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Chapter 6

General considerations and systems biology framework

The work presented in this thesis supports the view that colon cancer outcome is
strongly influenced by the balance between immune control and immune escape.
Conventional staging captures tumor burden and pattern of spread but does not
reflect the complexity of tumor immune interactions[1,2]. By integrating spatial
T cell organization, HL A class la and HLA class Ib tissue expression, germline
HLA class I diversity, transcriptomic immune signatures, and clinical outcome,
this work links molecular variation to tissue architecture and patient level
phenotypes.

From a systems biology perspective, colon cancer can be regarded as a network
of interacting components that operate across organizational levels. DNA
variation at HL A loci and in tumor genomes shapes antigen processing and
presentation [3]. These molecular processes influence the phenotype of tumor
cells and immune cells and contribute to emergent properties at the tissue level,
such as immune inflamed or immune desert microenvironments[4—6]. In turn,
tissue level events, including necrosis, cytokine release and therapeutic
intervention, feedback to molecular and cellular pathways[7,8]. This
combination of upward and downward causation results in dynamic trajectories
of immune control and immune escape. The measurements performed in this
thesis capture selected emergent properties of this system, in particular spatial T
cell organization and HLA class I expression patterns.

Chapter 2 frames tumor immunity in colon cancer within a systems biology
perspective. It defines immune contexture as an emergent property generated by
coupled tumor intrinsic programs, antigen presentation capacity, and
microenvironmental constraints, and it formalizes upward causation, downward
causation, and multiple realizability as a causal scaffold. This framework
motivates why spatial immune architecture and HLA class I axis measurements
are mechanistically informative and why integration across molecular, cellular,
tissue, and patient levels is required to interpret outcome associated immune
control and immune escape trajectories.

Biological implications of spatial T cell patterns

The findings in Chapter 3 highlight that spatial T cell patterns capture
functionally relevant information. Proliferative Ki67+ and cytotoxical Granzyme
B+ T cells localized predominantly in tumor epithelium, consistent with efficient
effector function requiring close contact between T cells and malignant cells[9—
11]. Short distances between CD3+CD8+ T cells and tumor cells and high
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Immunologic Constant of Rejection (ICR) scores were associated with improved
survival, suggesting that spatial metrics capture an engaged cytotoxic response
rather than simple presence of T cells[12].

The association between higher stromal densities of FoxP3+T cells and
favorable outcome suggests that regulatory T cells in colon cancer can mark
organized immune niches rather than pure suppression. This is in line with
observations that FoxP3+T cells often colocalize with effector T cells and
antigen presenting cells in tertiary lymphoid structures[13—16]. These spatial
patterns likely reflect the net effect of multiple coordinated mechanisms,
including chemokine driven recruitment, local cell migration, antigen dependent
activation, and constraints imposed by tissue structure. They are shaped both by
tumor intrinsic molecular programs and by microenvironmental forces such as
hypoxia, necrosis, stromal remodeling, vascular organization, and treatment
induced inflammation, which together reconfigure immune cell positioning and
function[17-20].

Antigen presentation, immune infiltration and immune
escape

Chapter 4 provides insight into how antigen presentation and immune
infiltration interact to shape the tumor immune contexture. Tumors with
preserved HLA class la expression and high CD45+ cell density displayed
immune active gene signatures and better outcome. Tumors with reduced HLA
class Ia expression showed sparse immune infiltrates and immune cold
transcriptional profiles. These patterns are compatible with immunoediting, in
which tumors that have undergone intense immune pressure acquire defects in
antigen presentation machinery and thereby lower their visibility to CD8+ T
cells[21-23].

The context dependent associations of HLA class Ib molecules with immune
infiltrates and outcome suggest that HLA-E, HLA-F and HLA-G act as
modulators of innate and adaptive responses. Their expression likely influences
natural killer cell activity, dendritic cell function and recruitment of regulatory
cell populations[24-28]. Within a systems biology framework, HLA class Ia and
HLA class Ib molecules are part of a regulatory network that links tumor
intrinsic changes to the composition and activation state of the infiltrating
immune system. Defects in one component of this network can propagate across
levels, leading to emergent properties such as ineffective immune surveillance or
profound local immune suppression.
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Contribution of germline HLA class I diversity

Furthermore, Chapter 5 extends the analysis to germline HLA class I diversity.
HLA evolutionary divergence, in particular at HLA-B, associated with immune
gene signatures in immune active tumors. This suggests that individuals with
broader HLA-B immunopeptidomes are more likely to mount diverse and
sustained T cell responses that leave a durable imprint on the tumor
microenvironment[29,30]. At the same time, the scale and direction of these
associations varied across clinical and molecular contexts, consistent with
germline HLA features acting in concert with tumor intrinsic factors such as
mutational burden, microsatellite status, and oncogenic signaling
pathways[5,31,32,32,33].

Locus specific mapping of HLA-A, HLA-B and HLA-C expression showed that
selective loss of individual loci can occur without complete HLA class I
downregulation. Such patterns fit models in which tumor cells evade dominant T
cell clones restricted by a particular HLA molecule while maintaining enough
HLA class I expression to avoid natural killer cell activation[34—36]. This fine
tuning of antigen presentation represents an emergent strategy of immune escape
that results from the interaction between germline HLA repertoire, tumor
mutation landscape and immune selection pressure.

Systems biology interpretation of the thesis

Across Chapters 3 to 5, the data support a coherent multilevel model. At the
molecular level, germline HLA class I polymorphisms and tumor derived
alterations in antigen processing and presentation pathways determine which
peptides can be displayed on HLA class I molecules[37-39]. At the cellular
level, these processes influence recognition of tumor cells by CD8 positive T
cells and natural killer cells and shape the differentiation and activation state of
immune cells[40—42]. At the tissue level, this results in specific spatial patterns
of T cell infiltration, HLA class I expression mosaics and stromal
remodeling[12,43,43]. At the patient level, these emergent properties translate
into clinical phenotypes such as immune active or immune cold tumors and
favorable or poor outcome[44-46].

In this systems biology view, immune contexture is an emergent property that
arises from many interacting elements rather than from a single driver. Similar
clinical phenotypes can result from different combinations of underlying
changes, reflecting multiple realizability of tumor immune states[47—49]. For
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example, an immune cold tumor may result from low mutational load, from
defects in antigen presentation, from absence of priming at distant sites or from
local exclusion of T cells by stromal barriers[ 50—52]. Conversely, immune
inflamed tumors may share features such as high ICR scores and dense T cell
infiltrates despite different combinations of HLA alleles and oncogenic events.
The measurements in this thesis capture three key components of this system and
help to position colon tumors along a continuum of immune control and immune
escape.

Clinical implications and future directions

Immunotherapy is clinically established for a biologically defined subset of
colon cancers, with the most consistent benefit in microsatellite instability high
or mismatch repair deficient advanced disease[53]. Immune checkpoint blockade
shows the most consistent benefit in microsatellite instability high or mismatch
repair deficient advanced disease, where PD-1 blockade with pembrolizumab is
an established first line option and nivolumab combined with ipilimumab is an
approved regimen[54]. However, the majority of colon cancers are microsatellite
stable and display primary resistance to single agent checkpoint blockade[55].
This clinical reality indicates that patient selection should incorporate tissue
level readouts of immune engagement and antigen presentation capacity rather
than relying on one genomic label[56].

The findings of this thesis support a stratification concept built on three coupled
layers. In Chapter 3, spatial metrics that capture short distances between CD8
positive T cells and tumor cells, and enrichment of proliferative or Granzyme B
positive T cells within tumor epithelium, provide evidence for effective effector
deployment that may complement immune gene signatures in identifying
actionable immune inflamed states. In Chapter 4, preserved HLA class Ia
expression together with high CD45 density marks an immune active contexture
with strong rejection related transcriptomic activity, which is the biological
setting where PD-1 based therapy is most likely to amplify a pre-existing tumor
reactive T cell response[57]. In Chapter 5, germline and locus specific HLA
features refine the antigen presentation landscape. HLA evolutionary divergence
at HLA-B associated with immune activation within immune active tumors, and
selective loss of individual HLA loci indicates ongoing immune editing, both of
which can inform patient enrichment for T cell based immunotherapy or for
combination strategies that counter immune escape[58].

Tumors with reduced HLA class Ia expression implicate antigen presentation as
a mechanistic constraint on T cell mediated immunity and may inform treatment
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selection, even when associations with survival are not observed. Prognostic
associations describe outcome in a given cohort, whereas predictive value refers
to differential benefit from a specific therapy[59]. In such cases, rational
approaches include therapeutic restoration of antigen presentation through
reinforcement of interferon signaling, epigenetic reactivation of antigen
processing machinery, and local inflammatory priming, followed by PD-1
blockade[60—62]. In parallel, immune modalities that do not rely on HLA
restricted peptide presentation may be considered, including antibody based T
cell redirecting strategies, chimeric antigen receptor T cells[63], or innate
immune agonists, in order to bypass defects in the HLA class la axis[64]. The
heterogeneous patterns of HLA class Ib molecules observed in this thesis suggest
additional therapeutic hypotheses. Increased expression of HLA-E, HLA-F or
HLA-G can bias the local immune circuit toward inhibitory signaling in natural
killer cells and other innate effectors[65,66]. These tumors may be candidates for
strategies that enhance natural killer cell activity, such as targeting the NKG2A
axis, IL-15 based stimulation, or adoptive natural killer cell transfer, ideally
guided by tissue level profiling of HLA class Ib together with classical HLA
class Ia status[67].

Future studies should continue along two complementary lines. One line is
prospective clinical validation in cohorts treated with contemporary
immunotherapy, with pre-specified endpoints for response and survival and with
harmonized assays for HLA class I and spatial T cell metrics. The other line is
mechanistic resolution. Integration of locus specific HLA loss patterns with
immunopeptidomics, single cell spatial profiling and T cell receptor sequencing
can directly link antigen presentation to clonal selection and immune editing.
Longitudinal sampling of primary tumors, metastases and blood will be needed
to model how immune contexture trajectories change under therapy and to
identify actionable points of intervention.

Conclusion

This thesis shows that spatial T cell organization, HLA class I tissue expression
and locus specific HLA class I diversity together define key aspects of the
immune contexture in colon cancer. These features intersect with molecular
subtypes and immune gene signatures and are related to clinical outcome. By
dissecting these layers and embedding them in a systems biology framework that
considers multilevel causation and emergent properties, the work contributes to a
more nuanced understanding of immune control and immune escape in colon
cancer. It illustrates how multiscale thinking can be translated into concrete
tissue based biomarkers and provides a foundation for future studies that aim to
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develop integrated, predictive models for personalized immunotherapy in this
disease.
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