperactive LMW forms promote
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proliferation by shortening the G1/S phase transition of the cell cycle thus suggesting an additional

potential mechanism for NE-induced tumor cell growth following uptake.

Importantly, we have provided further information regarding the mechanism of NE uptake

by demonstrating uptake to be dose- and time-dependent suggesting a receptor-mediated mechanism.

Because the timing and subcellular localization of NE after uptake is similar in different cancer cell

types, it is possible that there is a common uptake mechanism. If so, such a mechanism could be

important for controlling cell growth.
We have begun to investigate this in the
laboratory where we have evaluated
multiple different cell lines from various
tumor types to include melanoma,
ovarian cancer, pancreatic cancer and
colon cancer, for their ability to take up
NE (Fig. 17). We found that not all
tumor types take up NE and for those
that do, the extent of uptake varies. We
are working to use this differential

uptake to determine the receptor

—* MIA PaCa-2
=B Mel624

=i OVCAR3
- SW-620
-~ Mel526

Fold Change

Unpulsed -

Time (hours)

Figure 17. Solid tumor cells take up neutrophil elastase (NE). Cell
lines from multiple solid tumor types were maintained in media
supplemented with NE (10 pg/ml). Cells were permeabilized and stained
with anti-NE antibodies. Data represent mean+SEM fold increase in NE
uptake versus cells maintained in standard media. MIA PaCa-2, pancreatic
carcinoma; Mel624 and Mel 526, melanoma; OVCAR3, ovarian cancer;
SW-620, colon cancer. Reprinted by permission: Alatrash GA, Mittendorf
EA et al. Broad cross-presentation of the hematopoietically derived PR1
antigen on solid tumors leads to susceptibility to PRI1-targeted
immunotherapy. The Journal of Immunology. 2012 Oct 26 [Epub ahead of
print]. Copyright 2012. The American Association of Immunologists, Inc.

involved using a computational approach. Briefly, in addition to the five cell lines shown in figure 17,

we have evaluated the fold change in uptake for 15 additional cell lines of diverse tissue origins with

gene expression data (from Affymetrix GeneChip Human Genome U133 Plus 2.0 array) available from

a public database. Working with our biostatistical collaborator, Dr. Shoudan Liang, we have correlated

NE uptake with the level of mMRNA expression of membrane proteins thus identifying potential

receptors that may mediate NE uptake. This line of investigation is currently being pursued by Dr.

Celine Kerros, a post-doctoral fellow working in the laboratory of my advisor Dr. Molldrem.
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Along with the report by Houghton et al., our demonstration of NE uptake by breast cancer
cells represents the first studies showing the ability of a secreted protease to enter target cells. We are
continuing to evaluate other cell types for NE uptake and our data suggests that this is a ubiquitous
phenomenon shared among multiple solid tumors. Because NE has broad substrate specificity, it is
likely that uptake provides NE access to a wide array of potential substrates affecting multiple biologic
processes impacting tumor development and growth. As was demonstrated in chapters 2 and 3 of this
thesis and will be discussed further below, uptake of NE also results in increased antigen presentation
thereby making the tumor cells more attractive targets for adaptive immune responses and targeted

immunotherapeutic approaches.

Cyclin E as a novel breast cancer antigen

We have provided data linking NE uptake to an adaptive immune response against CCNE
in breast cancer. Specifically, we showed that increased expression of LMW CCNE after NE uptake
leads to enhanced susceptibility to lysis by CCNE CTL.**?* Importantly, using tetramer staining, we
identified a low precursor frequency of CCNE,44.15, CTL in breast cancer patients confirming that the
antigen is naturally processed. Our data therefore support the discovery of CCNE as a novel breast
cancer antigen and suggest that CCNE-targeting immunotherapy to include a peptide vaccine combining

CCNE_44.15, With an immunoadjuvant may augment the CCNE-specific-CTL response.

Previously, overexpression of CCNE and its LMW forms has been shown to be a poor
prognostic factor in breast cancer.'” Because CCNE is aberrantly expressed in breast cancer and this
aberrant expression drives proliferation, CCNE has characteristics of an ideal TAA. CCNE 4415, the
immunogenic epitope that we have identified, is expressed in both the FL and LMW forms of the CCNE
protein (Fig. 9A). Our data strongly suggest that after NE uptake, there is increased substrate
availability of the CCNE LMW fragments, which could facilitate antigen processing and presentation of
CCNE peptides. The LMW forms of CCNE lack the nuclear localization sequence that is in the amino

terminus of the FL protein. Consistent with this, Delk et al. have shown altered subcellular localization
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of the LMW forms of CCNE with the majority being present in the cytoplasm.'®® This cytoplasmic
localization may facilitate proteasomal-mediated degradation and CCNE peptide translocation by the
transporter associated with antigen presentation (TAP) protein to the endoplasmic reticulum where the
peptides would access MHC class | molecules.”® In support of this hypothesis, we found that HER18
cells are more susceptible to killing by CCNE-CTL than MDA-MB-231 cells that have less LMW
CCNE expression (Fig. 10). In addition, after uptake of soluble NE, there was an increase in LMW
CCNE expression in the MDA-MB-231 cells and enhanced susceptibility of the cells to lysis by CCNE-
CTL. Additional studies must be done to determine whether the LMW forms are the predominant
source of CCNE144.15, peptide. To evaluate this, we have discussed a collaboration with Dr. Khandan
Keyomarsi whereby we would stably transfect MCF-7 breast cancer cells (HLA-A2"; high transfection
efficiency, low baseline LMW CCNE expression) with the EL, trunk 1, and trunk 2 constructs that she
has previously used to investigate the effect of FL versus LMW CCNE on cell cycle regulation.®® The
EL construct overexpresses FL. CCNE, the trunk 1 construct overexpresses the EL2 and EL3 LMW
forms and the trunk 2 construct overexpresses the EL5 and EL6 forms. These cells would be used as
targets in standard cytotoxicity assays with CCNE-CTL as effectors. We would hypothesize that the
MCEF-7 cells transfected to overexpress LMW CCNE would be lysed more effectively than cells
transfected with the EL vector or the empty vector control. This model system could also be used to
further investigate ubiquitination and proteasome-mediated degradation of FL versus LMW CCNE; two

processes required for antigen processing and presentation

Antigen discovery

Because NE has broad substrate specificity, it is possible that uptake of NE may generate
novel antigens other than CCNE. There are however many challenges in identifying target antigens.
First, most antigen-specific T-cell receptors (TCRs) have low affinity for their target MHC-peptide
complex. This makes using biochemical techniques relying on high affinities difficult.?®* In addition,
the majority of TCRs are polyspecific and can be activated by the parent peptide as well as similar

“mimotopes” that have amino acid exchanges.?® Finally, TCRs recognize peptide-MHC complexes that
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Supplementary Figure 3. Soluble neutrophil elastase (NE) is taken up by breast cancer cells.
MDA-MB-231 breast cancer cells were maintained for the indicated amount of time in NE-
supplemented (10 pg/ml) media. Cells were permeabilized and stained with Alexa-488-
conjugated anti-NE antibody (green). DAPI (blue) was used as a nuclear stain Reprinted by
permission from the American Association for Cancer Research: Mittendorf EA et al. Breast
cancer cell uptake of the inflammatory mediator neutrophil elastase triggers an anticancer adaptive
immune response. Carncer Res. 2012, 72(13),3153-62.
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(A)

Fluorescence

Supplementary Figure 4. Co-incubation of neutrophil elastase (NE) with elafin or ¢-1 antitrypsin inhibits NE
enzymatic activity. (A) The ability of elafin or -1 antitrypsin to inhibit the enzymatic activity of NE was determined
using a fluorescent substrate assay. (B) Western blot analysis demonstrated that co-incubation with elafin inhibited the
abilitv of NE to increase generation of LMW CCNE isoforms. Reprinted by permission from the American Association
for Cancer Research: Mittendorf EA et al. Breast cancer cell uptake of the inflammatory mediator neutrophil elastase
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Supplementary Figure 5. Specificity of CCNE-CTL. CCNE-CTL were used in
cytotoxicity assays at various effector to target ratios versus unpulsed T2 cells and
2 cells pulsed with the CCNE peptide. CCNE-CTL more effectively lysed
CCNE-pulsed T2 cells confirming the CCNE-specificity. Reprinted by permission
from the American Association for Cancer Research: Mittendorf EA et al. Breast
cancer cell uptake of the inflammatory mediator neutrophil elastase tripgers an
anticancer adaptive immune response. Cancer Res. 2012, 72(13),3153-62.
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Supplementary Figure 6. Neutrophil
Elastase (NE) cleaves cyclin E (CCNE).
Increasing concentrations of NE were added
to 2 pg of recombinant human CCNE and
incubated at 37° for 2 minutes after which the
reaction was stopped by adding sample
buffer (2% SUD / 10% glycerol / 5% p-
mercaptoethanol). (A) Samples were run on
a 10% SDS-PAGE gel and stained with silver
stain, which demonstrated a decrease in the
expression of full-length CCNE and
concomitant increase in LMW CCNE with
increasing concentration of NE. At the
highest concentration of NE (100 pg/ml),
there appears to be degradation of the LMW
products as shown by the dimmer LMW
CCNE bands. This degradation was not seen
at the lower, more physiologic doses. (B)
Densitometry analysis was performed to
quantify the expression level of LMW CCNE
in relation to total CCNE (full length +
LMW ) for each concentration of NE used.
For purposes of this quantitative analysis, we
used the density of the LMW isoform shown
by the arrow in panel A. Reprinted by
permission from the American Association
for Cancer Research: Mittendorf EA et al.
Breast cancer cell uptake of the inflammatory
mediator neutrophil elastase triggers an
anticancer adaptive immune response.
Cancer Res. 2012,72(13),3153-62.
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