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Abstract: The purpose of this study was to evaluate the association between four distinct histopatho-
logical features: (1) tumor infiltrating lymphocytes, (2) mucinous differentiation, (3) tumor-stroma
ratio, plus (4) tumor budding and two gene expression-based classifiers—(1) consensus molecular
subtypes (CMS) plus (2) colorectal cancer intrinsic subtypes (CRIS). All four histopathological features
were retrospectively scored on hematoxylin and eosin sections of the most invasive part of the primary
tumor in 218 stage II and III colon cancer patients from two independent cohorts (AMC-AJCC-90 and
AC-ICAM). RNA-based CMS and CRIS assignments were independently obtained for all patients.
Contingency tables were constructed and a χ2 test was used to test for statistical significance. Odds
ratios with 95% confidence intervals were calculated. The presence of tumor infiltrating lymphocytes
and a mucinous phenotype (>50% mucinous surface area) were strongly correlated with CMS1
(p < 0.001 and p = 0.008) and CRIS-A (p = 0.006 and p < 0.001). The presence of mucus (≥ 10%) was
associated with CMS3: mucus was present in 64.1% of all CMS3 tumors (p < 0.001). Although a clear
association between tumor-stroma ratio and CMS4 was established in this study (p = 0.006), still 32
out of 61 (52.5%) CMS4 tumors were scored as stroma-low, indicating that CMS4 tumors cannot be
identified solely based on stromal content. Higher budding counts were seen in CMS4 and CRIS-B
tumors (p = 0.045 and p = 0.046). No other associations of the measured parameters were seen for any
of the other CRIS subtypes. Our analysis revealed clear associations between histopathologic features
and CMS or CRIS subtypes. However, identification of distinct molecular subtypes solely based on
histopathology proved to be infeasible. Combining both molecular and morphologic features could
potentially improve patient stratification.

Keywords: colon cancer; histopathology; consensus molecular subtypes; CRC intrinsic subtypes;
tumor infiltrating lymphocytes; mucinous adenocarcinoma; tumor-stroma ratio; tumor budding

1. Introduction

Colon cancer (CC) is a complex and heterogeneous disease with significant variation
in therapy response and clinical outcome. The tumor-node-metastasis (TNM) classification,
based on tumor extension and invasion, provides prognostic information and is currently
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used in clinical decision-making [1]. The backbone of treatment in patients with non-
metastatic CC is surgical resection of the primary tumor. Adjuvant systemic chemotherapy
is additionally applied in patients with high-risk stage II and stage III disease. Clinical
outcome, however, still varies substantially between patients within the same TNM stage.
Additional biomarkers and classification systems have been proposed to further stratify CC
patients and improve prognostication beyond the TNM classification. These systems focus
on different levels of tumor biology, including morphology of tumor cells and the tumor
microenvironment, transcriptomic analysis, and microsatellite instability (MSI) status.

MSI tumors represent approximately 15% of all CC patients and are associated with
favorable prognosis in early-stage disease, while worse prognosis is seen in metastatic
CC as compared to microsatellite stable (MSS) CC [2–4]. MSI status is at present the
only biomarker used in clinical practice with predictive value for adjuvant chemotherapy.
Patients with MSI high-risk stage II CC should not be treated with adjuvant chemother-
apy [5,6]. Two methods are commonly used in screening for MSI status: (1) polymerase
chain reaction (PCR) testing of DNA mutation status for two to five microsatellite mark-
ers [7,8] and (2) immunohistochemical staining (IHC) for mismatch repair proteins (MLH1,
MSH2, MSH6 and PMS2) [9]. Both methods are highly sensitive and specific, and the two
tests show high concordance [10,11].

Stratification of CC patients by MSI status provides essential prognostic and predictive
information but does not reflect the full complexity of the tumor and its interactions with
the tumor microenvironment (TME). The TME plays an important role in cancer initiation
and progression. Fibroblasts and macrophages are key players within the tumor stroma and
secrete a variety of active factors such as cytokines, chemokines and growth factors that can
regulate tumor occurrence and development and clinical outcome [12]. The composition of
the TME varies substantially between CC patients. A high level of immune cell infiltration
is present in a subset of tumors, while others demonstrate a high amount of stromal cells
within their TME [13].

These differences in TME composition can in part be captured via assessment of
routine hematoxylin and eosin (H&E)-stained tissue sections, which is relatively cheap and
easy to implement in daily clinical practice. Two promising histopathological features are
the presence and quantification of tumor infiltrating lymphocytes (TILs) and an estimation
of the amount of stroma within the primary tumor. The importance of an intra-tumoral
immune reaction as a prognostic marker is increasingly recognized, and a recent meta-
analysis in CC patients established the improved overall survival for high levels of TILs
as compared to low levels [14–18]. Tumors with a high amount of stroma (>50%) have an
unfavorable prognosis compared to tumors with low stromal content (≤50%), and this
observation has led to the development of the tumor-stroma ratio (TSR) as an indicator of
clinical disease outcome [19–21].

Another morphologic characteristic of colon tumors is the absence or presence of
extracellular mucus in the primary tumor. Mucinous adenocarcinomas, defined as tu-
mors in which >50% of the lesion is composed of extracellular mucus, are considered
a distinct histological subtype according to the World Health Organization [22]. Muci-
nous adenocarcinomas are associated with worse outcome compared to non-mucinous
adenocarcinomas [23–26].

An important biomarker reflecting the invasive capacity of CC is the occurrence of
tumor budding (TB). Tumor buds are defined as single cells or small clusters of up to
four cells dissociated from the main tumor body [27]. Tumor buds are characterized by
an epithelial-to-mesenchymal transition (EMT) phenotype and are considered to be an
important step in cancer metastasis formation [28].

These distinct morphologic characteristics provide prognostic information and rep-
resent biological aspects of colon cancer (CC). In order to gain further insight into the
exact underlying tumor biology, several research groups attempted to capture the entire
tumor phenotype within gene expression profiles. These transcriptomic approaches aimed
to gain further insight into the different aspects influencing tumor behavior. The CMS
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classifier, based on the entire tumor area (i.e., neoplastic cells as well as stromal cells),
divides CC into four biologically distinct subtypes [29]. The clinical relevance of these
biologic intrinsic processes implicated in each CMS was confirmed via CMS subtyping in
a large heterogeneous patient cohort (n = 2129), which revealed significant differences in
prognosis, with CMS4 as the poor-prognosis subtype [29].

The CRIS classification followed a different approach and focusses on the epithelial
tumor compartment. Transcriptional profiles of patient-derived xenografts (PDXs) were
used to define five cancer epithelium specific subtypes [30]. CRIS subtypes can be divided
into two major subfamilies: CRIS-A/B and CRIS-C/D/E. CRIS-A and -B are both associated
with mucinous and inflammatory traits, but CRIS-B as opposed to CRIS-A also displays
marked traits of EMT. CRIS-C, -D and -E are characterized by chromosomal instability
(CIN). Elevated EGFR signaling is seen in CRIS-C, while CRIS-D features high WNT activity.
Lastly, CRIS-E features a Paneth cell-like phenotype.

Certain prominent genotypic features of the molecular subtypes, such as an EMT
phenotype in CMS4 tumors, are reminiscent of distinctive morphologic tumor traits, such
as high stromal content. In this study, we assessed the association between four distinct
histopathological features (TILs, mucinous differentiation, TSR and TB) and two gene
expression-based classifiers (CMS and CRIS). Our aim was to evaluate whether these
molecular and morphologic features, focusing on different levels of tumor biology, are
interconnected or rather represent independent biomarkers.

2. Results

A total of 218 patients were retrospectively included in this study: 83 patients of
the AMC-AJCC-90 cohort and 135 patients of the AC-ICAM cohort, of which 78 patients
presented with stage II and 57 patients with stage III CC. Age, gender, and tumor sidedness
did not differ between the cohorts (Table 1). The majority of tumors (86.7%) showed
invasion through the muscularis propria (T3).

Table 1. Baseline characteristics of the included cohorts. Age is depicted as mean with standard
deviation, other characteristics as absolute number and percentage. p-values are derived from
comparison between the AMC-AJCC-90 and AC-ICAM cohort.

Combined AMC-AJCC-90 AC-ICAM

(n = 218) (n = 83) (n = 135) p-Value

Age
Mean (SD) 69.2 (11.8) 69.5 (13.1) 69.1 (10.9) 0.818

Gender
Male 112 (51.4) 38 (45.8) 74 (54.8)

0.195Female 106 (48.6) 45 (54.2) 61 (45.2)
Localization

Right 113 (51.8) 44 (53.0) 69 (51.1)
0.785Left 105 (48.2) 39 (47.0) 66 (48.9)

pT stage
2 7 (3.2) 0 (0) 7 (5.2)

0.1033 189 (86.7) 75 (90.4) 114 (84.4)
4 22 (10.1) 8 (9.6) 14 (10.4)

CMS
1 43 (19.7) 20 (24.1) 23 (17.0)

0.310
2 74 (33.9) 31 (37.3) 43 (31.9)
3 40 (18.3) 12 (14.5) 28 (20.7)
4 61 (28.0) 20 (24.1) 41 (30.4)

CRIS
A 60 (27.5) 26 (31.3) 34 (25.2)

0.754
B 35 (16.1) 12 (14.5) 23 (17.0)
C 63 (28.9) 21 (25.3) 42 (31.1)
D 35 (16.1) 15 (18.1) 20 (14.8)
E 25 (11.5) 9 (10.8) 16 (11.9)
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CMS2 (33.9%) was the most prevalent subtype followed by CMS4 (28.0%). Within the
CRIS classification, CRIS-A (27.5%) and CRIS-C (28.9%) were the most prevalent subtypes.
No significant differences were seen in the distribution of CMS and CRIS subtypes between
the cohorts (Table 1).

Almost all CMS1 tumors were assigned to CRIS-A (46.5%) and CRIS-B (41.9%). CMS2
samples were partitioned into CRIS-C (60.8%), CRIS-D (17.6%), and CRIS-E (20.3%). CMS3
was predominantly assigned to CRIS-A (75.0%), and CMS4 was distributed across all
five CRIS classes. This pattern of overlap is in line with previous results [30–32]. The
distribution of the histopathological features within CMS and CRIS subtypes is shown in
Tables 2 and 3.

Table 2. Distribution of histopathologic features within the consensus molecular subtypes, shown as
number and percentage. TILs = tumor infiltrating lymphocytes, TSR = tumor-stroma ratio. p-values
are derived from an overall comparison between subtypes.

CMS1 CMS2 CMS3 CMS4 p-Value

TILs
None/low 21 (48.8) 65 (90.3) 25 (64.1) 54 (90.0)

<0.001Intermediate 11 (25.6) 7 (9.7) 12 (30.8) 5 (8.3)
High 11 (25.6) 0 (0) 2 (5.1) 1 (1.7)

Mucus
≤50% 33 (76.7) 72 (100) 33 (84.6) 51 (85.0)

0.001>50% 10 (23.3) 0 (0) 6 (15.4) 9 (15.0)
Mucus

<10% 20 (46.5) 68 (94.4) 14 (35.9) 46 (76.7)
<0.001≥10% 23 (53.5) 4 (5.6) 25 (64.1) 14 (23.3)

TSR
Stroma-low 32 (74.4) 55 (74.3) 26 (65.0) 32 (52.5)

0.034Stroma-high 11 (25.6) 19 (25.7) 14 (35.0) 29 (47.5)
Tumor Budding

Low (<5) 33 (76.7) 63 (85.1) 36 (90.0) 44 (72.1)
0.271Intermediate (5–9) 7 (16.3) 7 (9.5) 2 (5.0) 13 (21.3)

High (≥10) 3 (7.0) 4 (5.4) 2 (5.0) 4 (6.6)

Table 3. Distribution of histopathologic features within the CRC intrinsic subtypes, shown as number
and percentage. TILs = tumor infiltrating lymphocytes, TSR = tumor stroma ratio. p-values are
derived from an overall comparison between subtypes.

CRIS-A CRIS-B CRIS-C CRIS-D CRIS-E p-Value

TILs
None/low 38 (64.4) 22 (62.9) 56 (90.3) 29 (85.3) 20 (83.3)

0.001Intermediate 17 (28.8) 7 (20.0) 6 (9.7) 2 (5.9) 3 (12.5)
High 4 (6.8) 6 (17.1) 0 (0) 3 (8.8) 1 (4.2)

Mucus
≤50% 40 (67.8) 31 (88.6) 61 (98.4) 33 (97.1) 24 (100)

<0.001>50% 19 (32.2) 4 (11.4) 1 (1.6) 1 (2.9) 0 (0)
Mucus

<10% 14 (23.7) 26 (74.3) 56 (90.3) 31 (91.2) 21 (87.5)
<0.001≥10% 45 (76.3) 9 (25.7) 6 (9.7) 3 (8.8) 3 (12.5)

TSR
Stroma-low 42 (70.0) 26 (74.3) 42 (66.7) 19 (54.3) 16 (64.0)

0.448Stroma-high 18 (30.0) 9 (25.7) 21 (33.3) 16 (45.7) 9 (36.0)
Tumor Budding

Low (<5) 53 (88.3) 24 (68.6) 50 (79.4) 28 (80.0) 21 (84.0)
0.429Intermediate (5–9) 4 (6.7) 9 (25.7) 9 (14.3) 5 (14.3) 2 (8.0)

High (≥10) 3 (5.0) 2 (5.7) 4 (6.3) 2 (5.7) 2 (8.0)
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A significant difference was seen in CMS distribution when stratifying for pathologic
T-stage (p = 0.041). While the distribution of CMS1, -2, and -4 was similar, there was an
enrichment for pT2 and pT4 tumors within CMS3, as compared to the other subtypes
(Table S1). No significant differences were seen in the distribution of CRIS subtypes and
histopathologic features per pathologic T-stage (Tables S2 and S3).

An overview of the calculated odds ratios between histopathological features and CMS
subtypes and CRIS subtypes plus MSI status is depicted in Supplementary Tables S4–S6.

2.1. Tumor Infiltrating Lymphocytes

TILs were scored as none/low in the majority of cases (77.1%). Intermediate and high
levels of TILs were present in respectively 16.4% (n = 35) and 6.5% (n = 14). For odds ratio
calculations, TILs were divided into two categories: none/low vs. intermediate/high. As
expected, intermediate/high levels of TILs were significantly associated with CMS1 (OR
5.587 95% CI 2.704–11.543, p < 0.001) and to a lesser extent with CMS3 (OR 2.240 95% CI
1.056–4.751, p = 0.033) (Figure 1). Almost all CMS2 (65/72, 90.3%) and CMS4 (54/60, 90.0%)
tumors contained a low number of TILs (Table 2 and Figure 2A).
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Figure 2. Sankey plots depicting the distribution of histopathological features within consensus
molecular subtypes (CMS) and CRC intrinsic subtypes (CRIS). Percentages represent the number of
tumors scored into a specific histopathologic category within CMS or CRIS subtypes. (A) Colored
lines represent tumors with intermediate or high levels of tumor infiltrating lymphocytes. (B) Tumors
with mucinous phenotype are highlighted. (C) Tumors containing any amount of mucus are depicted
by colored lines. (D) Colored lines represent stroma-high tumors. (E) Budding-high tumors are
highlighted.
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Considering the CRIS classification, tumors with high levels of TILs were more likely
to be assigned to CRIS-A and CRIS-B (OR 2.507 95% CI 1.280–4.908, p = 0.006 and OR 2.347
95% CI 1.079–5.010, p = 0.028) (Figure 1). The majority of tumors (105/120, 87.5%) assigned
to the other subfamily (CRIS-C, -D, and -E) were scored as TILs-low (Table 3, Figure 2A).

2.2. Mucinous Differentiation

Mucinous adenocarcinoma was identified in 11.7% (n = 25) of all cases, in line with
previously reported incidences [33,34]. Mucus (≥10%) was present in 30.8% (n = 66) of
the tumors.

Strikingly, no mucinous tumors were classified as CMS2, the most prevalent CMS
subtype (Table 2, Figure 2B). Mucinous tumors were more often seen within CMS1 (OR
3.152 95% CI 1.302–7.628, p = 0.008) and CRIS-A (OR 11.796 95% CI 4.418–31.491, p < 0.001)
(Figure 1), and 19 out of 25 (76.0%) mucinous tumors were classified as CRIS-A.

When analyzing the amount of mucus in the categories present (≥10%) or absent
(<10%), a strong association was seen with CMS3 (OR 5.836 2.779–12.256, p < 0.001)
(Figure 1). Mucus was present in 64.1% (n = 25) of all CMS3 tumors, compared to 53.5%
(n = 23) in CMS1, 5.6% in CMS2 (n = 4), and 23.3% (n = 14) in CMS4. Almost all mucus
containing tumors classified as CMS3 were assigned to CRIS-A (Figure 2C).

2.3. Tumor-Stroma Ratio

Stroma-high tumors were seen in 33.5% of all cases, which is in line with previous
reported percentages [35,36]. A good inter-observer agreement was reached for scoring
TSR in the AMC-AJCC-90 cohort between the two observers (SW and MS) with a Cohen’s
kappa of 0.77. As expected, stroma-high tumors were significantly associated with CMS4
(OR 2.327 95% CI 1.263–4.289, p = 0.006) (Figure 1). Almost halve of the CMS4 tumors
featured a high stromal content (Figure 2D). No associations were seen between TSR and
CRIS subtypes, which is in line with our expectations, since the stromal compartment is
not taken into account by the CRIS classifier.

Stroma-high tumors were more frequently scored as budding-high as compared to
stroma-low tumors (52.4% vs. 29.0%, OR 2.696 95% CI 1.356–5.362, p = 0.004). Compar-
ing the histopathological features in any other combination did not reveal a significant
association.

2.4. Tumor Budding

Two categories were used for statistical analyses: TB-low (0–4 buds) and TB-high
(≥5 buds). Tumors were categorized as TB-high in 19.3%. Higher percentages of TB-high
tumors, ranging from 28% to 34%, have been reported in the literature [37,38]. These studies
included patients with stages I–IV colorectal cancer. Higher tumor budding is known to be
correlated with higher TNM stages and this could explain the lower percentage observed
in our study [39]. TB-high tumors were more prevalent within CMS4 with an OR of 2.040
(95% CI 1.009–4.126, p = 0.045) (Figure 1). CMS3 and CRIS-A tumors showed a limited
number of buds (Tables 2 and 3, Figure 2E). A significant association was seen between
TB-high tumors and assignment into CRIS-B (2.247 95% CI 0.998–5.059, p = 0.046).

2.5. Combination of Histopathologic Features

An additional assessment was performed combining different histopathologic features
to determine whether this would improve identification of CMS or CRIS subtypes. For
this analysis, histopathologic features were selected that proved to be positively correlated
with the same subtype: TILs and mucus for CMS1 and for CRIS-A, plus TSR and budding
for CMS4.

First, tumors with both features present were analyzed compared to the rest. Because
the histopathologic features showed limited overlap, a low number of tumors containing
both features were selected. Combining high TILs and a mucinous phenotype resulted
in just 6 cases. Twenty cases contained a high level of TILs and any amount of mucus.
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Both selections did not improve the identification of CMS1 or CRIS-A (Tables S7 and S8).
Similarly, only 22 cases were scored as stroma-high and budding-high, which also did not
improve the identification of CMS4 cases (Table S7).

As a next step, tumors that contained at least one of the positively correlated features
were combined and compared to tumors without these features. This resulted in 68 (TILs-
high or mucinous), 95 (TILs-high or mucus present) and 93 cases (stroma-high or budding
high). Combining tumors with a high level of TILs or any amount of mucus, allowed for
the identification of a higher number of CMS1 tumors. Separately, TILs and the presence
of mucus correctly identified ~50% of CMS1 tumors, and this improved to 83.7% (36/43)
when these features were combined (Table S7). However, this combination was clearly not
specific for CMS1 and resulted in 59 (62.1%) false-positive cases. When combining TILs
with a mucinous phenotype (>50% mucus), 69.8% (30/43) of CMS1 tumors were correctly
identified (Table S7). However, this combination also led to a high number of false-positive
cases (38/68).

The combination of stroma-high or budding high tumors, slightly improved the
identification of CMS4 tumors, from 47.5% (stroma alone) to 59.0%. However, a high
number of CMS1-3 tumors (n = 57) was incorrectly identified using this combination.

As mentioned before, the presence of mucus was strongly correlated with CRIS-A.
Using this feature, 76.3% (45/59) of CRIS-A tumors were identified, and this could not be
improved by using the combination of TILs or the presence of mucus (Table S8).

2.6. Microsatellite Instability

MSI status was known for 194/218 (89.0%) tumors. In total, 44 out of 194 (22.7%)
tumors were MSI. As expected, the majority of MSI tumors were classified as CMS1 (32/44,
72.7%). Within the CRIS classification, MSI tumors were divided into CRIS-A (23/44, 52.3%)
and CRIS-B (16/44, 36.4%).

We also analyzed the association between histopathological features and MSI status.
We found a significant association between MSI status and three histopathological features:
TILs, mucinous differentiation, and TSR. Tumors with a high number of TILs were more
likely to be MSI (OR 6.571 95% CI 3.102–13.920, p < 0.001). More than halve of the MSI
tumors (23/44, 52.3%) contained an intermediate or high number of TILs, as compared to
21/147 (14.3%) of MSS tumors (p < 0.001). Jenkins et al. assessed the presence of TILs in
1098 colorectal cancer patients and reported similar numbers for MSS and MSI tumors [40].

Mucinous adenocarcinomas were also associated with MSI status (OR 4.567 95% CI
1.789–11.655, p = 0.001). More than half (25/44, 56.8%) of the MSI tumors contained ≥10%
of mucus as opposed to 23.1% (34/149) of MSS tumors, (p < 0.001).

Stroma-high tumors were almost all classified as MSS (57/65, 87.7%). Only 8/44
(18.2%) MSI tumors were scored as stroma-high. This is significantly lower than the 57/150
(38.0%) of MSS tumors (p = 0.014). No associations were seen between tumor budding and
MSI status.

3. Discussion

Several histopathological features, such as tumor infiltrating lymphocytes (TILs),
mucinous differentiation, the tumor-stroma ratio (TSR), and tumor budding (TB), are
under development or currently used in clinical practice to improve patient stratification.
These distinct morphologic characteristics provide prognostic information and are able
to capture some biological aspects of colon cancer (CC). To gain further insight into the
exact underlying tumor biology, focus has extended to CC stratification based on the tumor
transcriptome, which led to the development of the CMS and CRIS subtypes.

In this study, we assessed the association between four distinct histopathological
features and two gene expression-based classifiers in 218 stage II and III colon cancer
patients across two independent cohorts. In addition, we evaluated the adequacy of these
features to identify CMS and CRIS subtypes. Our analyses revealed multiple significant
associations between histopathological features and molecular subtypes. These associations
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were, however, not strong enough to adequately identify CMS or CRIS subtypes with
histopathology alone.

The effect of the immune infiltrate on tumor behavior and progression depends on
a variety of factors, including the type of tumor and the specific cellular composition
of the infiltrate and its intratumoral localization [41]. In this study, we quantified the
level of intraepithelial TILs and compared this between different molecular subtypes. The
presence and quantity of TILs was positively correlated with CMS1, in line with previous
observations [29,42–45]. CMS1 is known to be enriched for microsatellite instability (MSI),
which we could confirm in this study with 32 out of 40 (80.0%) CMS1 tumors being classified
as MSI. Deficient mismatch repair status causes high levels of mutations and subsequent
neo-antigen formation, which induces an immune response [29,46,47]. These observations
could explain this particular genotype-phenotype correlation. In addition, the number of
TILs has previously been shown to have value in predicting MSI status [40,48–51].

In contrast to our observations, previous studies identified two CMS subtypes with
high expression of immune signatures: CMS1, as one would expect, and CMS4 [43,44].
Both studies used bulk RNA expression data to evaluate the repertoire of tumor infiltrating
immune cells of each CMS. In contrast to our study, this method does not consider the
intratumoral localization of the different immune cells as well as intra-epithelial as stromal
immune cells were included. Next to this, both studies described the immune landscape of
CMS4 as immune-inflamed and pro-tumoral, with high expression of immunosuppressive
cells, such as M2 macrophages and regulatory T-cells. This specific immune landscape
hampers activation of an adaptive immune response and might cause exclusion of TILs.
These observations could well explain the low number of TILs within CMS4 tumors in
our study.

The near absence of TILs within CMS2 tumors as shown in our study is in line with
current data. CMS2 tumors show low expression of genes implicated in T-cell chemotaxis
and activation and poor expression of PD-1 and PD-L1 [29,43,44]. Accordingly, the CMS2
subtype is often referred to as an ‘immune desert’. Since CMS2 tumors account for approx-
imately 37% of colon tumors, it is highly relevant to increase our understanding of this
immune avoidance, especially in the context of the development of immunotherapies.

Mucinous adenocarcinomas, defined as tumors in which >50% of the lesion is com-
posed of extracellular mucus, constitute a distinct histologic subtype and are associated
with BRAF mutations, MSI status, and the CpG island methylator phenotype (CIMP) [52].
These findings imply that mucinous adenocarcinomas are likely associated with CMS1. In
agreement with this hypothesis, we identified a higher prevalence of mucinous tumors
within CMS1: 23.3% (10 out of 43), as opposed to 0.0%, 15.4%, and 15.0% within CMS2,
-3, and -4, respectively. Notably, no mucinous adenocarcinomas were classified as CMS2,
which is the most prevalent CMS subtype. The substantially lower rate of mucinous tumors
within CMS2 was confirmed in a retrospective review of pathology reports in 608 colorectal
cancer patients [24] and in a recent study using a deep learning algorithm on digital slides
to assess the extracellular mucin-to-tumor area [25]. Taken together, these results indicate a
distinct biological background for mucinous adenocarcinomas compared to the classical
CMS2 subtype.

Next to the 50% cut-off, we additionally categorized the amount of mucus as absent
(<10%) or present (≥10%) in our analyses. Interestingly, the presence of mucus was
strongly associated with CMS3. Although both CMS3 and mucinous tumors are known to
be associated with KRAS mutations, the exact underlying mechanism for this association
remains unclear [52]. Elucidating this mechanism might be of clinical importance, since
it was recently reported that a mucinous phenotype significantly impairs 5-year overall
survival within CMS3 tumors [25].

In line with our hypothesis and previous observations, both stroma-high and budding-
high tumors were significantly associated with CMS4 [37,45,53]. Although a clear associa-
tion between TSR and CMS4 was established, still 32 out of 61 (52.5%) CMS4 tumors were
scored as stroma-low. Sandberg et al. reported similar numbers with 10 out of 18 (55.6%)
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CMS4 tumors scored as stroma-low [54]. Importantly, these results clearly indicate that
CMS4, the poor-prognosis subtype, cannot be identified solely based on stromal content.

Not much is known about the histopathologic characteristics of the CRIS subtypes.
Isella et al. reported a high prevalence of mucinous tumors within CRIS-A and inflamma-
tory traits, as defined via gene expression, within the CRIS-A and -B subfamily [30]. These
observations were confirmed in this study, with a striking association between CRIS-A
and a mucinous phenotype. No associations were seen between TSR plus TB and CRIS
subtypes, except for a higher budding count in CRIS-B (p = 0.046).

Our thorough assessment of four distinct histopathologic features revealed clear asso-
ciations between tumor morphology and CMS or CRIS subtypes. However, identification
of these distinct molecular subtypes solely based on histopathology proved to be infeasible.
The most potent marker was the quantification of TILs. Within the TILs-high category,
11 out of 14 tumors were classified as CMS1, resulting in a positive predictive value of
78.6%. However, 32 out of 43 CMS1 tumors would be misclassified using this criterion. In
addition, CMS4 tumors are clearly associated with high stromal content. However, 44 out
of 73 (60%) stroma-high tumors are classified as CMS1–3. Similar numbers are seen with
the presence of mucus, which is strongly associated with CMS3. If mucus is present in a
tumor, 62% are classified as CMS1, -2, or -4.

Combining both molecular and morphologic features could potentially improve pa-
tient stratification. For example, response to immunotherapy within CMS1 tumors might
be different for tumors with a high number of TILs as compared to tumors with a low
number of TILs. It would be of interest to evaluate the clinical relevance of combining CMS
or CRIS subtypes with histopathologic markers.

An important strength of this study is the consistent scoring method of four differ-
ent histopathological features in two independent cohorts for which the gold standard
RNA-based CMS and CRIS assignments were available. Our analyses are however poten-
tially influenced by tumor heterogeneity, since the tumor area used for histopathologic
assessment differs from the region sampled for RNA extraction and subsequent molecular
classification. Furthermore, the use of more advanced scoring methods like immuno-
histochemistry and digital pathology might have extended our findings, but we were
particularly interested in the value of routine histopathology.

As is well known, colon cancer is a complex and heterogeneous disease driven by
both genetic alterations and the host response. Tumor behavior is highly influenced by
the microenvironment, which is composed of varying cell types with immune cells and
stromal cells as key players. Each feature described in this study focusses on a different
level of tumor biology. The number of TILs and amount of stroma mainly relates to
the TME, while tumor budding and the CRIS classification focus on the epithelial tumor
compartment. Mucinous differentiation and the CMS classification are based on the entire
tumor compartment.

Some characteristics are shared between the molecular subtypes and histopathologic
features. Our thorough assessment of four different histopathological features indeed
allowed us to confirm several previously reported associations and identify new genotype-
phenotype correlations. Identification of distinct molecular subtypes solely based on
histopathology proved to be infeasible. Larger studies are needed to evaluate whether
combining both molecular and morphologic features could improve the identification
of CC patients that would benefit from systemic treatment, such as chemotherapy or
immunotherapy.

4. Materials and Methods
4.1. Patient Cohorts

Two independent patient cohorts were used in this study. The AMC-AJCC-90 cohort
consists of stage II colon cancer patients that underwent intentionally curative surgery
between 1997 and 2006 (GSE33113) [55]. The second cohort (AC-ICAM) contains stage
II and III colon cancer patients who underwent surgery at Leiden University Medical
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Centre, the Netherlands, between 2001 and 2015 [56] and were transcriptomically profiled
in Sidra Medicine, Qatar. No rectal cancers were included. Patients with available formalin-
fixed paraffin-embedded (FFPE) H&E sections and gene expression data were included in
this study.

4.2. CMS and CRIS Classification

CMS classification was determined on microarray (AMC-AJCC-90 cohort) or mR-
NAseq gene expression data (AC-ICAM cohort) using the random forest CMS classifier [29].
Nearest CMS labels were used. Patients from both cohorts were classified into CRIS sub-
types using the ‘CRIS classifier’ package provided by Isella et al. [30].

4.3. MSI Status

MSI status was previously determined in both cohorts using two different methods.
The AMC-AJCC-90 samples were analyzed using the MSI Analysis System, version 1.2
(Promega, Madison, WI, USA), according to the manufacturer’s instructions. Samples
were considered MSI when more than one out of five markers were instable. In the
AC-ICAM cohort, MSI status was determined on whole exome sequencing (WES) data
using MANTIS (v.1.0.4), a tool for rapid detection of microsatellite instability [57]. Briefly,
MANTIS calculates and compares the instability scores of microsatellite regions between
tumors and a matched reference genome. Samples are classified as MSI-H (MANTIS
score >0.4) or MSS (MANTIS score ≤0.4).

4.4. Ethical Considerations

All research activities were performed with coded-anonymous tissue samples and
data. All data and patient material were handled in accordance with the 1964 Helsinki
Declaration and its later amendments and the Code of conduct. Informed consent was
obtained from all patients. The use of patient data and tissue were approved by the
ethics/institutional review board at the respective institutions.

4.5. Histopathological Features

All histopathological features were scored on FFPE H&E sections from the most inva-
sive tumor part of the primary tumor. The observers were blinded for clinicopathological
data and the CMS and CRIS classification. The TSR was previously scored according to
recommendations in the AC-ICAM cohort [20,58]. Within the AJCC-AMC90 cohort, two
observers (MS and SW) scored the TSR and a third observer (HK) was consulted in case of
disagreement. All other histopathologic biomarkers were scored by one observer (HK).

4.5.1. Tumor Infiltrating Lymphocytes

Tumor infiltrating lymphocytes (TILs) were scored as an average count of lymphocytes
present in the tumor epithelium (not the stromal compartment) within the borders of the
invasive tumor at 200× magnification. TILs were scored in three categories vis eye-balling:
none/low, intermediate, and high. Figure 3A shows an example of a TILs-high tumor.

4.5.2. Mucinous Differentiation

The presence of extracellular mucus was scored in percentages with 10% increments
for the whole tumor area. For the analysis, tumors were categorized as mucus absent (<10%)
versus present (≥10%) and mucinous (>50%) versus non-mucinous (≤50%) carcinoma. An
example of a mucinous tumor is depicted in Figure 3B.
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Figure 3. Examples of hematoxylin and eosin-stained sections representative for different histopatho-
logic categories. (A) Tumor with high amount of tumor infiltrating lymphocytes, indicated by arrows,
20× objective. (B) Mucinous tumor, 2× objective. (C) Stroma-high tumor, 10× objective. (D) Tumor
scored as budding-high, arrows indicate tumor buds, 10× objective.

4.5.3. Tumor-Stroma Ratio

The tumor-stroma ratio was scored as previously described [20]. In short, areas
containing the highest amount of stroma were selected. Next, the percentage of stroma was
scored in 10% increments in one vision site, in which tumor cells were present at all borders
using a 10× objective. Stroma-high was defined as >50% of stromal area and stroma-low as
≤50% stromal area. Figure 3C represents an example of a stroma-high tumor.

4.5.4. Tumor Budding

Tumor buds were defined as single cells or small clusters of up to four cells dissociated
from the main tumor body. TB was scored at the invasive front within a single vision field
using a 20× objective, according to the consensus recommendations [27]. Due to the small
number of patients in each TB group, we combined the intermediate and high groups into
one category for statistical analysis. An example of a TB-high tumor is shown in Figure 3D.

4.6. Statistical Analysis

Continuous data were compared using an independent t-test and are shown as mean
and standard deviation. Categorical patient and tumor characteristics were compared
using a χ2 test. Contingency tables were constructed to analyze the association between
histopathologic markers and CMS or CRIS subtypes. χ2 test was used to test for statistical
significance. Fisher’s exact test was used in case one or more cells had a value of zero. Odds
ratios (OR) with 95% confidence intervals were calculated. Haldane correction was used
to avoid errors in OR calculations when one or more cells in a data table had a value of
zero. This correction adds 0.5 to all cells. Cohen’s kappa coefficient was used to determine
the interobserver agreement. p-values are two-tailed and results <0.05 are considered
significant. Statistical analyses were conducted in IBM SPSS software version 28 (SPSS, Inc.
an IBM Company Chicago, IL, USA).
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