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Abstract:

Background: Mucinous rectal cancer is associated with a higher incidence of microsatellite
instability, and a poorer response to neoadjuvant chemoradiotherapy compared to other
subtypes of rectal adenocarcinoma. Immune checkpoint inhibitors are an emerging family of
anti-cancer therapeutics associated with highly variable outcomes in colorectal cancer.
Though the immune landscape of mucinous rectal cancer has not been fully explored, the

presence of mucin is thought to act as a barrier preventing immune cell infiltration.

Objective: The aim of this study was to determine the immune properties of mucinous rectal

cancer and investigate the degree of lymphocyte infiltration in this cohort.

Design: This is a retrospective cohort study which involved, multiplexed immunofluorescence

staining of tumor micro-arrays.
Settings: Samples originated from a single university teaching hospital.

Patients: Our cohort included 15 cases of mucinous and 43 cases of non-mucinous rectal

cancer

Main Outcome Measures: Immune cells were classified and quantified. Immune cell counts
were compared between mucinous and non-mucinous cohorts. Immune marker expression

within tumor epithelial tissue was evaluated to determine degree of lymphocyte infiltration.

Results: Cytotoxic (p=0.022), and regulatory T-cells (p=0.010) were found to be
overrepresented in the mucinous cohort compared to the non-mucinous group. PD-1
expression was also found to be significantly greater in the mucinous group (p=0.001). CD3
(p=0.001) and CD8 (p=0.054) expression within tumor epithelium was also higher in the
mucinous group, suggesting adequate immune infiltration despite the presence of mucin.
Microsatellite instability status was not found to be a predictor of immune marker expression

in our analysis.
Limitations: The relatively small size of the cohort.

Conclusion: Mucinous rectal cancer is associated with an immune rich tumour

microenvironment, which was not associated with microsatellite instability status.



Introduction:

Up to 5-15% of all rectal adenocarcinomas are of the mucinous subtype 1. These tumors are
characterised by an abundance of extracellular mucin that constitutes more than 50 % of
tumor volume 2. Mucinous colon and rectal adenocarcinomas have a high incidence of
Microsatellite instability (MSI) and are more likely to demonstrate BRAF mutation compared
to non-mucinous colorectal adenocarcinomas * 4. Mucinous rectal cancer is also associated
with reduced rates of pathological complete response (pCR) and tumour down-staging
following neoadjuvant chemoradiotherapy °. As a result, patients treated for this disease have
an increased likelihood of having a positive resection margin and are more likely to have a
poor definitive outcome °. Evidently, there is a need to identify alternative treatment strategies

within this cohort.

The immune system is recognised as having a key role in preventing cancer progression ®.
Treatment strategies aimed at promoting anti-cancer immune activity have emerged, and form
the basis of anti-tumor immunotherapy ’. Critical to the anti-tumor immune response, is the
activation, dissemination and cytotoxic effect of T-cells in response to the identification of
tumor neoantigens 8. Tumor cells promote immunosuppression via inhibitory ligand-receptor
interactions with various immune cells within the tumor microenvironment, these interactions
are known as immune checkpoints ® %, Response to immune checkpoint inhibition (ICl) is
highly variable in colorectal cancer (CRC) and is heavily dependent upon the degree of pre-
treatment T-cell infiltration 1. At present, usage is limited to the treatment of patients with MSI-
high, metastatic disease * 2. However, clinical trials exploring the utility of ICI to treat MSI-
high rectal tumors in the neoadjuvant setting are underway, with early results demonstrating

great promise .

As mentioned, mucinous CRCs have an increased incidence of MSI and are more likely to
demonstrate a mismatch repair deficiency 4 4. These characteristics are associated with a
high neoantigen burden and increased immunogenicity *>. However, mucinous tumors also
feature abundant extracellular MUC2 protein. MUC2 is thought to behave as a physical barrier
in mucin, preventing immune cell infiltration 6. Additionally, mucin contains adhesion ligands
and suppressive cytokines which may prevent infiltration of antigen-presenting cells or effector
cells involved in the T-cell mediated host immune response ’. A previous study by Tozawa et
al. found mucinous colorectal tumors to be associated with reduced peri-tumoral lymphocyte
infiltration compared to non-mucinous CRCs 8. A further analysis by Nazemalhosseini-
Mojarad et al. found no difference in the distribution of stromal or infiltrative CD8+ lymphocytes

in CRCs with mucinous characteristics compared to non-mucinous CRCs °. However a



comprehensive analysis of the immune landscape of mucinous CRC has to date not been

performed.

This study represents the first analysis specifically looking at the immune landscape of
mucinous rectal cancer; we herein employed an innovative multiplexed immunofluorescence
imaging technique, which is comprised of a repeated stain-image-dye-inactivation sequence
to evaluate a panel of important immune antibodies in a cohort of rectal tumors 2% 21, The aim
of this study was to combine quantitative analytics with spatial tissue profiling to characterise
the immune landscape of mucinous rectal cancer and determine the infiltrative capacity of

lymphocytes in mucinous rectal cancer.



Methods:

Patient Cohort

Formalin-fixed, paraffin-embedded (FFPE) primary tumor tissue sections were obtained from
53 patients with stage I-1ll mucinous or non-mucinous rectal cancer. Mucinous tumors were
defined by a consultant pathologist (TO’G, Beaumont Hospital) as those with greater than 50%
of the tumor composed of extracellular mucin according to WHO classification 22. Clinical and
pathological variables collected for analysis included; patient age, gender, disease stage,
exposure to neoadjuvant chemoradiotherapy, microsatellite stability status, KRAS mutation
status, BRAF mutation status, lymphovascular invasion status, perineural invasion status and
extramural venous invasion status. Tissue was provided from the Beaumont Hospital
Colorectal Biobank with written consent provided by all patients. Institutional ethical approval

was granted by the Beaumont Research and Ethics Committee.

Immunofluorescence staining of tumor microarrays

Three tumor cores per patient were prepared on a microarray slide, each core was 1mm in
diameter. All cores were taken from resected surgical specimens. Punches were taken from
different regions within the centre of the tumor, based on identification by pathology (TO'G,
Beaumont Hospital). Multiplexed immunofluorescence staining of the tumor micro-array were
performed using the Cell DIVE™ technology (Leica Microsystems). This involves multiple
rounds of antibody staining performed on the same tissue section with mild dye oxidation
between successive rounds of staining and imaging 2. Epithelial cells and stromal cells were
segmented using antibody stains against DAPI, pan-cytokeratin (CK-26), ribosomal S6 and
Na'K*ATPase. For the purpose of this study we focused on expression of immune markers;
CD3, CD4, CD8, CD20, programmed cell death protein 1 (PD-1), forkhead box P3 (FOXP3)
and human leukocyte antigen class 1 (HLA1L).

Antibodies were acquired commercially and underwent a multi-step process of validation and
conjugation (as previously described by Gerdes et al. 2%). Sources of antibodies are outlined
in supplementary Table 1. Immune cells were classified according to expression profiles and
were quantified at a patient level, using methods previously published by our group (See Table
1) 21, The cell type composition in CRC core tissues varied significantly, with some cores
showing predominantly cancerous/epithelial cells in the absence of immune cell infiltration,
and others showing very high levels (up to 55%) of immune cells. A bootstrap analysis using

randomly sampled pairings; found cell type composition in cores from the same patient, to be



more similar to each other compared to random pairings, suggesting that cell type composition

was a biological feature of individual tumors.

Immunofluorescent images were processed and cells were segmented and quantified as
described previously 2325, For quality control (QC) analysis, we extended the method
presented in Bello et al. We generated automated QC scores (0-1) for every cell in each
imaging round by correlating baseline DAPI images with all corresponding DAPI images from
other multiplexing rounds 8. Following quantification, slides were normalized for batch effects
and exposure time for each channel/marker analyzed. To correct for a possible batch effects
between slides, cells’ mean intensity were normalized using upper-quantile normalization,
grouped by protein marker and slide. Secondly, quantiles of the normalized intensities were
plotted against their rankits, and an affine transformation matrix to rotate the function to the
main diagonal were calculated in regulator and helper T cells. Obtained transformation
matrices were applied on the intensities, and pixel intensity values were restored using linear
regression and upper-quantile normalized values. Solely for the batch correction, cells within
5% of the images’ margins were excluded for the calculation of the reference values. The

batch correction was quality controlled with cell lines spotted in parallel to tissue samples.

Statistical analysis

Variable frequencies were reported as means with standard deviation, medians with inter-
guartile range or as percentages. The distribution of continuous variables was compared
between groups using a Mann-Whitney U test for unpaired non-parametric variables and an
unpaired t-test for parametric variables. Categorical variable frequency was compared
between groups using the Chi-square test. A p value of 0.05 was defined as the cut-off for
statistical significance. Comparisons of cell types and expressions between non-mucinous

and mucinous groups was performed using f-test.

The Kruskal-Wallis H-test was used for variance analysis between categorical clinical features
and CD3, CD8, CD20, FOXP3 and PD-1 expression. For the continuous clinical features
(age), Spearman correlation was measured. Data were analysed using IBM SPSS Statistics
Version 25.0 (IBM Corp, NY, USA), Python Version 3.8 (Python Software Foundation,
Wilmington, DE, USA) and R Version 4.0.5 (R Foundation, Vienna, Austria).

Results:



Characteristics of included Mucinous and Non-Mucinous Rectal Cancers

Our cohort included 15 cases (26%) of mucinous and 43 cases (74%) of non-mucinous rectal
cancer. 56.8% of the cohort were male, the median age was 70.5 years. 47% (n=27) of the

cohort were American Joint Committee on Cancer (AJCC) stage 3.

The clinical and pathologic characteristics of the included patients are summarised in Table 2.
66% of the cohort underwent neoadjuvant chemoradiotherapy. 14% (n=2) of the mucinous
cohort were found to have MSI compared to 2% (n=1) of the non-mucinous group. No
statistically significant differences were observed between the groups with respect to patient

clinical or pathological characteristics.

Immune Profile of Mucinous Rectal Cancer

Immune cells were classified as shown in Table 1. Total cell counts per core were quantified
and a mean count per patient was calculated. Normalised cell frequencies were compared
between mucinous and non-mucinous groups. Cytotoxic T-cells (p=0.022), regulatory T-cells
(p=0.010), and those cells categorised as other immune cells (p=0.036), were found to be
present in significantly greater abundance in the mucinous cohort (Fig.1). Total PD-1 and
HLA1 expression per core was quantified, and again a mean count per patient was calculated.
Significantly higher expression of PD-1 (p=0.001) was observed in the mucinous cohort. HLA1

expression was not statistically different between the two groups (p=0.443) (Fig.2).

Tumor Infiltration

It has been suggested the combined presence of MUC2 proteins, suppressive cytokines and
adhesion ligands within the pools of mucin found in mucinous rectal cancer, may act to prevent
immune cell infiltration ® 2. To investigate this hypothesis, following segmentation we
guantified CD3, CD4 and CD8 expression within tumour epithelial tissue. Expression values
per core were quantified and normalised, a mean expression value per patient was calculated.
Following segmentation, immune cell classifications were no longer viable and single marker
expression values were used to identify infiltration. Expression values were compared
between the mucinous and non-mucinous groups. The mucinous cohort were associated with
elevated CD3 (p=0.001), CD4 (p=0.746) and CD8 (p=0.054) mean expression within tumor
epithelial tissue (Fig.3). This confirms the anti-immune properties of mucin do not prevent T-

cell infiltration in mucinous rectal cancer (See Fig.4).



Correlating Immune Marker Expression with Clinical and Pathologic Characteristics

Clinical and pathological variables including the effect of neoadjuvant chemoradiation, MSI
status, age, sex and mucinous status were included in a correlative model to analyse immune
marker expression. Correlative coefficients are reported in Table 3. Mucinous status
correlated significantly with CD3 (p < 0.05), CD20 (p < 0.05), FOXP3 (p < 0.05) and PD-1 (p <
0.05) expression. Receipt of neoadjuvant chemoradiotherapy was associated with increased
CD3 (p < 0.05) and PD-1 (B =4.511; p < 0.05) expression. MSI status correlated significantly
with CD4 expression (p < 0.05).



Discussion and Conclusion:

The inclusion of neoadjuvant chemoradiotherapy as part of the standard treatment regimen
for locally advanced rectal adenocarcinoma, has revolutionised management of this cohort,
with pCR rates reportedly as high as 25% 28 2°, As a consequence of its inhibited response to
neoadjuvant treatment, outcomes in mucinous rectal cancer have deteriorated comparatively
5. Investigation into the efficacy of alternative treatment strategies, such as immunotherapy in
this group are warranted. 2. Our analysis has found mucinous rectal cancer to be associated
with an immune rich tumor microenvironment. The concern that mucin may behave as a
barrier preventing immune cell infiltration in mucinous adenocarcinoma was not borne out in
our analysis ’. Our findings demonstrate that mucinous rectal cancer is associated with
increased infiltration of CD3+, CD4+ and CD8+ lymphocytes compared to non-mucinous rectal

cancer.

Previous data published by our group following interrogation of the cancer genome atlas found
mucinous CRC to be associated with increased gene expression of immune checkpoints PD-
L1 and TIM-3 . PD-1 expression was found to be elevated significantly in the mucinous
rectal cancer cohort in this current study. Elevated expression of PD-1 is indicative of T-cell
exhaustion 3132, This is characterised by a dysfunctional state, associated with reduced T-cell
proliferative capacity, cytokine production and cytotoxicity 3. PD-1 blockade with
pembroluzimab causes reinvigoration of T-cell effector function 34 Interestingly, PD-1
postitive T-cells only, (as opposed to other T-cells present in the tumor microenvironment) are
thought to become reinvigorated following immune checkpoint inhibition 34. Our findings that
mucinous rectal cancers are associated with good T-cell infiltration as well as elevated PD-1
expression are pertinent and suggest mucinous tumors are likely to respond positively to ICI.
This hypothesis is in keeping with findings from a clinical trial, which found a composite score
of high extracellular mucin and increased PD-L1 expression to be predictive of a positive

response to PD-1 blockade in the treatment of metastatic CRC *°.

Use of immune checkpoint inhibitors in CRC is reserved for patients with MSI-high, metastatic
disease only %. Interestingly only 2 of 15 (14%) of our mucinous cohort were found to be MSI-
high, and MSI status was only found to be associated with increased CD4 expression, whilst
mucinous status was strongly associated with CD3, CD20, FOXP3 and PD-1 expression. This
suggests other factors, beyond MSI status may contribute towards immunogenicity in
mucinous RC. One factor known to contribute significantly towards tumour neoantigen load
and thus immunogenicity are polymerase (POLE) mutation rates 3’. Analysis of POLE
mutation rates in mucinous rectal cancer in the context of immune cell activity may further

explain the immune activity evident in MSS mucinous rectal tumours in our cohort.
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Microbial influences may also contribute towards differences in immune cell activity between
these cohorts. Previously, our group undertook a whole genome sequencing study; examining
10 mucinous rectal adenocarcinomas 8. A key finding from this study was the abundance of
Fusobacterium nucleatum found within tumor tissue. This finding is interesting in the context
of a growing body of evidence linking various members of the gut microbiome, including
Fusobacterium with enhanced immunogenicity and responsivity to immunotherapy in cancer
39,40 Further exploration into the relationship between members of the gut microbiome and

immune activation in mucinous CRC are warranted.

Interestingly, receipt of neoadjuvant chemoradiotherapy was associated with increased
expression of CD3 and PD-1. Chemoradiotherapy has previously been shown to enhance the
immune response in CRC patients ** %2, Though neoadjuvant therapy may not be effective
with respect to inducing a tumoricidal effect in mucinous rectal cancer, it may act to prime the
immune response. Combination therapies involving chemoradiotherapy and immunotherapy

may be of clinical benefit in this group.

Though the number of patients included in this study are small, this is the first thorough
investigation of the immune landscape of mucinous rectal cancer. Multiplexed imaging
techniques enabled us to evaluate expression of multiple immune markers in unison. Mucin
does not appear to behave as a barrier preventing immune infiltration and immune marker
expression was not found to be overtly dependent on MSI status. Our findings suggest
mucinous RC may be associated with increased immune activity. Given the inhibited response
of this cohort to traditional adjuvant chemo- and radiotherapy, these findings should support

future endeavours exploring the potential role of immunotherapy in mucinous CRC.
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Figure Legend:

Fig 1. Violin plots comparing a, Cytotoxic T-Cell b, Regulatory T-Cell ¢, Helper T-Cell d,
Other immune cells and e, B-Cell frequencies between 15 mucinous and 43 non-mucinous

rectal cancers.

Fig. 2.Violin plot comparing a, PD-1 expression and b, HLA1 expression between 15

mucinous and 43 non-mucinous rectal cancers.

Fig. 3.Violin plots comparing mean expression of a, CD3 b, CD4 and ¢, CD8 within epithelial

(cancer) tissue between 15 mucinous and 43 non-mucinous rectal cancers.

Fig.4. QuPath images with DAPI (red), Pancytokeratin (blue), and CD8 (yellow) staining; (a)
A single core from a patient in the mucinous cohort demonstrating excellent CD8 expression
within epithelial (cancer) tissue. (b) The corresponding core to image (a) with haemotoxylin
and easin staining. (c) A single core from a patient from the NOS with poor CD8 expression
within epithelial (cancer) tissue. (d) The corresponding core to image (c) with haemotoxylin

and easin staining. (1 pixel ~ 0.325 micrometer)
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