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Simple Summary: New treatment targets are urgently needed for colorectal cancer. Here, we investi-
gate the role of HMGB1—a multifunctional immune protein—in colorectal cancer. We demonstrate
dynamic subcellular (nuclear and cytoplasmic) HMGB1 expression in lesions seen throughout differ-
ent stages of colorectal cancer development. In cancer, HMGB1 is linked, for the first time, to tumour
progression, lymph node metastases, male sex, and key biological parameters of mismatch repair
protein expression and stromal immune cell phenotype. Strong cytoplasmic HMGB1 expression is
also associated with an ‘immune cold’ tumour microenvironment, which is associated with poor
survival. HMGB1 may therefore represent a novel treatment target for colorectal cancer.

Abstract: New treatment targets are needed for colorectal cancer (CRC). We define expression of High
Mobility Group Box 1 (HMGB1) protein throughout colorectal neoplastic progression and examine
the biological consequences of aberrant expression. HMGB1 is a ubiquitously expressed nuclear
protein that shuttles to the cytoplasm under cellular stress. HMGB1 impacts cellular responses, acting
as a cytokine when secreted. A total of 846 human tissue samples were retrieved; 6242 immunohisto-
chemically stained sections were reviewed. Subcellular epithelial HMGB1 expression was assessed in
a CRC Tissue Microarray (n = 650), normal colonic epithelium (n = 75), adenomatous polyps (n = 52),
and CRC polyps (CaP, n = 69). Stromal lymphocyte phenotype was assessed in the CRC microar-
ray and a subgroup of CaP. Normal colonic epithelium has strong nuclear and absent cytoplasmic
HMGB1. With progression to CRC, there is an emergence of strong cytoplasmic HMGB1 (p < 0.001),
pronounced at the leading cancer edge within CaP (p < 0.001), and reduction in nuclear HMGB1
(p < 0.001). In CRC, absent nuclear HMGB1 is associated with mismatch repair proteins (p = 0.001).
Stronger cytoplasmic HMGB1 is associated with lymph node positivity (p < 0.001) and male sex
(p = 0.009). Stronger nuclear (p = 0.011) and cytoplasmic (p = 0.002) HMGB1 is associated with greater
CD4+ T-cell density, stronger nuclear HMGB1 is associated with greater FOXP3+ (p < 0.001) and
ICOS+ (p = 0.018) lymphocyte density, and stronger nuclear HMGB1 is associated with reduced CD8+

T-cell density (p = 0.022). HMGB1 does not directly impact survival but is associated with an ‘immune
cold’ tumour microenvironment which is associated with poor survival (p < 0.001). HMGB1 may
represent a new treatment target for CRC.
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1. Introduction

Colorectal cancer (CRC) is one of the most common malignancies worldwide, repre-
senting one in ten cancer cases and deaths [1]. Despite advances in treatments and earlier
detection through national screening programs, patient mortality remains high. Therefore,
there is a clinical need to increase understanding of the pathogenesis of this malignancy
and to develop prognostic biomarkers and new treatment targets. The adenoma-carcinoma
hypothesis, whereby normal columnar colorectal epithelium transforms into adenoma
and eventually invasive carcinoma, has been the most widely accepted model of sporadic
tumourigenesis [2,3]. Knowledge of the genetic and epigenetic events associated with
this malignancy continue to evolve, leading to different molecular classifications (termed
consensus molecular subtypes, identified through bulk transcriptomic analysis) to predict
prognosis and response to treatments [4,5].

Inflammation is a critical hallmark of cancer and, depending upon the immune
cell populations involved, stage of disease and cancer type, can be either protective or
pathogenic [5,6]. In the colon, inflammation drives cancer progression. However, distinct
immune cell populations such as CD8+ T-cells have demonstrated potent anti-tumour
activity [7]. A better understanding of critical regulators of cancer-associated inflammation
is essential for development of novel therapeutic strategies for CRC.

With this in mind, our aim was to characterise the role of the protein High Mobility
Group Box 1 (HMGB1) in colorectal neoplastic progression. HMGB1 is a multi-functional,
ubiquitous, highly conserved protein expressed by most epithelial and immune cells [8]. Un-
der normal physiological conditions, HMGB1 localises to the nucleus where it binds to the
minor groove of DNA, without sequence specificity, to stabilise the genome, regulate tran-
scription and enhance DNA repair processes [8,9]. HMGB1 can undergo post-translational
modification such as acetylation, methylation and phosphorylation, resulting in cytoplas-
mic shuttling and subsequent extracellular release. HMGB1 can reach the extra-cellular
space through active secretion or passive release from damaged or dying cells to act as
a damage-associated molecular pattern molecule [8,9]. Within the inflammatory milieu,
HMGB1 shares many properties with other damage associated molecular patterns, po-
tentiating inflammation by influencing epithelial and immune cell responses involved in
cell proliferation, cell migration, tissue regeneration, wound healing and vessel remod-
elling [10,11]. Therefore, HMGB1 has the potential to impact on neoplastic progression
across both epithelial cell and immune cell driven pathways.

HMGB1 expression has been associated with almost all epithelial-derived malignan-
cies, where it can promote both pro-tumour and anti-tumour responses [12]. The expression
and biological significance of HMGB1 in colorectal tumorigenesis is not understood, and
therefore warrants investigation. This study defines the dynamic subcellular epithelial
expression of HMGB1 throughout colorectal neoplastic progression and investigates down-
stream biological consequences of aberrant expression. We demonstrate that HMGB1
expression is associated with colorectal neoplastic progression, male sex, mismatch repair
protein expression, lymph node metastases and changes to stromal immune cell infiltration
in CRC.

2. Materials and Methods
2.1. Tissue Specimens

A total of 6242 immunostained sections from 846 human colonic tissue samples were
used across a colorectal cancer (CRC) tissue microarray (TMA) and archival formalin-fixed
paraffin-embedded (FFPE) biopsy and endoscopic polypectomy specimens.
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2.2. Colorectal Cancer Tissue Microarray

FFPE tissue cores from 650 CRCs and 50 matched normal pairs were presented within
a previously validated TMA [13–15]. Tissue cores were obtained from chemotherapy and
radiotherapy-naïve patients undergoing elective surgery for primary CRC between 1994
and 2009 at Aberdeen Royal Infirmary, Scotland UK. Clinico-pathological data, including
survival up to 18.2 years, were available for each case as described in Supplementary
File S1.

2.3. Colonic Tissue Biopsies and Endoscopic Polypectomy Specimens

A total of 52 colorectal adenomatous polyps, 69 colorectal cancer polyps (CaP) (28 ini-
tial cohort plus 41 validation cohort), and 25 normal colonic mucosal biopsies were retrieved
from the respective number of patients at time of colonoscopy or surgery at Aberdeen Royal
Infirmary. Tissues was collected between 2010–2015 for all except the CaP validation cohort
that was collected in 2019. Sections of whole CaP lesions were used for assessment: all CaP
lesions had distinct foci of carcinoma on a background of adenoma, and 20 (90.9%) had foci
of normal epithelium at their base (initial cohort). Full characterisation of all polyp tissue
specimens is described in Supplementary File S2. Histological diagnosis was confirmed in
all samples by an expert gastrointestinal pathologist (GIM). Tissue was selected to represent
colorectal neoplastic progression and sections were excluded if they were not representative
of pathology. Anonymised and matched molecular data were available through the NHS
Grampian Biorepository and Pathology Database for the validation CaP cohort.

2.4. Immunohistochemistry

Intensity and subcellular localisation (nuclear +/− cytoplasmic) of epithelial HMGB1
was assessed immunohistochemically in all FFPE tissue specimens (n = 846). Epithelial
expression of p53 and RUNX3, and stromal inflammatory cell phenotype were also assessed
at the invasive cancer margin in CaP (n = 28 initial cohort). Immune cell phenotyping was
performed on serial sections of these CaP lesions where CD68, CD20, CD4, CD8 and FOXP3
identified macrophages, B-cells, and helper, cytotoxic and regulatory (Treg) T-cell subsets,
respectively. These epithelial and immune cell markers were chosen because of previously
established biology between them and HMGB1 or cancer [13,16]. Immunohistochemistry
was performed using a Dako Autostainer (Dako, Ely, UK), as previously described [14–16].
Antigen retrieval was performed in 10 mM citrate (pH6) or EDTA (pH 7.8) buffer for
20 min, primary antibody was applied for 60 min, and EnVision+™ peroxidase-linked
biotin-free synthesis (Dako, Ely, UK) with 3′-3′-diaminobenzidine as chromogen was
used for detection. Optimised methodologies and antibody specifications are detailed in
Supplementary File S3.

The immunohistochemical assessment of lymphocyte infiltrate (CD3+, CD4+, CD8+,
FOXP3+, CD20+ cells) and immune checkpoint biomarkers (IDO-1, ICOS, PDL1) on the CRC
TMA was performed as part of a different study as previously published [13], and the raw
cell density data were obtained through the Grampian Biorepository for secondary analysis.
Details of the antibodies and staining conditions are summarised in Supplementary File S3.

2.5. Scoring of Immunohistochemistry

Stained sections for HMGB1 expression in the TMA, and HMGB1, p53, RUNX3, CD4,
CD8, CD20, FOXP3, CD20, and CD68 expression in polyp lesions were independently re-
viewed under light microscopy by two observers. For assessment of epithelial HMGB1, p53
and RUNX3 expression, a previously published, semi-quantitative scoring methodology
was used [14–16]. In brief, intensity was classified as absent, weak, moderate or strong.
Specimens with discordant scores were re-assessed by both observers simultaneously to
reach consensual agreement.

For assessment of the immune cell infiltrate in CaP, the invasive cell margin was
identified in each lesion by an expert gastrointestinal pathologist (GIM) in serial sections
and the immediately adjacent immune cell infiltrate was captured by digital imaging
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and quantified as number of positive cells per high power field (×20 magnification), as
previously published [17]

For immune markers on the CRC TMA, stained slides were scanned using a Leica
Aperio AT2 whole slide scanner at ×40 magnification. Digital image analysis was then per-
formed using QuPath software version 0.1.2. [18], as previously published [13]. In summary,
a senior consultant pathologist assisted in annotating the cores before an automated scoring
algorithm was applied for each biomarker. An average density of positive cells present
for all TMA cores available for each patient was then calculated. Cases were excluded
if interpretation of the immunostaining was not possible, for example due to folded or
damaged cores. For this study, continuous cell counts were used. In addition, immune cell
data were categorised into ‘immune cold’ (defined as either low CD3, CD4 and CD8, or
low CD3 and CD8 densities) versus immune not otherwise specified (NOS) phenotypes,
given the association between an ‘immune cold’ phenotype and poorer survival identified
by Craig et al., within the TMA [13]

2.6. Data Analysis and Statistics

Analysis for immunohistochemistry was carried out using Pearson’s chi square test,
Fisher’s exact test, and log-rank test with Kaplan–Meier survival analysis, as indicated.
For association between epithelial HMGB1 expression and the immune microenvironment,
Mann–Whitney U and Kruskal–Wallis tests were used for comparisons when there were
two or greater than two comparator groups, respectively. IBM®SPSS® Version 25.0 (IBM,
Portsmouth, UK) or Prism Version 9 (GraphPad Software Inc., San Diego, CA, USA)
was used. A two-tailed alpha was set at 0.05. For immunohistochemistry experiments,
semi-quantitative scores for HMGB1, p53 and RUNX3 expression were also dichotomised
using negative vs. positive staining, negative and weak staining vs. moderate and strong
staining, and strong vs. negative/weak/moderate staining comparisons as previously
published [14–16]. Analysis of the immune cell infiltrate in the CRC TMA used continuous
density counts determined via QuPath [18], as previously published [13]

3. Results

Representative photomicrographs of epithelial nuclear and cytoplasmic HMGB1 ex-
pression intensity across colorectal neoplastic progression are shown in Figure 1 and
Supplementary File S4.

3.1. Subcellular Epithelial HMGB1 Expression Is Associated with Colonic Cancer, Lymph Node
Positivity and Mismatch Repair Protein Expression

We characterised subcellular epithelial cell expression of HMGB1 in the colorectal
cancer (CRC) TMA (n = 650) (Table 1). HMGB1 was strongly expressed in the nucleus
of normal colonic epithelial cells, and this was reduced in colon cancer (p < 0.001). The
switch to reduced nuclear HMGB1 expression was between normal and T1 tumour stage
(p < 0.001). Thereafter, increased intensity of nuclear expression was associated with in-
creasing TNM (p = 0.008) and Dukes’ (p = 0.016) stage (Figure 2A, Supplementary File S5).
Cytoplasmic HMGB1 was not expressed by most normal colonic epithelial cells. Con-
versely, increased cytoplasmic expression emerged in colon cancer (p < 0.001). Overall, we
reveal that reduction of nuclear and emergence in cytoplasmic epithelial HMGB1 occurs in
colorectal cancer.
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Figure 1. Representative photomicrographs. (A) Strong nuclear and absent cytoplasmic HMGB1
expression in normal colonic epithelium; (B) Strong nuclear and weak cytoplasmic HMGB1 in
benign adenomatous colorectal polyps; (C) Strong nuclear and cytoplasmic HMGB1 expression at
the invasive cancer margin within a colorectal cancer polyp and (D) Strong nuclear and cytoplasmic
HMGB1 expression in colorectal cancer. Photomicrographs were taken by expert GI pathologist
(GIM) with a digital Olympus camera (Olympus, Tokyo, Japan), ×20 magnification. Right corner box
represents higher magnification images.

Table 1. Association between epithelial HMGB1 expression and tissue type.

Comparisons

Absent v Weak v
Moderate v Strong

Absent v Weak,
Moderate and Strong

Absent and Weak v
Moderate and Strong

Strong v Absent,
Weak and Moderate

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

χ2 p χ2 p χ2 p χ2 p χ2 p χ2 p χ2 p χ2 p

Colorectal Cancer TMA

Normal Colon vs.
Colorectal Cancer 54.143 <0.001 36.266 <0.001 9.073 0.003 32.695 <0.001 30.747 <0.001 20.772 <0.001 51.827 <0.001 8.529 0.003

Cancer Polyps

Normal vs. Adenoma 2.310 0.315 5.837 0.120 * * 0.963 0.327 1.127 0.288 0.028 0.867 2.310 0.129 2.689 0.101
Normal vs. Carcinoma 1.346 0.510 22.491 <0.001 * * 17.230 <0.001 1.127 0.288 16.108 <0.001 0.010 0.920 17.733 <0.001

Adenoma vs.
Carcinoma 2.095 0.148 16.419 0.001 * * 11.458 0.001 * * 15.655 <0.001 2.095 0.148 9.167 0.002

Non-Cancerous Polyps

Normal vs. Adenoma 0.280 0.868 13.484 0.004 * * 7.086 0.008 * * 12.066 0.001 0.028 0.868 4.124 0.042

Note: * no statistics are computed because one variable is a constant. Bold denotes statistically significant
associations.
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Figure 2. Emergence of cytoplasmic HMGB1 and reduction in nuclear HMGB1 is associated with
the adenoma–carcinoma sequence. Intensity of (i) epithelial nuclear and (ii) epithelial cytoplasmic
HMGB1 expression in (A) colorectal cancer; (B) colorectal cancer polyps; and (C) benign adenomatous
polyps. (D) Epithelial nuclear and cytoplasmic expression of HMGB1, p53 and RUNX3 at the invasive
cancer margin in cancer polyps (CaP).

We then considered if this dynamic HMGB1 expression profile was associated with
clinical (such as age, sex, tumour site) and pathological (such as differentiation, EMVI,
mismatch repair protein expression) parameters. The presence of cytoplasmic HMGB1 was
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associated with lymph node positivity (p < 0.001). Absent (p = 0.001) or weak (p = 0.010)
nuclear HMGB1 expression was associated with mismatch repair protein expression, specif-
ically loss of MLH1 and MSH2 protein expression. Males were more likely to express
stronger cytoplasmic HMGB1 (p = 0.009) (Supplementary File S5). There was no direct
relationship between nuclear (p = 0.213) or cytoplasmic (p = 0.498) HMGB1 expression and
overall survival (Supplementary File S6).

3.2. Epithelial Cytoplasmic HMGB1 Is Increased in Endoscopically Resected Colonic Adenomas

As reduction of nuclear HMGB1 and emergence in cytoplasmic HMGB1 expression
was identified in established CRC, we investigated the expression pattern of HMGB1
throughout the adenoma–carcinoma sequence. First, we assessed expression in benign
endoscopically resected adenomatous polyps compared with adjacent normal mucosa.
While there was no difference in nuclear HMGB1 expression intensity, benign colorectal
adenomatous polyps expressed stronger epithelial cytoplastic HMGB1 compared with
normal colonic epithelium (p = 0.004) (Table 1 and Figure 2C).

3.3. Epithelial HMGB1 Expression Is Prominent at the Leading Edge of Polyp Cancers (CaP)

We next assessed expression of HMGB1 in polyps displaying a focus of cancer (termed
cancer polyps, CaP). CaP represent an increasing proportion of CRC diagnosed through the
national screening program, and some can progress such as to lymph node metastases [19].
These lesions offer an opportunity to assess protein expression across normal, adenoma and
cancer in each single lesion. In CaP, there was no difference between intensity of nuclear
HMGB1 expression in areas of carcinoma compared with adjacent normal or adenomatous
epithelium. However, areas of carcinoma expressed significantly stronger intensity of
cytoplasmic HMGB1 compared with adjacent normal epithelium (p < 0.001) and adenoma
(p < 0.002) (Table 1, Figure 2B and Supplementary File S7).

While assessing HMGB1 expression in CaP, there was a striking pattern of moder-
ate/strong nuclear and cytoplasmic HMGB1 expression apparent in 77% of the CaP at
the invasive cancer margin, the transitional space where cancerous cells invade normal
or adenomatous epithelium (Figures 1 and 3F). We validated and confirmed this CaP
expression profile in a second CaP cohort (n = 41). In this cohort, 82.1% of CaP expressed
the pattern of moderate/strong nuclear and cytoplasmic HMGB1.

3.4. Epithelial HMGB1 Is Not Associated with Epithelial p53 or RUNX3 Expression at the
Invasive Cancer Margin or Molecular Phenotype

To further investigate the consequences of HMGB1 expression on epithelial cell re-
sponses at the invasive cancer margin in CaP, we assessed the relationship between HMGB1
and expression of downstream effector proteins p53 and RUNX3 in the original CaP cohort.
Nuclear and cytoplasmic HMGB1, p53 and RUNX3 were differentially expressed at the
CaP invasive cancer margin. However, there was no relationship between HMGB1 and p53
or HMGB1 and RUNX3 expression patterns (Figure 2D). There was no association between
HMGB1 (either nuclear, cytoplasmic or strong nuclear + cytoplasmic expression together)
and KRAS, BRAF, or microsatellite instability (MSI) status.

3.5. Epithelial HMGB1 at the Invasive Edge in CaP Is Not Associated with a Differential Adjacent
Immune Cell Phenotype

We continued to investigate the biological significance of HMGB1 expression profile
on the microenvironment at the invasive cancer margin within CaP lesions, by defining
the inflammatory cell phenotype in this area. CD4+ T-cells and CD68+ macrophages pre-
dominate in the stroma around the invasive cancer margin in these lesions. CaP displaying
the strong cytoplasmic and nuclear HMGB1 signature pattern did not display a change
in adjacent stromal immune cell phenotype, compared to those CaP that did not display
this invasive edge HMGB1 signature pattern, as outlined in Figure 3 and Supplementary
File S8.
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Figure 3. Immune cell infiltrate at the invasive cancer margin in cancer polyps. There is a prepon-
derance of CD4+ T-cells and CD68+ macrophages. Immune cell phenotype is not associated with
HMGB1 expression pattern (characterised as strong nuclear and cytoplasmic expression). Panels rep-
resent (i) representative photomicrographs and (ii) lymphocyte association with HMGB1 expression
signature at the invasive cancer margin for (A) CD20+ B-cells; (B) CD4+ T-cells; (C) CD8+ T-cells;
(D) FOXP3+ Tregs; and (E) CD68+ macrophages. (F) represents strong nuclear and cytoplasmic
HMGB1 expression pattern at the invasive cancer margin in two cancer polyp lesions. Photomicro-
graphs were taken by expert GI pathologist (GIM) with a digital Olympus camera (Olympus, Tokyo,
Japan), ×20 magnification. ns = not significant.

3.6. Epithelial HMGB1 Expression Is Associated with Increased Stromal CD4+, FOXP3+ and
ICOS+ Cells, and Reduced CD8+ Cells in Colorectal Cancer

The stromal immune cell response is prognostic for CRC and measured clinically by
the consensus immunoscore as a prognostic biomarker to aid treatment planning [20,21].
As HMGB1 can act as a damage associated molecular pattern in the extracellular space to
modulate immune responses, we next focused our attention back to the CRC TMA (n = 650,
Supplementary File S1) to assess whether epithelial HMGB1 expression was associated with
the tumour immune microenvironment (Table 2 and Figure 4). Strong nuclear (p = 0.011)
and cytoplasmic (p = 0.002) HMGB1 expression was associated with an increased density
of CD4+ T-cells. Strong nuclear HMGB1 expression was also associated with increased
density of FOXP3+ immune cells (p < 0.001) and increased density of ICOS+ lymphocytes
(p = 0.018). The presence of nuclear HMGB1 was associated with reduced density of CD8+

T-cells (p = 0.022). There was no association between HMGB1 expression and CD20+ B-cell
immune infiltrate in CRC.
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Table 2. Association between epithelial HMGB1 expression and the immune microenvironment in colonic cancer.

Comparison

Absent v Weak v Moderate v Strong Absent v Weak, Moderate and Strong Absent and Weak v Moderate and Strong ** Strong v Absent, Weak and Moderate

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

TS * p TS * p TS * p TS * p TS * p TS * p TS * p TS * p

Density (using continuous cell count data)

CD4+ 11.134 0.011 15.367 0.002 24,128.000 0.007 38,520.000 <0.001 41,767.000 0.007 38,552.000 0.013 36,984.000 0.010 21,168.000 0.587
CD3+ 4.710 0.194 3.472 0.324 18,399.000 0.074 34,346.000 0.358 35,565.000 0.249 33,706.000 0.444 33,358.000 0.772 19,519.000 0.268
CD8+ 6.659 0.084 2.477 0.479 16,744.000 0.022 29,439.500 0.498 31,718.500 0.031 32,339.000 0.498 29,022.500 0.130 18,139.000 0.133

FOXP3+ 22.489 <0.001 3.479 0.323 25,718.000 0.001 33,913.000 0.619 44,376.500 <0.001 34,728.000 0.873 40,366.500 <0.001 18,857.000 0.138
IDO-1+ 3.741 0.291 6.839 0.077 21,327.000 0.186 28,967.000 0.272 34,703 0.661 30,001.000 0.077 29,730.000 0.447 16,151.000 0.010
ICOS+ 10.026 0.018 10.393 0.016 23,326.500 0.013 30,417.500 0.981 39,203.500 0.032 29,905.000 0.050 35,980.500 0.009 16,078.000 0.002
CD20+ 2.515 0.472 0.288 0.962 14,849.5 0.224 25,674 0.817 26,485.5 0.296 23,336.5 0.757 23,420 0.977 13,035.5 0.802

PDL1+ Stroma 2.428 0.489 8.832 0.032 18,957.000 0.467 27,914.000 0.064 1804.757 0.141 32,329.000 0.528 30,554.000 0.644 17,125.000 0.027
PDL1+ Tumour 1.364 0.714 4.839 0.184 21,178 0.353 31,450 0.797 35,824 0.897 34,860 0.409 30,942 0.817 18,594 0.259

Immune Cold vs. Immune NOS ***

Immune Cold
(low CD3/CD8) 1.972 0.578 7.446 0.059 1.895 0.169 0.560 0.454 0.864 0.353 0.108 0.742 0.352 0.553 4.841 0.028

Immune Cold
(low

CD3/CD8/CD4)
1.722 0.632 7.230 0.065 1.491 0.222 0.626 0.429 0.641 0.423 0.239 0.625 0.685 0.408 4.777 0.029

* TS = test statistic; Mann–Whitney U and Kruskal–Wallis tests were used for comparisons when there were two or greater than two comparator groups, respectively; ** the associations
between comparator groups of ** absent + weak versus moderate + strong HMGB1 expression and immunophenotype, and *** immune cold versus immune NOS are visually represented
in Figure 4. Bold text denotes significant associations, p < 0.05.
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Figure 4. HMGB1 expression is associated with the immune cell infiltrate in colorectal cancer.
(A) stronger nuclear HMGB1 expression is associated with a greater density of CD4+ lymphocytes;
(B) stronger cytoplasmic HMGB1 expression is associated with a greater density of CD4+ lymphocytes;
(C) stronger nuclear HMGB1 expression is associated with a greater density of FOXP3+ lymphocytes;
(D) stronger nuclear HMGB1 expression is associated with a greater density of ICOS+ lymphocytes;
(E) stronger nuclear HMGB1 expression is associated with a lower density of CD8+ lymphocytes;
(F) strong cytoplasmic HMGB1 is associated with ‘immune cold’ colorectal cancers. Data analysed by
Man–Whitney U or Chi square tests and expressed as median cell density (95% CI error bars).
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3.7. Strong Epithelial Cytoplasmic HMGB1 Is Associated with Immune Checkpoint Markers and
an ‘Immune Cold’ Phenotype That Confers Poor Prognosis in Colorectal Cancer

‘Immune cold’ tumours (determined by low density of CD3+, CD4+ and CD8+ cells)
were the best prognosticator for CRCs within the TMA, as reported by Craig et al. [13].
This was confirmed using raw data for secondary analysis, which reported that patients
with ‘immune cold’ tumours had poorer survival compared with patients with ‘immune
NOS’ tumours (p < 0.001) (Supplementary File S9).

Further, we report that strong cytoplasmic HMGB1 was associated with ‘immune
cold’ tumours (24% versus 15% for immune cold and NOS, respectively, p = 0.029) (Table 2
and Figure 4). Therefore, while epithelial HMGB1 doesn’t directly impact survival, strong
cytoplasmic HMGB1 expression is associated with an ‘immune cold’ tumour microenviron-
ment which we have demonstrated confers a poor prognosis in CRC. While numbers are
relatively small and the underlying mechanism remains unclear, strong epithelial cytoplas-
mic HMGB1 expression is also associated with lower expression of immune checkpoint
markers IDO-1 (p = 0.010), ICOS (p = 0.002), and stromal PDL1 (p = 0.027) (Table 2).

4. Discussion

We have defined the expression of HMGB1 in human colorectal neoplastic progression
from normal mucosa through pre-malignant adenomatous polyps, cancer polyps, and
CRC of increasing stage. In our large, well characterised cohort, we have identified an
HMGB1 expression profile switch with dynamic subcellular localisation between normal
and T1 malignancy, and a striking HMGB1 expression signature at the leading invasive
edge in the majority of polyp cancer lesions. In established CRC, this subcellular HMGB1
expression profile is linked to tumour progression and, for the first time, lymph node
metastases and key biological parameters of mismatch repair protein expression, male sex,
and stromal immunophenotype. While HMGB1 expression is not directly associated with
survival, strong epithelial cytoplasmic HMGB1 is associated with an ‘immune cold’ tumour
microenvironment which is associated with poor survival outcomes. These data reveal
novel insight into both HMGB1 biology and colorectal neoplastic progression and suggest
that HMGB1 should be explored as a novel therapeutic target for CRC.

Dynamic subcellular expression of HMGB1 has been reported previously in a few
smaller studies of CRC [12,22,23]. Wang and colleagues demonstrated positive nuclear
expression with no cytoplasmic HMGB1 in normal colonic epithelium, as we do here,
and emergence of cytoplasmic HMGB1 in their smaller cohort of adenomas (n = 68) and
colorectal cancers (n = 369) [24]. In their study, there was a significant difference in survival
based on HMGB1 expression pattern. This impact on survival was also identified in
another small cohort of 72 cases of colonic cancer [22]. Both studies were based in China
and differences in survival may reflect geographical variations in environmental exposures
resulting in different molecular drivers of disease. From our data, HMGB1 does not appear
to be a direct prognostic biomarker for survival.

A key question is whether the emergence of cytoplasmic HMGB1 is protective or
pathogenic, particularly at the leading edge of cancer polyps (CaP). The use of polyp cancer
lesions to explore this question offers the unique opportunity to assess HMGB1 expression
in normal, adenomatous and malignant epithelium within the same lesion, eliminating
inter-patient confounding. We first explored expression of downstream effector proteins
p53 and RUNX3 at the invasive cancer margin of CaP, where the most striking pattern of
strong nuclear and cytoplasmic expression of HMGB1 was seen in the majority of lesions.
p53 is a tumour suppressor gene associated with CRC [25]. HMGB1 can facilitate p53-DNA
binding, induce a p53-dependent senescent growth arrest, and form complexes with p53 to
mediate autophagy and apoptosis [26,27]. RUNX3 is a transcription factor implicated in
lymphocyte immune responses and linked to HMGB1 [28]. Our data did not demonstrate a
relationship between HMGB1 expression and p53 or RUNX3 at the invasive cancer margin.
Nor did we find an association between HMGB1 and the molecular phenotype of these
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CaP lesions, investigating BRAF, KRAS and MSI status chosen to reflect the molecular
phenotyping used in clinical practice to direct treatment options in established disease.

In addition to the emergence of cytoplasmic HMGB1, we also report reduced nuclear
HMGB1 expression in early stage (pT1) CRC compared with normal epithelium. There are
little published data regarding the consequences of reduced nuclear HMGB1 expression.
One consequence of nuclear HMGB1 depletion may be induction of cellular senescence, the
cellular response mechanism whereby proliferation is arrested in response to a potentially
carcinogenic insult, as this mechanism has been reported in human mammary epithelial
cells in vitro [29]. However, there may be alternative or additional explanations. For
example, nuclear HMGB1 binds to the minor groove of DNA, without sequence specificity,
to provide structural support, stabilise the genome, regulate transcription, and enhance
DNA repair processes [30]. Reduced nuclear HMGB1 may therefore leave the genome
vulnerable to DNA damage at this critical stage of cancer development. HMGB1 interacts
with mismatch repair proteins MSH2 and MLH1 to perform initial damage recognition and
can also mediate excision, to uphold microsatellite stability [31]. Balana and colleagues
recently reported that HMGB1 can be endogenously O-GlcNAc-modified and this alters
HMGB1-DNA interactions resulting in a reduced ability for DNA repair with error-prone
processing of damaged DNA [32]. Mismatch repair occurs early in a subgroup of CRC and
this could be a consequence of reduced HMGB1 expression. In keeping with this hypothesis,
we report reduced expression of nuclear HMGB1 associated with mismatch repair protein
expression within the wider CRC TMA. This is clinically relevant as microsatellite unstable
tumours have a high neo-epitope load which suggests they may respond favourably to
immunotherapy [33].

We show an association between HMGB1 expression intensity and density of immune
cell subsets in colorectal cancer; nuclear and cytoplasmic HMBG1 associated with increased
CD4+ lymphocytes, and nuclear HMGB1 associated with increased FOXP3+ and ICOS+

lymphocytes and reduced CD8+ T-cells. Meta-analyses have robustly demonstrated that
CD8+ T-cells are associated with improved survival in CRC, and this is likely due to
clonal expansion of tumour antigen-specific CD8+ T-cells which support an anti-tumour
immune response [34,35]. Tregs can prevent the development of anti-tumour immune
responses and may be associated with reduced chemosensitivity in CRC [36]. Patients with
CRC have an accumulation of PD-1+ Tregs which impair CD8+ T-cell activity [37]. Our
data cumulatively suggest that increased HMGB1 expression in CRC orchestrates a pro-
tumour microenvironment, and HMGB1 may therefore be a therapeutic target of interest to
improve endogenous anti-tumour immunity and chemosensitivity. This is in keeping with
a previous study by Liu and colleagues who reported that HMGB1 knockdown in tumour
cells did not impact tumour cell growth but uncovered naturally acquired long-lasting
tumour specific IFN-γ or TNF-α producing CD8+ T-cell responses which prevented tumour
cells inducing Tregs [38]

The significance of increased density of CD4+ T-cells and ICOS+ lymphocytes is less
clear. Tregs commonly express CD4, and ICOS-ICOSL signalling in Tregs promotes their
proliferation, survival and suppressive ability [39]. While this could fit with our hypothesis
of reduced CD8+ T-cells and increased Tregs impacting on anti-tumour immunity, Tregs
are only a small, albeit potent, sub-population of predominantly CD4+ T-cells in CRC.
Alternatively, Th1 polarised CD4+ T-cells can promote anti-tumour immunity to destroy
tumour cells, either directly or indirectly through effector cells such as CD8+ T-cells [40].
CD4+ lymphocytes are an incredibly diverse and plastic cellular population, and more
comprehensive phenotyping of these CD4+ lymphocytes is important going forward to
understand their impact here, such as by single-cell sequencing or flow cytometry [41]

Moving towards clinical application, we demonstrate that HMGB1 expression is
associated with lymph node positivity, mismatch repair protein expression, and a distinct
immune cell phenotype. These are all indicators of treatment outcomes and are used
clinically to help treatment decisions [42,43]. Given the association between HMGB1 and
these biomarkers, we hypothesize that HMGB1 would have utility in this clinical space.
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Our study was not able to assess HMGB1 expression alongside downstream treatment
responses and resistance as this data is not available for this cohort. However, this would
be an important next step in translational investigation. Our data also show that male
patients with CRC have increased expression of cytoplasmic HMGB1, compared with
female patients. This is in keeping with previous studies that have suggested sex differences,
with increased HMGB1 release from stressed male cells [44,45]. Male patients have poorer
outcomes from CRC and, while this is multifactorial [46], unidentified endogenous drivers
of disease are likely important contributors. Exploring the association between HMGB1
expression and sex is important for future studies.

Further, ‘immune cold’ tumours within the TMA (defined by low density of CD3+,
CD4+ and CD8+ cells) were the best prognosticator for CRC, as reported by Craig et al. [13].
Our analysis confirms that patients with ‘immune cold’ colorectal tumours have poorer
overall survival rates (Supplementary File S9). We also report that strong epithelial cyto-
plasmic HMGB1 expression is associated with an ‘immune cold’ phenotype. Therefore,
while epithelial HMGB1 expression is not directly associated with survival, it is associated
with an ‘immune cold’ tumour microenvironment, which is associated with poor survival.
While numbers were small, strong cytoplasmic HMGB1 was also associated with immune
checkpoint markers (IDO-1, ICOS and stromal PDL1), and further investigation is needed
to determine whether or not this is biologically relevant. Hubert and colleagues recently
demonstrated that inhibiting HMGB1 in breast and small cell lung cancer models reduced
proportions of monocytic/granulocytic myeloid-derived suppressor cells and Tregs, elicited
a higher M1/M2 ratio of macrophages, and enhanced dendritic cell activation, without
affecting the overall number of (CD45+) immune cells [47]. Such tumour microenvironment
remodelling via HMGB1 blockade could work synergistically with current anti-cancer
therapies, and our study suggests that a similar effect may be true for HMGB1 in CRC.

5. Conclusions

Overall, we reveal novel biological insight into the pathogenesis of human CRC
progression. Further work is required to assess the biological consequence of HMGB1
expression in CRC to uncover novel treatment targets and biomarkers to help predict
treatment responses for this malignancy.
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