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Abstract
Pathologists and immunologists have collaborated over many years in their efforts to understand
and properly diagnose cancer. The ability of pathologists to correctly diagnose this disease was
facilitated by the development of immunohistology that utilized specificity of antibodies to
distinguish between normal cells and cancer cells. Further boost was provided through the advent
of monoclonal antibodies. The two disciplines are now together on the brink of a paradigm shift
resulting from a better understanding of the importance for cancer diagnosis and prognosis to
consider not only the characteristics of the cancer cells, but also the cancer microenvironment
reflecting the host response to the disease. This new immunology and pathology alliance named
“Immunoscore” will advance research in both disciplines as well as benefit patients.

Introduction
All patients that receive a message from their physician that symptoms that concerned them
might potentially signal a cancerous growth, know that next comes an examination of the
tissue specimen, most often a biopsy, by pathologists who are the ones to pronounce the
final diagnosis. For many years this involved a careful examination of the morphology of
putative cancer cells in the tissue sections that distinguished them from the surrounding
normal tissue. In addition to abnormal cell morphology, useful information could also be
derived from some of the stromal components surrounding the abnormal cell, in particular
the degree of fibrosis, necrosis and lymphovascularization that suggested a more or a less
established tumor or one that is likely to have already spread versus the one that might be
still localized and potentially curable by surgery. These observations extended the role of
pathology from purely diagnostic to some, albeit limited extent, prognostic (Leong and
Zhuang, 2011).

Scientific and technical developments over the last several decades in every discipline
concerned with cancer, including genetics, cell biology, molecular biology and immunology,
have the potential to raise the contribution of pathology to that of an ultimate authority for
diagnosis, prognosis and treatment selection. A lot of this has already happened in the realm
of diagnosis but there is still a lot of room for improvement. Cancer geneticists and
molecular biologists are identifying with an ever-increasing speed and lower and lower cost
mutations in genes and pathways that can place a cell in a precise place from normal to
various stages of premalignant and malignant transformation continuum. Some of the same
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mutations are predictive biomarkers of how fast or slowly cancer development might
proceed, if at all, and thus who should be treated more aggressively and who should be only
periodically examined. Other biomarkers clearly show that what was once a single cancer
type, breast or prostate or lymphoma, can be divided into many different types, each
deserving of a separate diagnosis and each potentially needing a different treatment option.

The avalanche of newly discovered genetic biomarkers has unfortunately produced only a
few snowflakes for accepted clinical applications that would allow pathologists to provide
personalized diagnosis and prognosis. The reasons are both conceptual and practical. Among
the many candidate biomarkers, it is important to make an informed, scientifically based
selection of a smaller panel potentially specific for every cancer type or subtype. Such
decisions often require support from large studies requiring considerable resources. Even
when those can be undertaken, the results need to be adopted by pharmaceutical companies
who can produce standardized reagents for use by clinical labs. This is happening very
slowly and, not surprisingly, only in the case of a few very robust biomarkers. A good
example is breast cancer where thousands of biomarkers have been characterized and
published but only three of them, estrogen receptor, progesterone receptor and Her-2/neu,
are predominantly used to diagnose most breast cancers (Leong and Zhuang, 2011). This is
in spite of continuing work of the research community that shows that using additional
biomarkers leads to a diagnosis of very different breast cancer types and consequently
different prognosis and treatment choices.

Immunology was the first discipline to push pathology into the new era of diagnosis and
prognosis. With the advent of monoclonal antibodies (Kohler and Milstein, 1975),
information obtained by studying cell morphology could be confirmed and extended by
immunochemistry that used the exquisite specificity of antibodies to distinguished normal
cells from cancer cells. Over the ensuing decades, hundreds if not thousands of antibodies
were characterized that could improve the ability of a pathologist to make a more precise
diagnosis (Leong and Leong, 2006). As in the case of molecular biomarkers, and for the
same combination of conceptual and practical reasons, only relatively few antibodies,
primarily those that have been commercialized, have entered the arena of diagnostic
pathology.

Immunology is currently poised to support pathologists in another giant leap forward, a
large paradigm shift that deemphasizes the cancer cell and focuses the pathologist’s
attention to the anti-tumor immune response of the patient. The well-established hallmarks
of cancer that have served for many years as a guideline to pathologists (Hanahan and
Weinberg, 2000) have been updated to include the ability of the cancer cell to evade
effective acute inflammatory host response (Hanahan and Weinberg, 2011) and to benefit
from ineffective chronic inflammatory response. This ability depends as much, if not more,
on the host as it does on the tumor cell and thus a tumor cell centric view that has guided
diagnosis and prognosis is beginning to change.

In this mini-review/personal perspective, examples will be provided using the author’s own
work and experience in the immunobiology of the epithelial mucin MUC1 and anti-tumor
immunity, to illustrate importance of both cancer cell biomarkers and the host response in
the pathology of cancer, and how very often those two regulate one another and thus cannot
be separated or individually evaluated if the true representation of the disease diagnosis,
prognosis and response to therapy is to be achieved.
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Epithelial cell antigen MUC1 in service to pathologists
Biomarker for cancer diagnosis

MUC1mucin is a high molecular weight transmembrane glycoprotein, detectable in low
levels on the apical surface of normal polarized epithelia in the respiratory, genitourinary
and digestive tract. MUC1 is overexpressed on most adenocarcinomas, including breast,
lung, colon, pancreas, stomach, prostate, and ovary (Vlad et al., 2004). The extracellular
domain of MUC1 is dominated by the VNTR variable number (between 20 and 200) of
tandem repeats region VNTR consisting of a tandemly repeated sequence
PDTRPAPGSTAPPAHGVTSA. This extracellular domain and in particular the VNTR, are
involved in cell-cell and cell-matrix interactions. The smaller subunit of MUC1 (~ 20 kDa)
contains a short extracellular portion, a transmembrane region and a short cytoplasmic tail
with seven phosphorylation sites identifying MUC1 as a signaling molecule (Li et al., 1998;
Li and Kufe, 2001; Li et al., 2001a; Li et al., 2001b).

Carbohydrate chains on MUC1 made by normal cells are typically long and branched
terminated by sialic acid, giving the molecule a mucinous character. As an epithelial cell
undergoes malignant transformation, however, it loses the normal apical-basolateral polarity
and MUC1 begins to displays striking quantitative (overexpression) and qualitative (lack of
polarization and hypoglycosylation: truncated glycan chains, immature glycosylated forms,
increased sialylation, aberrant carbohydrate core-type expression (Brockhausen et al., 1995;
Burchell et al., 2001) alterations. Numerous monoclonal antibodies have been produced and
characterized over the last three decades against the tumor forms of MUC1 and (Hiraga et
al., 1998)even though it is clear that MUC1 is expressed on virtually all adenocarcinomas,
very few of these antibodies are part of the pathologists’ antibody armamentarium for
diagnosis of human adenocarcinomas. One of the better known is antibody CA15-3 almost
exclusively used in breast cancer diagnosis, even though MUC1 is expressed in all
adenocarcinomas and could be useful in other diagnoses where it often shows superiority
over other established biomarkers (Sangoi et al., 2009; Winter et al., 2012).

Differential expression of MUC1 has also been linked to prognosis (Baldus et al., 2002;
Kraus et al., 2002; Leroy et al., 2002; Sagara et al., 1999; Sivridis et al., 2002). There is also
evidence that MUC1 enhances the metastatic abilities of tumor cells (Guddo et al., 1998;
Hiraga et al., 1998). Most importantly, however, surface expression of MUC1 is reported to
be upregulated in preneoplastic conditions of virtually every tissue that gives rise to a
MUC1 positive neoplasm (Arul et al., 2000; Cao et al., 1997; Jarrard et al., 1998; Lopez-
Ferrer et al., 2001; Reis et al., 1999). Thus additional antibodies that already exist, which are
directed to different MUC1 epitopes created by different tumor specific posttranslational
modifications, could be useful for a more refined diagnosis and prognosis. In addition to
MUC1, several other molecules from the mucin family have been explored for epithelial
tumor diagnosis and a number of antibodies have been characterized for their expression on
various tumors at different stages of disease (Goto et al., 2008). It will be important to not
lose sight of these new reagents at this point in time when emphasis is being increasingly
placed on personalized diagnoses and treatment rather than the “one antibody fits all”
approach.

Modulator of the host response
MUC1 on cancer cells has also been shown to regulate chemotaxis of the cells of the innate
immune system (Carlos et al., 2005; Oppenheim et al., 2005) thus interfering with the proper
balance between innate and adaptive immune cells in the tumor microenvironment. More
recently we have shown that the extracellular domain of MUC1 internalizes and forms a
complex with NF-kB p65 that goes to the nucleus and activated promoters of numerous
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proinflammatory cytokines such as IL-6, TNF-a (Cascio et al., 2011). These cytokines, in
particular, are responsible for driving chronic inflammation in the tumor microenvironment
that has been associated with tumor progression rather than tumor rejection. We have shown
that these complexes do not form in normal cells where the MUC1 extracellular domain gets
fully glycosylated and thus prevented from binding p65. As cells begin to transform and
hypoglycosylated MUC1 begins to emerge, the tumor microenvironment changes in favor of
the tumor. As the pathologist makes a diagnosis of a MUC1 expressing tumor, the extension
of that diagnosis that would also serve as prognosis, should be additional
immunohistochemical analysis for the state of MUC1 glycosylation, the presence of
predominantly innate immune infiltrate as well as increased production by the tumor of
IL-6, TNF-a and other proinflammatory cytokines. All those together would create a tumor
profile that could be ranked from the relatively benign, slow progressing and unlikely to
metastasize, to invasive and most likely already metastasized phenotype.

“Immunoscore” as a new immunology tool for better pathology diagnosis
Immunologists have been aware for a long time that tumor growth is accompanied by a
systemic anti-tumor immune response and they have pursued the question why is that
immune response not effective in individuals who succumb to their disease. A frequent
observation made in cancer patients was that their tumor was progressing in the presence of
antibodies and T cells specific for one or more tumor antigens. With further development of
knowledge in immunology and discoveries that elucidated multiple immune mechanisms
that are required for an effective immune response against tumor, there has been a new
appreciation of the importance of the composition and regulation of the immune
microenvironment at the site of the primary tumor that might or might not be permissive to
the destructive actions of anti-tumor immunity.

While there had been intermittent articles discussing interdependence between the host
response and tumor development, and some factors identified that can tip the balance in
favor of the host or the tumor, such as systemic activation of myelod cells and inhibition of
effector T cells (Schmielau and Finn, 2001; Schmielau et al., 2001) or accumulation of
regulatory T cells (Savage et al., 2012), the first comprehensive analysis of tumors as targets
of patients immune responses and the high predictive value of such an analysis was
published in 2006 (Galon et al., 2006). Large cohorts of human colorectal primary tumors
were examined by gene expression profiling and immunohistochemistry for evidence of
infiltrating immune cells. The type, density and localization of immune cells, and most
importantly type 1 T cells, was found to correlate much more significantly with survival
than other histopathological methods used for disease staging. In short, primary tumors
found to be infiltrated with large numbers of activated T cells had a much slower course of
development and patients survived much longer even if the tumor had been originally staged
in the most advanced and thus most lethal category. The intensity and quality of the immune
infiltrate was a superior predictor of survival than any of the other measures. These data
were confirmed on additional colon cancer cohorts and their prognostic value compared
with a whole panel of established prognostic factors (Mlecnik et al., 2011), showing
repeatedly the superiority of the immune infiltrate into tumor as a prognostic biomarker
(Fridman et al., 2011a; Fridman et al., 2011b; Galon et al., 2007). In the few years since
these initial publications, many investigators have reported that this applies to many other
tumors in addition to colon cancer, including different types of breast cancer (Liu et al.,
2011; Ruffell et al., 2012), ovarian cancer (Milne et al., 2009), brain cancer (Yang et al.,
2010) (Yang et al., 2011) and liver cancer (Chen et al., 2012). Meta analysis of data from
over 100 published studies confirms a robust evidence that the presence and relative
numbers of CD3,+ CD8,+ CD45RO+, FoxP3+ cells in addition to tumor associated
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macrophages, dendritic cells and neutrophils, play a key role in cancer progression and in
patient’s survival (Roxburgh et al., 2012).

Tumor infiltrating cells: memory of previous challenges
In our attempt to better understand why some patients could better control their tumors as
characterized by vigorous T cell infiltration, slow progression and increased survival, while
other patients could not, we explored one specific anti-tumor immune response directed
against the MUC1 antigen described above. We had initially described the tumor form of
MUC1, the hypoglycosylated overexpressed non-polarized molecule on epithelial
adenocarcinomas, as the specific target of T cell responses found in the tumor draining
lymph nodes of pancreatic cancer patients (Barnd et al., 1989). Subsequently we observed
that some healthy individuals might also have circulating anti-MUC1 antibodies. That led us
to examine conditions other than cancer that might expose the immune system to abnormal,
hypoglycosylated forms of MUC1. We discovered that at sites of acute or chronic
inflammation resulting from viral or bacterial infections, such as in the salivary gland during
mumps infection or the breast duct affected by mastitis, MUC1 was overexpressed and
hypoglycosylated phenocopying tumor MUC1. Those conditions were similarly
accompanied by the development of MUC1 specific immune responses and immune
memory (Cramer and Finn, 2011; Cramer et al., 2005; Cramer et al., 2010). It is our current
hypothesis that tumors that start to grow in an individual who has had multiple previous
events that generated anti-MUC1 immune memory (and likely a memory for many other
abnormally expressed molecules found later on tumor cells) are more likely to get infiltrated
faster and more abundantly with memory T cells than tumors in “naive” individuals.

The importance of the “Immunoscore” and the correlations we are establishing between
adaptive memory for abnormal cell molecules and tumor infiltration, suggest that it will be
possible to raise the Immunoscore by eliciting immune memory through vaccination against
some of the better defined tumor antigens of individuals at high risk for developing cancer.
Using again MUC1 as an example, individuals with an increased risk for developing
MUC1+ tumors such as colon cancer (family history or history of polyps), breast cancer
(BRCA-1 and BRCA-2 mutation, family history), pancreatic cancer (chronic pancreatitis, K-
ras mutation, pancreatic cysts, family history), could be vaccinated with a MUC1 vaccine
that elicits MUC1-specific T cells and antibodies. The expectation would be that the MUC1-
specific immune memory cells would accumulate at the site of an abnormal MUC1
expression that would mark a new tumor and control its growth or lead to its elimination.
There is plenty of evidence from animal models that tumors growing in pre-vaccinated
animals are more infiltrated, grow slower or are completely eliminated.
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Figure 1.
Immunohistology of primary colon tumors in a tissue microarray (TMA) showing examples
of tumors with low (A and C) and high (B and D) CD8 T cell infiltration. Tumor is stained
blue (cytokeratin) and CD8+ T cells brown. Images are courtesy of Dr. Jerome Galon.
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