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Part |

Despite the increasingly improving prognosis of breast cancer patients [1], much
work has to be done to improve the pathological evaluation of these tumors. The
parameters and biomarkers determined as part of the breast cancer diagnosis need
to be both accurate and precise. Determining the accuracy of a test is often difficult,
as this requires validating test results to a gold standard that is often impossible to
determine. This gold standard should be the clinical parameter that the marker is
supposed to predict, but response to therapy and patient survival for example likely
depend on more than just one parameter. Determining testing precision can be more
easily done as this in essence is performed by repeating the test and comparing
results. Despite this simplicity, this does pose two questions. If a discordant result is
found between two tests, which one is correct? Secondly, what kind of variation is
acceptable between both test results? Guidelines often cite that reproducibility for
biomarker testing should be at least equal to 95%. In the statement of the ASCO/CAP
panel regarding the testing reliability of HER2 assessments, Wolff et al. state “It is rec-
ommended that to perform HER2 testing, laboratories show 95% concordance with
another validated test for positive and negative assay values” [2]. Similar guidelines
were also described in the guidelines for hormone receptor testing.

With this in mind, the concordance between core needle biopsies (CNB) and resection
specimens regarding estrogen receptor (ER) and human epidermal growth factor
receptor 2 (HER2) was investigated in chapter 2 of this thesis. Although using CNB

for these determinations has certain advantages (superior fixation for instance),

the literature remains divided on whether CNB can be reliably used for this pur-

pose. Concordance rates from 61.8 to 99.0% have been published, leading to variable
conclusions and recommendations. These studies have all been single-center studies
following local protocol for assessing this concordance. We examined the concord-
ance between CNB and resection specimens for a series of patients treated in the
Leiden University Medical Center (LUMC) and combined these with cases published

in the literature. Pooled analysis included a number of 2622 ER-tested breast carcino-
mas. Overall concordance between CNB and resection specimens was 93.7%, less than
the previously discussed 95%. Considering the substantial number of cases that were
ER-negative on CNB while the resection specimen tested ER-positive (2.2% of all cases
in the pooled analysis), the recommendation was made to retest tumors on the resec-
tion specimen when the CNB result is ER-negative. Regarding HER2, overall concord-
ance was high at 97.8% in a pooled analysis of 646 published cases from 4 studies.
Most of the discordant cases were false-positive IHC results on CNB, leading to our
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recommendation to verify HER2 overexpression (3+ staining) with in situ hybridiza-
tion when CNBs are used.

These studies were all performed to compare the concordance of CNB with resection
specimens without intervening neoadjuvant chemotherapy. The administration of
chemotherapy can induce changes in the expression of hormone receptors and HER2
due to selection of chemotherapy-resistant cells or altered estrogen milieu. A sys-
tematic review was performed in chapter 3 to investigate the concordance between
CNB and resection specimens for these markers when neoadjuvant chemotherapy
was administered. Neoadjuvant chemotherapy-induced changes regarding ER status
were described in 5 prospective studies whereas no significant changes were reported
in 8 prospective studies. Studies that reported no changes included lower number

of patients, and were thus likely to be underpowered for detecting changes. HER2
amplification (when detected with FISH) was more stable after administration of
neoadjuvant chemotherapy regimens that did not include trastuzumab, as significant
changes were only found in 1 prospective study, whereas no changes were detected

in 6 trials. However, when trastuzumab is administered alongside chemotherapy, 43%
of all patients show no HER2 amplification in the residual tumor. These results have
led to the suggestion to always retest ER on resection specimens in cases of neoad-
juvant chemotherapy and retest HER2 expression when HER-inhibiting drugs are
administered.

Research into the quality of ER, progesterone receptor (PR) and HER2 testing has
shown cause for concern and has emphasized the need for stringent quality control.
In chapters 4 and 5, we report the results of tissue micro array (TMA)-study to inves-
tigate the reproducibility of hormone receptors (HRs) and HER2 testing. The repro-
ducibility of ER and PR tests performed by pathology laboratories in the Netherlands
was investigated in chapter 4. TMAs were constructed from tumors that were locally
tested as part of routine diagnostics. These TMAs were tested for ER and PR expres-
sion, which was compared to the local HR testing result. Whole slides were tested
when a discordant result was found between the local test result and the TMA result.
Overall concordance between the local and central test result for the ER-tested
tumors was 99.0% based on 1569 ER-tested cases. ER discordant cases were due to
observer fault in the majority of cases. Regarding PR testing, overall concordance
was 94.1% based on 1347 PR-tested cases. The discordances regarding PR status were
mostly due to IHC error. Also, we investigated whether these concordant cases were
affected by the recommended threshold change to 1% positive cells advocated by
the ASCO/CAP. We found that a significant number of cases were concordant when
adhering to these guidelines. Chapter 5 describes the development of a TMA-based
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testing method for assessing HER2 reproducibility. Different HER2 testing methods
were investigated to assess the optimal testing methods for such a TMA-approach.
HER2 status was assessed via SP1, 4B5 antibodies and mono color silver in situ hybridi-
zation (SISH) on TMAs and was compared to the HER2 status determined in the local
laboratory (whole slides were tested in case of discordance). Overall concordance
between the centrally performed tests and the local HER2 tests was 98.0% based on
1008 breast cancers. The most frequent discordant result was a local false-positive
result, either due to ISH (N=6) or IHC (N=6) procedures. All false-negative cases were
cases where local IHC-procedures were unable to detect HER2 expression, while this
was positive on both IHC and silver in situ hybridization assays when tested centrally.

Previous publications have shown that lymph vascular space invasion (LVSI) can pro-
vide prognostic information that is independent of other clinico-pathological param-
eters. The optimal implementation of lymph vascular space invasion (LVSI) in routine
diagnostics of breast cancer remains unknown and requires further investigation in
clinical cohorts. In chapter 6, we examined quantification of LVSIin a cohort of 358
tumors treated as part of the perioperative chemotherapy trial (POP trial)[3]. We com-
pared two systems for performing LVSI quantification, a cut-off based on the number
of LVSI foci in the peritumoral environment or a cut-off based on the multiplication
of the number of tumor cells with the number of LVSI foci. The latter quantification
system, termed the LVSI tumor burden (LVSI-TB) was superior in detecting patients
with an increased risk for disease relapse in a discovery cohort. This observation was
validated in a validation cohort. Otherwise low-risk breast cancer patients with high
LVSI-TB had a similar prognosis to other high-risk patients, thereby justifying upgrad-
ing these patients to high risk. In chapter 7, we investigated whether such a method
for quantification can be reliably determined among 4 dedicated breast patholo-
gists. These observers were asked to both assess the number of individual LVSI foci
as well as perform the quantification as previously described in a set of 60 tumors.
Concordance regarding the quantification among all 4 observers was only seen in 77%
of all cases, for the remaining cases at least one observer was discordant with the
others. Based on the observations by individual observers, we determined a consen-
sus score for quantitative LVSI scoring and assessed the mean sensitivity (83.3%) and
specificity (92.8%) of the 4 observers. By implementing a scoring algorithm involving
a second observer in cases of LVSI-positive tumors, the chance of minimizing miss-
ing LVSI-TB high tumors might be reduced. However, in order to reliably assess the
presence of LVSI-TB along the methodology, the use of IHC techniques seems nec-
essary. In chapter 8, several aspects of Ki-67 detection using immunohistochemistry
were investigated. A number of 105 breast cancer patients treated as part of the
MicroarRAy PrognoSTics in Breast CancER (RASTER) study [4] were tested for Ki-67
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status using immunohistochemistry. By creating virtual biopsies (reflective of Ki-67
scores that would have been obtained on CNB), the impact of tumor heterogeneity
on Ki-67 testing reproducibility was investigated. The overall discordance between
CNB and resection specimens was 18.7%. Secondly, the interobserver agreement was
found to be 84%, with a kappa score of 0.669. Finally, the concordance between Ki-67
tests between two reference laboratories (namely the NKI-AVL and the LUMC) was
tested to discover real-world testing variability of Ki-67 testing on resection speci-
mens. The discordance rate was 12.3%.

Implications for future studies

In this thesis, several aspects concerning the optimization of prognostic breast cancer
parameters, specifically HRs, HER2, LVSI and Ki-67, were discussed. These parameters
are at this moment the cornerstones of breast cancer risk assessment on which treat-
ment decisions are based. The evidence that has been gathered on the optimization
of these parameters in this thesis and in many other works on this matter should

be used to improve the standardization of breast cancer diagnostics and treatment.
This standardization is essential to guarantee that the impressive results observed

in clinical studies from individual centers as part of research projects can be success-
fully translated to routine patient care. Although this thesis concerns improving the
current standard of care, it is foreseeable that novel testing methods will eventually
replace current assays, provided that reliable, reproducible results can be assured.
These developments are discussed in the following paragraphs.

Alternative biomarker assessments

Although IHC is considered the gold standard for determining HR status, alternative
methods for measuring ER and PR expression have been published in the litera-

ture [5]. Viale et al. published the concordance of local and centrally performed ER
tests with the ER readout performed in the Mammaprint assay [6]. Concordance was
found to be high between these scores and the centrally performed IHC scores. Such
assays might therefore be preferable to local IHC procedures in cases of underper-
forming IHC laboratories, thus providing such centers with an alternative. However,
might these assays also be preferable to traditional IHC staining in the cases of
laboratories that perform well-validated IHC tests? This would be the case if these
assays have a higher predictive value of response to estrogen-modulating therapies
than the IHC based assays. While this has never been directly examined, there is
evidences that suggests that determining ER and PR expression via microarrays might
lead to false-positive and false-negative HR results. A small number of ER-positive
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cases are mistakenly considered as false-negative with the Oncotype DX assay [7].
Also, HR-negative tumors on IHC might produce HR-positive results due to intermin-
gled HR-positive DCIS lesions and normal ducts leading to false positive results. These
results suggest that relying on ER-tests assessed by gene-expression arrays is cur-
rently not preferable to traditional IHC assays.

Alternative prognostication strategies

Many studies on additional prognostication strategies have been published. Gene-
expression signatures measure the expression of multiple genes and correlate these
genetic profiles to risk for disease relapse and patient survival [8, 9]. Will these assays
reduce the need for the traditional molecular testing and risk stratification as it is
currently performed? The answer to this question is found in their testing reliability
and reproducibility, the costs of these multi-gene assays and of course their prognos-
tic power.

Interlaboratory studies of gene-expression assays found high concordance among
different testing centers [10, 11]. The analytical reliability of the Oncotype DX assay
was found to be high as performing repeat assessments of one sample over multi-
ple days with multiple operators yielded similar results [12]. The Oncotype DX and
Mammaprint assays are as of yet performed by one central laboratory but such
standardization comes at a cost. The price of one Oncotype DX assay ($4,175) and
one Mammaprint assay ($ 4,200) are now an estimated ten-fold of the price for an
individual IHC test. However, one should bear in mind that some patients are spared
chemotherapy because of these tests, thereby decreasing health-care costs [13].

As is also the case when determining risk stratification by using classical morphol-
ogy or IHC, tumor heterogeneity can potentially threaten the reproducibility of test
results. Whether epithelial tumor heterogeneity might compromise prognostication
is currently unknown, but the limited data on this matter suggests that this not the
case [14]. Intermingled tissues such as fibroblasts, the extracellular matrix, inflam-
matory cells, fibroblasts and non-malignant tissues might however theoretically
influence test results. Acs et al. described a number of cases where the recurrence
score was unexpectedly high based on what is known about the tumor type. These
cases generally displayed mitotically active stroma, which might have influenced the
recurrence score [15]. This suggests that the RNA extracted from the mixture of tumor
cells and the stromal components led to false results.
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These results indicate that although repeated measurements of the same samples
can be performed with high reproducibility, it is unsure what other factors might
cause variation in transcriptional assays. Until this has all been thoroughly investi-
gated, clinicians should be aware that test results might not always be representative
of epithelial cancer biology, and as such, critical correlation with the tumor subtype
should be performed. One benefit of these analyses is that there is no interobserver
variability, which has been shown in this thesis to be a major contributor to false-
positive or negative results.

Prognostic power of gene-expression arrays

Compared to other categories of genes incorporated in gene-expression arrays,
proliferation-associated genes are generally heavily weighted. This has led some to
speculate that gene expression arrays are merely an expensive test for assessing the
proliferative status of the tumor. Ki-67 status has been shown to be a strong, but not
complete determinant of the Oncotype DX recurrence score [16]. Whether gene-
expression arrays are truly superior to risk stratification based on traditional prog-
nostication in this group will ultimately be decided in ongoing clinical trials, most
notably the MINDACT [17] and the TAILORx [18] trials.

Several studies have however shown that the recurrence score can be predicted for

a relatively high number of breast cancer patients by using conventional parameters
[19-21], thereby reducing the number of patients where this assay has added value.
Cuzick et al. compared the prognostic performance of the Oncotype DX recurrence
score with that of the IHC4 score [22]. The latter is composed of four IHC markers (ER,
PR, HER2 and Ki-67). The most informative algorithm for predicting distant metasta-
ses was determined and tested in a population of ER-positive patients treated in the
Arimidex, Tamoxifen, Alone or in Combination trial (ATAC) trial. The IHC4 score was
also added to the clinical score (determined by a formula incorporating nodal status,
patient age, tumor size and tumor grade. Remarkably, this parameter had a simi-

lar prognostic power to the Oncotype DX [22]. These results suggest that improved
implementation of parameters that are already commonplace might provide equally
strong prognostic power.

IHC4 score

In an unpublished study, we investigated the prognostic value of the IHC4 score in the
ER-positive patients from the POP cohort of node-negative, premenopausal patients.
To our knowledge, this parameter has not been assessed in a younger population
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of breast cancer patients, nor has it been correlated to the adjuvant therapy recom-
mendations from the 2013 St. Gallen guidelines [23]. The expression of ER, PR, HER2
and Ki-67 was assessed as described previously [24]. The IHC4 score was determined
as previously described [22, 25], including a correction of 0.4 for the Ki67 compo-
nent due to use of non-automated analyses (IHC4=94.7 x (-0.100 ER10 — 0.079PgR10
+0.586 HER2 + 0.240 In (1+4 x Ki67)). The IHC4 values were similarly distributed as
published by Cuzick et al. [22], with a median of -8.74 and a range of -102.17 to 147.15
(histogram shown in figure 1). The clinical score was determined in essence as previ-
ously determined, but without the components for nodal status (as all patients were
node-negative), age (as all patients were below 65 in age) and anastrazol treatment
(as no patients were treated with hormonal therapy, which resulted in the following
formula: clinical score =100 x (0.930 x (0.497T1-2 + 0.882 T2-3 + 1.838 T> 3 + 0.559
Gr2 + 0.970 Gr3)). The IHC4 score was added to the clinical score for calculation of
the IHC4+score. The tumors were stratified in tertiles according to the clinical score +
IH4 score. No statistically significant survival period was found between the second
and third tertile regarding overall survival and metastasis-free survival, and for the
purpose of further analysis, these were combined as high-risk based on the IHC4+C
score. The high-risk IHC4+C score tumors were associated with an increased hazard
for metastasis-free survival and overall survival (figure 2AB). We then compared this
score to the 2013 St. Gallen guidelines regarding the systematic treatment recom-
mendations [23] which were applied to this dataset. For a number of 277 patients,
both the 2013 St. Gallen criteria and IHC4+C score were available. Concordance
regarding high and low risk was found in 73.3%. The most common discordant result
were the 56 patients who were St. Gallen low-risk while IHC4+C score was considered
high-risk. The opposite was true for 18 patients. Survival for these patients and the
concordant cases are shown in table 1. These data suggest that both these prognos-
tication schemes might provide complementary information, although this will need
to be validated in larger patient cohorts. These results validate the IHC4+C score as a
strong predictor for overall survival in this population of ER-positive patients.

The downside of this study was that none of the patients was treated with mod-
ern-day hormonal therapies or cytotoxic regimens. Patients were randomized to
receive one course of perioperative chemotherapy. No apparent differences were
observed when patients were stratified according to whether or not they had received
chemotherapy. Due to the lack of current adjuvant therapies, the number of events
was high in the studied population. These and other results do indicate that gene-
expression arrays might not be necessary for achieving sufficient risk stratification,

as long as IHC test are performed properly. Based on what is known on variability of
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these IHC markers, stringent quality control should be undertaken to ensure that only
quality assured tests are performed.

Targetable alterations

Significant advances are made in the increasing identification of targetable alter-
ations in breast carcinomas and of course other cancers. These alterations include
mutated protein kinases or amplified oncogenes that can be inhibited by either
kinase-inhibitors or antibodies. These developments might lead to the situation
where pathological diagnosis might be more about finding targets (as is of course
partly true for ER and HER2) as opposed to risk assessment. Andre et al. presented

a study where 423 patients with metastatic breast cancer were subjected to biopsy
of the metastatic lesion, which was then analyzed using comparative genomic
hybridization and gene sequencing. These techniques were feasible in 67% and 70%
respectively. Targetable alterations were found in 46% of these patients [26]. One of
the challenges for the coming years will be increase the yield for nucleic acid isolation
from FFPE breast cancer biopsies to accommodate testing an increasing number of
known mutations or other genetic alterations in order to guide targeted therapies.
As our knowledge of cancer increases, more and more different genes are eligible for
testing. Whether these can all be tested from core needle biopsies remains to be seen
as well as whether such a complex infrastructure can be set up in pathology labora-
tories outside of academic hospitals while upholding strict demands regarding the
quality of testing results [27].

Conclusion

The necessity of decreasing over- and undertreatment of breast cancer patients with
chemotherapy has resulted in increasing efforts for finding both prognostic and pre-
dictive markers. A large number of cancer patients are treated with adjuvant chemo-
therapy while no risk of either locoregional or distant disease recurrence is present
based on the natural history of their particular tumor. Although numerous papers
on prognostic markers have been published on this subject, few are suitable for daily
practice. This suitability depends on their reproducibility, prognostic power and tech-
nical feasibility. Careful selection of which patients and/or tumor types benefit from
the incorporation of which specific biomarkers (and corresponding clinical action) is
of vital importance to ensure clinical benefit.

As our knowledge of oncology steadily increases, so does our ability to diagnose, prog-
nosticate and treat malignancy. Although this thesis deals with tumor characteristics,
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novel insights regarding host factors (such as pharmacologic genotyping or pheno-
typing) have also resulted in clinically-applicable findings. Combining these data will
lead to increasing personalization of cancer therapy, i.e. treatment tailored to charac-
teristics specific for the individual tumor and patient. The necessity for personalized
medicine to improve patient survival and quality of life has been universally accepted.
One aspect of this is targeting oncogenic mechanisms that are essential for tumor
cell survival thereby increasing treatment efficacy. On the other hand, this should also
lead to the omission of unnecessary interventions that are unwarranted based on
limited therapeutic response or the benign course of the disease.

Tissue will be the main supplier of information regarding the indication of novel
targeted drugs. Strict conventional morphological will remain a vital part of the
correct diagnosis of breast tumors and will be further supplemented with tumor-spe-
cific molecular tests in the form of IHC, in situ hybridization assays, gene-expression
arrays and/or mutational analyses. Accurate testing of these novel markers for ther-
apy poses additional challenges of testing accuracy that will have to be overcome in
order to ensure optimal care for breast cancer patients.

Part Il

The second part of this thesis discusses investigations concerning the tumor-associ-
ated stroma. Several issues were addressed in this section, including the validation of
a stromal-derived prognostic parameter, investigation of the molecular content of the
tumor-associated stroma and using stromal parameters and pathways for predicting
disease progression and response to therapies.

In chapter 10, a validation study on the tumor-stroma ratio (TSR) is described. The TSR
is an easily applicable, low-cost parameter that previously been shown as an inde-
pendent predictor of patient survival in breast cancer [28] as well as in colon carci-
noma [29] and esophageal carcinoma [30]. For this validation study, H&E-stained sec-
tions were investigated from patients that were treated as part of the perioperative
chemotherapy trial (POP). The patients that were analyzed were a cohort of premeno-
pausal, node-negative breast cancer patients (N=403). The tumor-stroma ratio was
determined according to previously published methods [28]. The TSR was associated
with disease-free survival in both univariate and multivariate analyses. Importantly,
when analyzing this parameter alongside other clinico-pathological parameters,
complementary prognostic information was provided. The prognostic power of this
parameter was also verified in the subset of triple negative breast tumors in multi-
variate analysis.
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The TSR is based on the morphological evaluation of the stromal compartment. This
assessment might be improved by only assessing the amount of ‘activated’ stroma.
We compared the proteomic signals from the extratumoral (supposedly quiescent)
stroma with the proteomic signals from the intratumoral (activated) stromal tissues
to discover novel markers for stromal activation in chapter 11. The proteomic signals
were retrieved using matrix assisted laser ionisation mass spectrometry imaging
(MALDI MSI). This technique allows for pixel-by-pixel proteomic analysis of frozen
breast cancer tissues, which can then be correlated to tissue histology. This allows the
user to select areas of interest (in our case intratumoral and extratumoral stroma)
and perform direct proteomic comparisons between these. These experiments were
performed as part of a multicenter study, with participation of the Helmholtz center
in Munich and the Leiden University Medical Center. Three distinct proteomic sig-
nals were shown to correlate to the activated, intratumoral stroma in both datasets,
among them a cleaved form of thymosin beta 4 and PA28. The localization of this last
protein to the intratumoral stroma was verified using immunohistochemistry in an
independent set of tumors. By using digital image analysis, upregulation of PA28 in
activated stromal cells was confirmed.

MSI can be used to visualize signals in a wide range of masses, including the meas-
urements of the smallest of molecules, metabolites. This application of this tech-
nique can be very valuable for studying molecular interactions between epithelial
and stromal compartments of breast tumors. For this purpose, we set up a method
for the detection of metabolic signatures and analysis of metabolic pathways in can-
cer in chapter 12. Breast cancer tissues were analyzed with the use of the FTICR-mass
spectrometer. Data reduction was performed and the data were further refined by
excluding all peaks that did not correspond to an entry in the metabocard database.
Non-negative matrix factorization was performed to identify metabolic clusters,
which were compared to the tissue architecture (tumor epithelium versus tumor
stroma) to identify those metabolic clusters that were related to stromal tissue. The
individual signals were related to their membership in respective metabolic path-
ways (according to the metabocard database) and as such, the analysis of metabolic
pathways in the tumor-associated stroma was achieved. Potential metabolite-spe-
cific suppression might interfere with these investigations. In order to circumvent
this problem, 13C-labeled isotopes were added to perform signal normalization.

This method can be used in future studies to further characterize metabolic tumor-
stroma interactions and can also be used to evaluate the efficacy of drugs that inhibit
such interactions.
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The TGF-B signaling pathway has been considered as a potent activator of the
tumor-associated stroma. Both tumor-promoting and tumor-suppressing capabili-
ties of this pathway are well described, which has translated to contrasting results
published in the literature regarding the prognostic effects of TGF-f signaling. In
chapter 13, we analyzed the expression of the TGF-B receptors, Smad4 and phopsho-
rylated-Smad2 (pSmad2) in a series of 574 breast cancer patients. All these markers
were individually related to disease free and overall survival. Because previous studies
showed a central role for Smad4 in the functionality of the TGF-B pathway, all markers
were investigated in both Smad4 low and high tumors. In the Smad4-high group, no
significant relations were identified for the other markers with disease-free survival.
However, in the Smad4 low group, strong prognostic power was found for the TGF-f3
receptors and pSmad?2. Similar observations were detected regarding overall survival.

TGF-B has also been shown to influence the alignment of stromal tissues. Preclinical
studies have shown that the orientation and organization of the stroma can hinder
diffusion, thus possibly decreasing the effectivity of chemotherapy. In chapter 14, we
investigated whether stromal organization might influence the effectivity of neoad-
juvant chemotherapy administered as part of the Neozotac trial. This trial investi-
gated the efficacy of bisphosphonates added to neoadjuvant TAC chemotherapy [31].
Stromal organization was assessed by drawing vectors parallel to stromal bundles
observed within the tumor. The standard deviation of the angle of these vectors was
analyzed as a measure for the organization of the stroma. In highly organized stroma,
the stromal fibers are relatively aligned and the standard deviation would be rela-
tively low in these cases. In case of disorganized, haphazardly aligned stromal fibers,
this standard deviation is relatively high. These measures were positively related to
both lymph node metastases and response to chemotherapy. This implies that tum-
ors with aligned stroma are more likely to benefit from chemotherapy and also have
an increased chance of developing locoregional metastases. This stromal organization
was also related to active TGF- signaling in the tumor-associated stroma (assessed
as pSmad2-positive stromal cells).

Implications for future studies

The tumor-associated stroma has been clearly shown to provide essential contribu-
tions to tumor growth, progression and possibly initiation [32, 33]. Considering the
role that the tumor-associated stroma plays in both local and distant spread of cancer
cells as well as regulating the flow of drug molecules towards the tumor cells, stroma
might (and quite possibly should) play a substantial role both in assessing patient
prognosis and predicting response to therapy. The challenge for further research will
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be combining the knowledge that we have gathered to enable a whole evaluation of
the tumor-associated stromal tissues in each individual patient. Key will be assessing
both the chance of distant relapse based on the stromal signature as well as deter-
mining whether the tissue microenvironment is amendable to pharmacotherapeutic
intervention. Several clinical scenarios might be envisioned where a stromal-based
prognostication scheme might prove useful. For instance, this might work to pre-
vent the administration of unnecessary chemotherapy (e.g. in the case of a tumor
where the ECM might so impenetrable for tumor cells that the risk of metastases is
slim to none). Alternatively, the tumor-associated stroma might select patients that
benefit from chemotherapy even though this was otherwise not warranted (e.g. an
apparently low-grade tumor that has developed a stromal environment that actively
contributes to either tumor cell dissemination or is so vulnerable to drug penetration
that it warrants neoadjuvant chemotherapy prior to surgery). Although drug response
is of course likely to be reliant on multiple additional factors, such as genomic muta-
tions, pharmacodynamics, pharmacogenetics, and mechanisms that lead to multid-
rug resistance (MDR), stromal factors should be included in this conversation.

Quantitative stromal parameters

The prognostic significance of the TSR has been demonstrated in multiple studies

in multiple tumor types. In this thesis, we have presented a validation study of this
parameter in a cohort of breast cancer patients [34]. These results have also been vali-
dated in an independent cohort [35]. Clinical implementation will depend on identify-
ing groups of breast tumors where this parameter has added value. The ER-negative/
HER2-negative seems the most promising subgroup. Gene-transcriptional assays
have modest prognostic significance in this subgroup [36], while stromal parameters
have often shown the strongest prognostic significance in this group of tumors. Also,
seemingly contrasting results have been published on the prognostic impact of this
parameter in ER-positive tumors [37], although this was most likely due to differences
in methodology [38].

Although reasonable interobserver kappa statistics have been reported in previous
clinical studies, no interobserver studies have assessed the concordance between
practicing pathologists. It is therefore unknown whether clinical implementation

of this parameter would lead to acceptable reproducibility and standardization. In
order to resolve this issue, such interobserver studies should be performed or reliable
automated analysis should be developed. Studies have previously presented data
regarding image-analysis based discrimination of the tumor stroma from the tumor
epithelium. Bianconi et al. distinguished tumor epithelium from tumor stroma using
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a classifierimplementing support vector machines (SVM), nearest neighbour rule
(1-NN) and naive Bayes rule (NB) with good accuracy.

At the morphological level, sizeable differences in stromal appearance between
different tumor areas can be observed. This might be reflective of variable degrees

of stromal activation throughout the tumor and associated differences in function-
ality and outcome. Quantitative stromal measures might therefore be more power-
ful when strictly considering activated stromal tissues. In this thesis we presented
results on the possible role of PA28 as a marker for activated stroma, but did not
investigate whether increased expression of this marker in the stroma is correlated to
clinical outcome. In an unpublished study, we investigated PA28 expression in a set of
50 invasive breast cancer patients and found a relationship between increasing his-
toscores of PA28 with disease relapse (figure 3). These data suggest that quantitative
estimation of stromal activation can indeed provide strong prognostic information.

Besides using an individual IHC marker for assessing stromal activation, alternative
procedures for detecting stromal activation have been described in the literature.
Beck et al. distinguished morphological characteristics of high-risk and low-risk
stromal tissues while using a digital pathology system [39]. Although this study
employed TMA tissue cores, this technique might be incorporated into the tumor-
stroma ratio parameter in selecting high-risk stromal areas. In this thesis, proteomic
profiles detected with MALDI MSI were used to identify proteomic signatures of
stromal activation. Only intratumoral with extratumoral stromal tissues were com-
pared and no attempt was made to detect proteomic heterogeneity among activated
stromal tissues. However, significant (and prognostically relevant) heterogeneity has
been detected using MALDI MSI in otherwise morphologically similar epithelial com-
ponents of breast cancers [40]. Similarly, these techniques might also be employed to
identify such stromal heterogeneity and correlate these differences to both stromal
morphology and functionality.

Stromal organization

Differences in stromal ECM arrangement have been observed in the tumor-associated
stroma compared to physiologic stromal tissues. The peritumoral connective tissue
has been shown to be more wavy compared to the intratumoral and juxtatumoral
stroma [41]. Rearrangement into straight aligned ECM bundles might promote the
occurrence of metastases [42]. TGF-B signaling has been related to this process in
data from our group, which is presented in this thesis. Another possible contribut-

ing factor is syndecan-1, which has been shown to lead to parallel fiber organization
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and increased tumor cell migration [43]. Caveolin-1, previously described as a strong
prognostic factor in breast cancer, has also been related to stromal organization [44].
Data from our group has shown that tumors with highly aligned collagen bundles are
more likely to present with lymph node metastases. Additionally, tumors with such
aligned collagen are also more likely to respond to chemotherapy. These observations
suggest that the same mechanism that contributed to the initial tumor cell dissem-
ination might also sensitize the tumor to chemotherapy. These observations share
some similarities with the tumor epithelium. High expression of markers Ki-67 and
low expression of estrogen receptor (ER) have both been shown to be associated with
disease progression. At the same time, tumors with high expression of these markers
also have higher chance of undergoing complete pathological response (pCR) after
neoadjuvant chemotherapy (which has been termed the “triple negative paradox”
[45]).

Stromal organization in clinical studies has been assessed via multiple methods.
Second harmonic generation (SHG) microscopy can be employed to enhance the
contrast of collagen fibers with adjacent tissues to enhance visibility of these struc-
tures. This enhanced contrast allows for automated analysis that seems difficult

to obtain when stromal alignment is analyzed with the use of H&E-stained slides
[46]. However, we have shown that reasonable agreement can be achieved when
H&E slides are analyzed in combination with freely available image analysis, which
increases the feasibility of implementing this methodology into clinical practice.
Differences in methodology and relative heterogeneity in study designs currently
hamper the evidence for implementation of stromal organization into clinical prac-
tice despite encouraging preclinical results.

TILs

An international working group has recently issued a guideline aimed at increas-

ing the uniformity for determining tumor-infiltrating lymphocytes (TILs) [47]. This

working group states that most evidence exists for intra-stromal TlILs as opposed to

the intratumoral lymphocytes. Intratumoral lymphocytes are more difficult to assess

and generally seem to correlate to the presence of stromal lymphocytes anyway. For

assessing the stromal-TIL%, the percentage of stromal areas that contain TILs should

be assessed over the entire intratumoral stromal area. No evidence exists that justi-

fies scoring TIL hotspots or simply scoring the tumor border area. As the guidelines
correctly states, no studies have been performed that have assessed the intra- and

interobserver variance that exists for this assessment. Despite this, the published
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guidelines at least provide a framework on which future studies can be designed and
performed in order to provide the strongest evidence for these parameters.

However, the most important question remains, is there evidence for altering clinical
decision making based on the presence of TILs? In the HER2 subgroup, the presence of
stromal TlLs can be used to predict the response to trastuzumab therapies. However,
considering the integral role that trastuzumab currently plays in the treatment of
HER2-positive breast tumors, and the adverse prognosis that this group of tumors

has without therapy of this antibody, omitting this therapy in HER2-positive breast
tumors seems ill-advised at this point.

Targeting the tumor-associated stroma

Targeting components of the tumor-associated stroma has been investigated in both
pre-clinical and clinical trials. Due to the multifaceted role of CAFs in cancer progres-
sion, targeting these cells seems an attractive option for improving breast cancer
care. Another attractive aspect of targeting the stromal compartment of breast tum-
ors is its perceived genetic stability (thereby decreasing the risk of creating resistant
cell populations) and homogeneity of stromal cells.

The most commonly tested treatment strategy is inhibition of angiogenesis, which
has been investigated in numerous trials that have generally shown modest results
[48, 49].

Fibroblast activation protein a (FAP) is expressed by tumor-associated fibroblasts

[50] and has also been studied for targeted therapies. Vaccination for this protein in
preclinical cancer models has been shown to reduce tumor growth and reduce the
collagen density within breast tumors, thereby increasing tumor uptake of chemo-
therapy [51]. The findings have led to clinical trials exploring the efficacy of sibrotu-
zumab, an antibody directed at the FAP protein [52]. No objective responses were
observed in one phase | trial in 26 cancer patients. However, analysis of the distribu-
tion of the administered antibody showed that it only distributed to the tumor area
without accumulating in other organs [53]. This selectivity and proteolytic activity of
FAP itself has been exploited by one study, which administered a prodrug activated by
the enzymatic activity of this marker [54]. Xenograft models showed strong inhibition
of tumor growth while minimal systemic toxicity occurred, as FAP is not expressed in
other cell types.
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Although FAP remains the most commonly investigated target, other options for
normalizing tumor-associated stromal functionality have been described. In this
thesis, we showed a relationship between the stromal alignment and active phos-
pho-Smad?2 staining, which indicates that active TGF-f signaling leads to aligned
stromal network thereby increasing tumor susceptibility to chemotherapy. Inhibiting
this signaling pathway would thus theoretically reduce chemotherapy vulnerabil-

ity. However, the opposite result has been found in a preclinical study [55]. Liu et al.
showed that TGF- blockade improved the distribution of cytotoxic agents in murine
breast cancer models in part by reducing collagen type | content [55]. Matrix orienta-
tion was not accounted for in this study and it would have been interesting to assess
this parameter before and after treatment with TGF-B inhibiting therapies. The effect
seen in this study might be attributed to the stabilizing effect that these therapies
have on newly formed blood vessels thereby improving perfusion of the tumor.
However, these results do illustrate that thorough studies on the peritumoral ECM
structure might be used to identify the ideal recipients of TGF-B inhibiting medica-
tions. Multiple strategies for inhibiting this pathway have been described in phase |
and phase Il studies which have included various solid tumors [56]. To our knowledge,
no trials have specifically included breast cancer patients. Attention should be given
to results published in chapters 13 and 14 of this thesis, in order to predict which
patients are most likely to benefit from these treatment strategies.

Conclusion

When translating stromal biomarkers into clinical practice, a combination of both
quantitative and qualitative stromal markers might provide strong prognostication
schemes for ER-negative breast cancer. Published series regarding stromal parameters
are mostly from retrospective studies studying a single biomarker. Randomized trials
specifically designed to measure biomarker applicability are rare and have not yet
been performed for stromal biomarkers. The highest level of evidence for a stromal
biomarker is therefore unavailable. Evidence from retrospective series should guide
further studies to clarify which stromal markers have strong clinical merit. Ideally,
future studies will incorporate multiple stromal biomarkers in large prospective series
to identify clinical scenarios where a stromal-based classification system has addi-
tional value to the traditional epithelial-based risk stratification.

The potential benefits of targeting components of the stromal tissues have mostly
been shown in preclinical studies, while modest results have been shown in clinical
trials. Although the perceived homogeneity is often cited as one of the most attrac-
tive aspects of targeting the stroma, significant differences in stromal quantity,
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molecular marker expression and ECM orientation have been shown in many studies.
Predicting which patients are to benefit from which stromal interventions will require
careful investigation in order to decide which patients will receive most benefit from
stromal-targeted therapies.
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Figure 1. Distribution of the IHC4 score in 331 premenopausal, node-negative breast cancer

patients.

IHC4

Figure 2. Metastasis-free (A) and overall survival (B) according to the lower and upper two ter-
tiles of the IHC4+C score. Green = lowest tertile, blue = intermediate tertile, red = upper tertile.
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Figure 3. Stromal expression of PA28 in breast cancer. (A) An example of a breast carci-
noma that displays PA28 expression in fibroblastic and immune cells of the breast cancer
stroma. (B) An example of a breast carincoma that shows little PA28 expression, although
some fibroblastic and immune cells are positive for this marker. (C) Disease free survival (in
months) of 50 invasive breast cancer patients according to expression level of PA28 in the
tumor-associated stroma (P=0.021). Green = low expression, blue = intermediate expression,

red = high expression.
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Table 1. Using the St. Gallen guidelines and IHC4+C score risk assessments in combination to
identify patients at low risk (LR) and high risk (HR) for the occurrence of metastases and/or
death.

Mean MFS, in Hazard for metastasis Mean OS,in  Hazard for death
Subgroup 10-year MFS years (95% Cl) (95% Cl) 10-year OS years (95% Cl) (95% Cl)
StG LR /IHC4+CLR  86% 12.5 1.000 99% 13.9 1.000
(N=80) (11713.3) (13.7-14.)
StG LR /IHC4+CHR  80% 1.8 1.320 91% 13.098 3.631
(N=56) (10.8-12.8) (0.620-2.807) (12.5-137) (0:704-18.718)
StGHR/IHC4+CLR 78% 10.6 1.428 833% 1.2 7757
(N=18) (9.0-12.) (0.470-4.343) (10.0-12.3) (1.294-46.509)
StG HR /IHC4+CHR 67% 101 2.370 76% n3 12.059
(N=123) (9.3-10.9) (1.298-4.326) (107-11.9) (2.888-50.342)
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