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A B S T R A C T   

Background: During the last decades, the management for metastatic colorectal cancer patients has improved due 
to novel therapeutic approaches. A mismatch-repair deficient status seems to favour a better response to 
checkpoint inhibitor therapy, but the question arises whether a specific subgroup of stage IV patients with 
mismatch-repair (MMR) proficient status should also be considered. RHAMM (Receptor for Hyaluronic Acid 
Mediated Motility/HAMMR/CD168) is characterized by tumor progression and immunogenicity. Therefore, the 
aim of this study is to determine whether RHAMM within the CRLM of MMR-proficient patients correlate with a 
more immunological microenvironment, represented by cytotoxic T-cells, PD-1 and PD-1. 
Methods: Two patient cohorts of liver metastases from MMR colorectal cancers were included into the study (n =
81 and 76) using ngTMA® technology and immunohistochemically analyzed for RHAMM, cytotoxic T-cells 
(CD8+), PD-1/PD-L1, intrametastatic budding (IMB) and perimetastatic budding (PMB). 
Results: RHAMM-positive IMB was linked to a higher PD-L1 expression (r = 0.32; p = 0.233 and r = 0.28; p =
0.044) in the center and periphery of the metastasis and RHAMM-positive PMB was associated with a higher 
expression of PD-1 (r = 0.33; p = 0.0297), and especially PD-L1 (r = 0.604; p < 0.0001 and r = 0.43; p = 0.003) 
in the center and periphery of the metastasis. IMB and PMB were additionally associated with a higher count of 
CD8+ T-cells (p < 0.0001; r = 0.58; p < 0.0001; r = 0.53). 
Conclusions: The RHAMM status can be assessed in IMB/PMB either in biopsies or in resections of colorectal 
cancer liver metastases. A positive RHAMM status in IMB and/or PMB may be a potential indicator for a 
checkpoint inhibitor therapy for stage IV colorectal cancer patients with MMR proficient status.   

1. Introduction 

Tumor budding is a histopathological prognostic biomarker and its 
standardized reporting was proposed by the International Tumor 
Budding Consensus Conference (ITBCC) in 2016 [1]. Tumor budding is 
now included in the UICC’s TNM and WHO classifications [2,3] and also 
in important guidelines such as the European Society of Medical 
Oncology (ESMO) [4], National Comprehensive Cancer Network 
(NCCN) [5], International Collaboration on Cancer Reporting (ICCR) 
[6], Royal College of Pathologists (RCPath) [7] and College of American 

Pathologists (CAP) [8]. Tumor budding along with other 
clinico-pathological parameters plays a role in the management of 
colorectal cancer (CRC) patients especially in two clinical scenarios: 
first, in pT1 CRC tumor budding is associated with the presence of lymph 
node metastases and is therefore a potential indicator for an oncologic 
resection [9–11]; second, in stage II colon cancer with high grade 
budding (BD3), adjuvant therapy may be considered [9,12]. 

Based on the literature tumor budding may also be included in two 
additional clinical scenarios, namely the assessment of intratumoral 
budding (ITB) in preoperative biopsies in colon and rectal cancer [13] 
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and especially in colorectal cancer liver metastases (CRLM) of stage IV 
CRC patients [14]. While the promising role of ITB in preoperative CRC 
biopsies is underlined by several studies, the assessment and function of 
tumor budding in CRLM requires more evidence before consideration for 
patient management. In a recent study, Fonseca et al. have demonstrated 
the prognostic impact of tumor budding in CRLM in univariate analysis 
[15]. Additionally, we proposed the terms intrametastatic (IMB) and 
perimetastatic budding (PMB) based on H&E staining for assessment of 
tumor budding in CRLM [14]. 

Over the last 20 years, the prognosis for metastatic CRC (mCRC) has 
improved and the median overall survival (OS) for patients with mCRC 
is approximately 30 months based on phase III trials and large obser-
vational series or registries [16]. Some data have shown a potential 
benefit of immune checkpoint blockade with pembrolizumab in patients 
with a deficient mismatch-repair status (dMMR) in mCRC compared to 
those with a proficient mismatch-repair status (pMMR) [17,18]. 

Nevertheless, the question arises whether mCRC patients with 
pMMR status may still be candidates for a checkpoint inhibitor therapy. 
Therefore, the objective of the present study was to evaluate biomarkers 
of CRLM in pMMR cases according to the following hypothesis: the 
Receptor for Hyaluronic Acid Mediated Motility (RHAMM/HMMR/ 
CD168) has been shown to be a strong independent prognostic factor in 
CRC [19–22], its overexpression in cancer cells correlates with increased 
migration and invasion and its downregulation abolishes metastasis in 
mouse models [23]. Additionally, several studies have postulated a 
potential immunogenic role of RHAMM [24–26]. Taken together, the 
aim of this study is to determine whether RHAMM positive cells 
(including IMB and PMB) within the CRLM of MMR-proficient patients 
correlate with a more immunological microenvironment, represented by 
cytotoxic T-cells, PD-1 and PD-1. The specific selection of cytotoxic 
T-cells is based on a previous study showing the role of CD8 positive 
T-cells in the surroundings of tumor buds [27]. 

2. Material and methods 

2.1. Patients 

Two collectives of patients with CRLM from 2002 to 2016 were 
included into the study. In the first, 81 patients diagnosed at the Insel-
spital, University Hospital Bern, Switzerland, and for whom tissue 
blocks were available from metastatic lesions were entered into this 
study. All cases were re-reviewed for histopathology and used to 
construct a multi-punch tissue microarray. A second collective of 76 
CRLM patients was included and used to study expression of biomarkers 
on whole slides. Eighteen cases were common to both cohorts. Upon re- 
review of the H&E slides, the tumor block with the largest metastasis 
was included in downstream analysis. Clinicopathological information 
can be found in Table 1. All the CRLM cases were mismatch-repair 
proficient. No information on overall or progression-free survival were 
included in this study. This retrospective study was approved by the 
local ethics committee of the Canton of Bern (#2020− 00498) 

2.2. Tissue microarray 

For the first collective, upon re-review of tissue slides, tissue blocks 
corresponding to selected representative areas of the metastatic lesion 
were retrieved from the archives of the Institute of Pathology, University 
of Bern. A fresh H&E section was made and all slides were scanned 
(Pannoramic P250, Budapest, Hungary). Each scan was annotated in 
two regions of interest (ROI), namely the metastasis center and the 
metastasis front and both ROIs were annotated twice. In a few cases, 
where >1 metastasis was available, more ROIs were made. The final 
number of ROIs was 196. Using a tissue microarrayer, the digital ROIs 
from the scans were aligned with images of the tissue blocks, ROIs were 
cored out and transferred into two sets of next-generation Tissue 
Microarrays (ngTMA®). In order to account for possible tumor 

heterogeneity, two punches were taken from the center of the metastasis 
and two punches from the periphery, in each case. An H&E of each was 
sectioned. 

2.3. Immunohistochemistry 

All ngTMAs® were cut at 2.5 um. Whole slides of the CRLM in the 
second collective were also sectioned and stained similarly. 

All immunostainings was performed by automated staining using 
Bond RX (Leica Biosystems) immunostainer and dewaxed in Bond 
dewax solution (Leica Biosystems). The antigen retrieval was performed 
for all sections in Tris buffer at 95◦ for 30 min (Leica Biosystems). For all 
single immunostainings, PD-1 (Cell Marque, clone NAT105, Ref 315M- 
95) diluted at 1:100, PD-L1 (Cell Signaling, clone E1L3N, Ref 13684) 
diluted at 1:400 and RHAMM (Abcam, Ref ab108339) diluted at 1:250 
were in incubated at RT for 30 min. Then, all samples were incubated 
HRP (Horseradish Peroxidase)-polymer for 15 min and subsequent 
visualized using 3,3-Diaminobenzidine (DAB) as brown chromogen 
(Bond polymer refine detection, Leica Biosystems, Ref DS9800) for 10 
min. 

For double immunostaining, all primary antibodies were incubated 
sequentially: first step, mouse PanCK antibody (Agilent, clone AE1/AE3, 
Ref M351501− 2) was diluted 1:400, incubated for 30 min. Then, sam-
ples were incubated in HRP and DAB, as above. On a second step, mouse 
CD8 antibody (Dako- Agilent, clone C8/144B, Ref M7103) was diluted 
1:100, incubated for 30 min. Secondary antibody, AP (Alkaline 
phosphatase)-polymer for 15 min, and visualized using fast red as red 
chromogen (Red polymer refine Detection, Leica Biosystems, Ref 
DS9390). 

In common for all, the samples were counterstained with Haema-
toxylin and mounted with Aquatex (Merck). Slides were scanned and 
photographed using Pannoramic 250 (3DHistech). Representative im-
ages are shown in Fig. 1. 

2.4. Biomarker assessment 

Tumor budding was evaluated in both the ngTMA® slides and whole 
slides. In the former, the number of tumor buds in each punch was 
recorded and then the punch with the maximum value of budding was 

Table 1 
Characteristics of stage IV CRC patients in cohort 1 and 2.    

Cohort 1 (n =
81) 

Cohort 2 (n =
76) 

Gender Male 55 (67.9 %) 44 (57.9 %)  
Female 26 (32.1 %) 32 (42.1 %)  

Age at metastasis 
diagnosis 

Mean, range 61.4 (26− 86) 63 (40− 81)  

Neoadjuvant therapy None 8 (9.9 %) 9 (11.8 %)  
Yes 21 (26.0 %) 18 (22.2 %)  
Unknown 52 (64.2 %) 49 (60.5 %)  

Metastasis Synchronous 55 (67.9 %) 40 (52.6 %)  
Metachronous 25 (30.9 %) 34 (44.7 %)  

Size of largest metastasis 
(cm) 

Mean, range 4.0 (0.5− 16) 3.9 (0.2− 16) 

% necrosis Mean, range 26.3 (5− 60) 30.7 (0− 90) 
% fibrosis Mean, range 25.5 (5− 60) 30 (5− 95)  

Growth pattern    
% desmoplastic Mean, range 39.9 (0− 100) 55.4 (0− 100) 
% replacement Mean, range 57.1 (0− 100) 40.1 (0− 100) 
% pushing Mean, range 3.0 (0− 96) 4.5 (0− 75) 
% sinusoidal Mean, range 0% 0% 
% portal Mean, range 0% 0%  
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used for analysis of both tumor budding and CD8+ T-lymphocytes. For 
the latter, we assessed the average number of buds in 10 high-power 
fields at the invasion front (perimetastatic budding, PMB) and within 
the main tumor body (intrametastatic budding, IMB) based on H&E 
staining [14]. The histopathological growth patterns (desmoplastic, 
pushing and replacement subtype) were scored according to the inter-
national consensus guidelines published in 2017 [28]. 

For RHAMM, the percentage of immunoreactive (RHAMM-positive) 
tumor cells over the total number of tumor cells was evaluated in both 
TMA punches (again, the average was taken across tumor area) and 
whole slides [22,29]. For PD-1 and PD-L1, a previously published 
scoring method based on 4 grades was used to semi-quantify the PD-L1 
in the tumor stroma (from 0 to 3) and across multiple punches from the 

same tissue area, used the median value for analysis [30,31]. 

2.5. Statistics 

Spearman’s correlation coefficient was used to determine the 
strength of the relationships between all quantitative or ordinal vari-
ables. P-values were two-sided and considered statistically significant 
when <0.05. All analyses were carried out using SAS V9.4. 

3. Results 

IMB was associated with a higher count of CD8+ T-cells (p < 0.0001; 
r = 0.58) as well as with replacement tumor growth pattern (p =

Fig. 1. Staining examples of the selected bio-
markers for the present study: Presence of 
intrametastatic (A) and perimetastatic (B) CD8 
positive T-Cells (red). Cytokeratin staining 
(brown) is only used for visualization, but not 
for assessment of tumor buds. Intrametastatic 
(C) and perimetastatic (D) tumor buds 
expressing RHAMM. PDL-1 positivity mainly in 
the intrametastatic (E) and perimetastatic (F) 
tumoral stroma in comparison to the expression 
of the neoplastic cell population. Scale bar 100 
μm, 5x magnification.   

S. Burren et al.                                                                                                                                                                                                                                  



Pathology - Research and Practice 223 (2021) 153486

4

0.0049). Consequently, a desmoplastic growth pattern was negatively 
correlated with the number of tumor buds (r=-0.38; p = 0.0004). 
RHAMM-positive IMB were linked to a higher PD-L1 expression (r =
0.32; p = 0.233 and r = 0.28; p = 0.044) in the center and periphery of 
the metastasis. PMB was also correlated with a higher CD8+ T-cell count 
(p < 0.0001; r = 0.53) but not with any particular growth pattern. 
RHAMM-positive PMB was similarly associated with a higher expression 
of PD-1 (r = 0.33; p = 0.0297), and especially PD-L1 (r = 0.604; p <
0.0001 and r = 0.43; p = 0.003) in the center and periphery of the 
metastasis and in general, the expression of RHAMM, regardless of 
location within the lesion was linked to a greater expression pf PD-L1 (r 
= 0.32; p = 0.0059 and r = 0.451; p = 0.0001; center and front of 
metastasis respectively). These interactions are illustrated in Fig. 2. 

4. Discussion 

In the era of personalized healthcare, pathology has an important 
role in the course of a promising biomarker to make its way from hy-
pothesis to implementation in daily practice. In that sense, we embarked 
on this study using two CRLM cohorts and hypothesis-driven biomarkers 
to achieve a clear aim, namely outline a potential basis for multi-centric 

retrospective and prospective clinical trials in stage IV colorectal cancer 
patients with pMMR status. The obtained results are promising and 
worth being validated in further clinical trials. In summary, the assess-
ment of RHAMM in IMB and/or PMB in biopsies or resections of CRLM 
could lead to the selection of stage IV CRC patients with pMMR status 
who could potentially benefit from immunotherapies. The summarized 
results are supported by the following clinico-pathological aspects: 

First, tumor budding is an independent prognostic biomarker in all 
CRC stages based on robust data in the literature [32]. Nevertheless, 
tumor budding is included in international classifications and guidelines 
only for two clinical scenarios, namely as potential indicator for an 
oncologic resection in pT1 CRC or for a postoperative therapy in stage II 
CRC [9]. Recently, several studies focus on two additional clinical sce-
narios which need further data before their implementation in daily 
practice. In preoperative biopsies of rectal cancer patients, tumor 
budding is associated with tumor progression and decreased regression 
grade and is therefore along with other clinico-pathological parameters 
a potential indicator for neo-adjuvant therapy [33,13]. The available 
data on the role of tumor budding in CRLM are still in a preliminary 
phase and the present study would be just the third analysis on the 
potential role of tumor budding in CRLM. In 2018, Fonseca et al. 

Fig. 2. Visualisation of the interaction between RHAMM, cytotoxic T-cells, PD1/PDL-1, perimetastatic and intrametastatic tumor budding in colorectal cancer 
liver metastases. 
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described for the first time the role of tumor budding in CRLM [15]. 
Tumor budding was associated with portal invasion, infiltrative border 
and survival in univariate, but not in multivariate analysis [15]. Our 
own research group systematically investigated on the possibilities for 
assessment of tumor budding in CRLM and implemented the terms IMB 
and PMB in 2019 [14]. We concluded that tumor budding assessment in 
CRLM is definitely challenging in cases without desmoplastic stroma 
reaction or accentuated ductular proliferation and proposed therefore to 
score tumor budding based on H&E staining and avoid immunohisto-
chemistry [14]. According to the international consensus guidelines for 
scoring the histopathological growth patterns of liver metastasis pub-
lished in 2017, the desmoplastic, pushing and replacement subtypes are 
the most frequently observed variants [28]. The combining of the 
IMB/PMB concept and the consensus patterns revealed interesting 
pathogenetic aspects. The growth pattern subtypes are assessed at the 
periphery of the metastasis; the lack of a perimetastatic desmoplastic 
stroma reaction does not exclude a high IMB count, which is supported 
by the association of IMB with replacement tumor growth pattern. A 
possible explanation could be a switch from PMB to IMB in case there is 
no desmoplastic stroma at the periphery, a mechanism that would allow 
to the CRLM to keep tumor progression. This hypothesis and observation 
should be followed and definitely needs further functional data. 

Second, the biomarkers included in the study, RHAMM, cytotoxic T- 
cells and PD1/PD-L1, were selected according to the data in the litera-
ture. RHAMM is a multi-functional protein, typically activated in wound 
healing [34], and involved in different signalling pathways by binding 
proteins such as FAK [35], Src [36] or ERK [37,38]. Additionally, 
RHAMM activation leads to regulation of mitotic spindle integrity, cell 
cycle progression, reorganization and degradation of the extracellular 
matrix [23]. In CRC, RHAMM is an independent prognostic factor and its 
expression by tumor buds increases motility, dissemination and infil-
tration of lymph and blood vessels [22,29,19]. These pathogenetic fea-
tures of RHAMM in CRC were supported by a functional study showing 
that RHAMM downregulation essentially abolishes metastases in mouse 
models [23]. An interesting additional aspect is the potential immuno-
genic aspect of RHAMM reflected by its association with an increased 
T-cell lymphocyte infiltration and normally detected in dMMR CRC [26, 
24,25,21]. Not surprisingly, because of its link to a prominent peritu-
moral T-cell infiltration, dMMR status is considered a surrogate of the 
PD1/PD-L1 status and therefore an indicator for a checkpoint inhibitor 
therapy in stage IV CRC [17]. One important rationale for personalised 
healthcare is to stratify patients into subgroups which qualify for a 
specific therapeutic approach and indeed, there is enough evidence in 
the literature that immune infiltration and microsatellite status are in-
dependent of each other [39,40]. In that line, the obtained results in this 
study seem to be promising by proposing a specific subgroup of stage IV 
CRC patients with pMMR status and RHAMM expression in IMB/PMB 
which may qualify for a checkpoint inhibitor therapy. 

The main goal of this manuscript is clearly not to present a prog-
nostic or predictive analysis, but to test preliminary a potential 
biomarker which can be validated in well-defined stage IV CRC multi- 
centric retrospective and prospective trials. Additionally, it has to be 
stated that the sample size in the present study is clearly too small and 
not fully characterized to draw definitive conclusions, but nevertheless 
the obtained results seem to be quite promising: RHAMM could be 
potentially assessed in IMB and PMB of CRLM biopsies or resections, 
respectively. The question which needs to be answered now is: do 
RHAMM positive CRLM cases with pMMR status benefit from immu-
notherapy in comparison to RHAMM negative CRLM cases? 
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Research, Stiftung zur Krebsbekämpfung Zürich and Stiftung Krebshilfe 
Zürich. 

References 

[1] A. Lugli, R. Kirsch, Y. Ajioka, F. Bosman, G. Cathomas, H. Dawson, H. El Zimaity, J. 
F. Flejou, T.P. Hansen, A. Hartmann, S. Kakar, C. Langner, I. Nagtegaal, G. Puppa, 
R. Riddell, A. Ristimaki, K. Sheahan, T. Smyrk, K. Sugihara, B. Terris, H. Ueno, 
M. Vieth, I. Zlobec, P. Quirke, Recommendations for reporting tumor budding in 
colorectal cancer based on the International Tumor Budding Consensus Conference 
(ITBCC) 2016, Mod. Pathol. 30 (9) (2017) 1299–1311, https://doi.org/10.1038/ 
modpathol.2017.46. 

[2] WHO Classification of Tumours Editorial Board, Digestive System Tumours, 5th 
edition edn., IARC, Lyon, France, 2019. 

[3] J.D. Brierley, M.K. Gospodarowicz, C. Wittekind, TNM Classification of Malignant 
Tumours, 8th edition edn, Wiley Blackwell, West Sussex UK, 2017. 

[4] G. Argiles, J. Tabernero, R. Labianca, D. Hochhauser, R. Salazar, T. Iveson, 
P. Laurent-Puig, P. Quirke, T. Yoshino, J. Taieb, E. Martinelli, D. Arnold, 
clinicalguidelines@esmo.org EGCEa, Localised colon cancer: ESMO Clinical 
Practice Guidelines for diagnosis, treatment and follow-up, Ann. Oncol. 31 (10) 
(2020) 1291–1305, https://doi.org/10.1016/j.annonc.2020.06.022. 

[5] (NCCN) NCCN, NCCN Guidelines Colon Cancer, 2020. 
[6] M. Loughrey, M. Arends, I. Brown, L. Burgart, C. Cunningham, J.F. Flejou, S. Kakar, 

R. Kirsch, A. Lugli, C. Rosty, K. Sheahan, N. West, R. Wilson, I. Nagtegaal, 
Colorectal Cancer Histopathology Reporting Guide, International Collaboration on 
Cancer Reporting, Sydney, Australia, 2020. 

[7] M.B. Loughrey, P. Quirke, N.A. Shepherd, Dataset for Histopathological Reporting 
of Colorectal Cancer, 2018. 

[8] L. Burgart, C. Shi, M. Berho, D. Driman, P. Fitzgibbons, W. Frankel, K. Hill, 
J. Jessup, S. Kakar, A. Krasinskas, M. Washington, Protocol for the Examination of 
Excisional Biopsy Specimens From Patients With Primary Carcinoma of the Colon 
and Rectum. Version 4.1.0.0, College of American Pathologists, 2020. 

[9] A. Lugli, I. Zlobec, M.D. Berger, R. Kirsch, I.D. Nagtegaal, Tumour budding in solid 
cancers, Nat. Rev. Clin. Oncol. (2020), https://doi.org/10.1038/s41571-020-0422- 
y. 

[10] R. Cappellesso, C. Luchini, N. Veronese, M. Lo Mele, E. Rosa-Rizzotto, E. Guido, 
F. De Lazzari, P. Pilati, F. Farinati, S. Realdon, M. Solmi, M. Fassan, M. Rugge, 
Tumor budding as a risk factor for nodal metastasis in pT1 colorectal cancers: a 
meta-analysis, Hum. Pathol. 65 (2017) 62–70, https://doi.org/10.1016/j. 
humpath.2017.04.013. 

[11] S.L. Bosch, S. Teerenstra, J.H. de Wilt, C. Cunningham, I.D. Nagtegaal, Predicting 
lymph node metastasis in pT1 colorectal cancer: a systematic review of risk factors 
providing rationale for therapy decisions, Endoscopy 45 (10) (2013) 827–834, 
https://doi.org/10.1055/s-0033-1344238. 

[12] H. Ueno, M. Ishiguro, E. Nakatani, T. Ishikawa, H. Uetake, C. Matsuda, 
Y. Nakamoto, M. Kotake, K. Kurachi, T. Egawa, K. Yasumasa, K. Murata, O. Ikawa, 
S. Shinji, K. Murotani, S. Matsui, S. Teramukai, N. Tomita, K. Sugihara, S.S. Group, 
Prospective multicenter study on the prognostic and predictive impact of tumor 
budding in stage II Colon Cancer: results from the SACURA trial, J. Clin. Oncol. 37 
(22) (2019) 1886–1894, https://doi.org/10.1200/JCO.18.02059. 

[13] A. Almangush, O. Youssef, M. Pirinen, J. Sundstrom, I. Leivo, A.A. Makitie, Does 
evaluation of tumour budding in diagnostic biopsies have a clinical relevance? A 
systematic review, Histopathology 74 (4) (2019) 536–544, https://doi.org/ 
10.1111/his.13793. 

[14] A. Blank, C. Schenker, H. Dawson, G. Beldi, I. Zlobec, A. Lugli, Evaluation of tumor 
budding in primary colorectal Cancer and corresponding liver metastases based on 
H&E and pancytokeratin staining, Front. Med. (Lausanne) 6 (2019) 247, https:// 
doi.org/10.3389/fmed.2019.00247. 

[15] G.M. Fonseca, E.S. de Mello, S.F. Faraj, J.A.P. Kruger, F.F. Coelho, V.B. Jeismann, 
R.M. Lupinacci, I. Cecconello, V.A.F. Alves, T.M. Pawlik, P. Herman, Prognostic 
significance of poorly differentiated clusters and tumor budding in colorectal liver 

S. Burren et al.                                                                                                                                                                                                                                  

https://doi.org/10.1038/modpathol.2017.46
https://doi.org/10.1038/modpathol.2017.46
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0010
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0010
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0015
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0015
https://doi.org/10.1016/j.annonc.2020.06.022
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0025
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0030
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0030
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0030
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0030
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0035
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0035
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0040
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0040
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0040
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0040
https://doi.org/10.1038/s41571-020-0422-y
https://doi.org/10.1038/s41571-020-0422-y
https://doi.org/10.1016/j.humpath.2017.04.013
https://doi.org/10.1016/j.humpath.2017.04.013
https://doi.org/10.1055/s-0033-1344238
https://doi.org/10.1200/JCO.18.02059
https://doi.org/10.1111/his.13793
https://doi.org/10.1111/his.13793
https://doi.org/10.3389/fmed.2019.00247
https://doi.org/10.3389/fmed.2019.00247


Pathology - Research and Practice 223 (2021) 153486

6

metastases, J. Surg. Oncol. 117 (7) (2018) 1364–1375, https://doi.org/10.1002/ 
jso.25017. 

[16] E. Van Cutsem, A. Cervantes, R. Adam, A. Sobrero, J.H. Van Krieken, D. Aderka, 
E. Aranda Aguilar, A. Bardelli, A. Benson, G. Bodoky, F. Ciardiello, A. D’Hoore, 
E. Diaz-Rubio, J.Y. Douillard, M. Ducreux, A. Falcone, A. Grothey, T. Gruenberger, 
K. Haustermans, V. Heinemann, P. Hoff, C.H. Kohne, R. Labianca, P. Laurent-Puig, 
B. Ma, T. Maughan, K. Muro, N. Normanno, P. Osterlund, W.J. Oyen, 
D. Papamichael, G. Pentheroudakis, P. Pfeiffer, T.J. Price, C. Punt, J. Ricke, 
A. Roth, R. Salazar, W. Scheithauer, H.J. Schmoll, J. Tabernero, J. Taieb, S. Tejpar, 
H. Wasan, T. Yoshino, A. Zaanan, D. Arnold, ESMO consensus guidelines for the 
management of patients with metastatic colorectal cancer, Ann. Oncol. 27 (8) 
(2016) 1386–1422, https://doi.org/10.1093/annonc/mdw235. 

[17] D.T. Le, J.N. Uram, H. Wang, B.R. Bartlett, H. Kemberling, A.D. Eyring, A.D. Skora, 
B.S. Luber, N.S. Azad, D. Laheru, B. Biedrzycki, R.C. Donehower, A. Zaheer, G. 
A. Fisher, T.S. Crocenzi, J.J. Lee, S.M. Duffy, R.M. Goldberg, A. de la Chapelle, 
M. Koshiji, F. Bhaijee, T. Huebner, R.H. Hruban, L.D. Wood, N. Cuka, D.M. Pardoll, 
N. Papadopoulos, K.W. Kinzler, S. Zhou, T.C. Cornish, J.M. Taube, R.A. Anders, J. 
R. Eshleman, B. Vogelstein, L.A. Diaz Jr., PD-1 blockade in tumors with mismatch- 
repair deficiency, N. Engl. J. Med. 372 (26) (2015) 2509–2520, https://doi.org/ 
10.1056/NEJMoa1500596. 

[18] M. Chalabi, L.F. Fanchi, K.K. Dijkstra, J.G. Van den Berg, A.G. Aalbers, K. Sikorska, 
M. Lopez-Yurda, C. Grootscholten, G.L. Beets, P. Snaebjornsson, M. Maas, 
M. Mertz, V. Veninga, G. Bounova, A. Broeks, R.G. Beets-Tan, T.R. de Wijkerslooth, 
A.U. van Lent, H.A. Marsman, E. Nuijten, N.F. Kok, M. Kuiper, W.H. Verbeek, 
M. Kok, M.E. Van Leerdam, T.N. Schumacher, E.E. Voest, J.B. Haanen, 
Neoadjuvant immunotherapy leads to pathological responses in MMR-proficient 
and MMR-deficient early-stage colon cancers, Nat. Med. 26 (4) (2020) 566–576, 
https://doi.org/10.1038/s41591-020-0805-8. 

[19] A. Lugli, I. Zlobec, U. Gunthert, P. Minoo, K. Baker, L. Tornillo, L. Terracciano, J. 
R. Jass, Overexpression of the receptor for hyaluronic acid mediated motility is an 
independent adverse prognostic factor in colorectal cancer, Mod. Pathol. 19 (10) 
(2006) 1302–1309, https://doi.org/10.1038/modpathol.3800648. 

[20] I. Zlobec, K. Baker, L. Terracciano, S. Peter, L. Degen, C. Beglinger, A. Lugli, Two- 
marker protein profile predicts poor prognosis in patients with early rectal cancer, 
Br. J. Cancer 99 (10) (2008) 1712–1717, https://doi.org/10.1038/sj.bjc.6604729. 

[21] I. Zlobec, K. Baker, L.M. Terracciano, A. Lugli, RHAMM, p21 combined phenotype 
identifies microsatellite instability-high colorectal cancers with a highly adverse 
prognosis, Clin. Cancer Res. 14 (12) (2008) 3798–3806, https://doi.org/10.1158/ 
1078-0432.CCR-07-5103. 

[22] I. Zlobec, L. Terracciano, L. Tornillo, U. Gunthert, T. Vuong, J.R. Jass, A. Lugli, 
Role of RHAMM within the hierarchy of well-established prognostic factors in 
colorectal cancer, Gut 57 (10) (2008) 1413–1419, https://doi.org/10.1136/ 
gut.2007.141192. 

[23] V. Mele, L. Sokol, V.H. Kolzer, D. Pfaff, M.G. Muraro, I. Keller, Z. Stefan, I. Centeno, 
L.M. Terracciano, H. Dawson, I. Zlobec, G. Iezzi, A. Lugli, The hyaluronan- 
mediated motility receptor RHAMM promotes growth, invasiveness and 
dissemination of colorectal cancer, Oncotarget 8 (41) (2017) 70617–70629, 
https://doi.org/10.18632/oncotarget.19904. 

[24] K.M. Gust, M.D. Hofer, S.R. Perner, R. Kim, A.M. Chinnaiyan, S. Varambally, 
P. Moller, L. Rinnab, M.A. Rubin, J. Greiner, M. Schmitt, R. Kuefer, M. Ringhoffer, 
RHAMM (CD168) is overexpressed at the protein level and may constitute an 
immunogenic antigen in advanced prostate cancer disease, Neoplasia 11 (9) (2009) 
956–963, https://doi.org/10.1593/neo.09694. 

[25] M. Liu, C. Tolg, E. Turley, Dissecting the dual nature of Hyaluronan in the tumor 
microenvironment, Front. Immunol. 10 (2019) 947, https://doi.org/10.3389/ 
fimmu.2019.00947. 

[26] J. Greiner, M. Ringhoffer, M. Taniguchi, A. Schmitt, D. Kirchner, G. Krahn, 
V. Heilmann, J. Gschwend, L. Bergmann, H. Dohner, M. Schmitt, Receptor for 
hyaluronan acid-mediated motility (RHAMM) is a new immunogenic leukemia- 
associated antigen in acute and chronic myeloid leukemia, Exp. Hematol. 30 (9) 
(2002) 1029–1035, https://doi.org/10.1016/s0301-472x(02)00874-3. 

[27] I. Zlobec, P. Minoo, L. Terracciano, K. Baker, A. Lugli, Characterization of the 
immunological microenvironment of tumour buds and its impact on prognosis in 
mismatch repair-proficient and -deficient colorectal cancers, Histopathology 59 (3) 
(2011) 482–495, https://doi.org/10.1111/j.1365-2559.2011.03975.x. 

[28] P.J. van Dam, E.P. van der Stok, L.A. Teuwen, G.G. Van den Eynden, M. Illemann, 
S. Frentzas, A.W. Majeed, R.L. Eefsen, R.R.J. Coebergh van den Braak, A. Lazaris, 
M.C. Fernandez, B. Galjart, O.D. Laerum, R. Rayes, D.J. Grunhagen, M. Van de 

Paer, Y. Sucaet, H.S. Mudhar, M. Schvimer, H. Nystrom, M. Kockx, N.C. Bird, 
F. Vidal-Vanaclocha, P. Metrakos, E. Simoneau, C. Verhoef, L.Y. Dirix, S. Van 
Laere, Z.H. Gao, P. Brodt, A.R. Reynolds, P.B. Vermeulen, International consensus 
guidelines for scoring the histopathological growth patterns of liver metastasis, Br. 
J. Cancer 117 (10) (2017) 1427–1441, https://doi.org/10.1038/bjc.2017.334. 

[29] V.H. Koelzer, B. Huber, V. Mele, G. Iezzi, M. Trippel, E. Karamitopoulou, I. Zlobec, 
A. Lugli, Expression of the hyaluronan-mediated motility receptor RHAMM in 
tumor budding cells identifies aggressive colorectal cancers, Hum. Pathol. 46 (11) 
(2015) 1573–1581, https://doi.org/10.1016/j.humpath.2015.07.010. 

[30] B. Dislich, A. Stein, C.A. Seiler, D. Kroll, S. Berezowska, I. Zlobec, J. Galvan, 
J. Slotta-Huspenina, A. Walch, R. Langer, Expression patterns of programmed 
death-ligand 1 in esophageal adenocarcinomas: comparison between primary 
tumors and metastases, Cancer Immunol. Immunother. 66 (6) (2017) 777–786, 
https://doi.org/10.1007/s00262-017-1982-2. 

[31] J. Wyss, B. Dislich, V.H. Koelzer, J.A. Galvan, H. Dawson, M. Hadrich, 
D. Inderbitzin, A. Lugli, I. Zlobec, M.D. Berger, Stromal PD-1/PD-L1 expression 
predicts outcome in Colon Cancer patients, Clin. Colorectal Cancer 18 (1) (2019) 
e20–e38, https://doi.org/10.1016/j.clcc.2018.09.007. 

[32] A.C. Rogers, D.C. Winter, A. Heeney, D. Gibbons, A. Lugli, G. Puppa, K. Sheahan, 
Systematic review and meta-analysis of the impact of tumour budding in colorectal 
cancer, Br. J. Cancer 115 (7) (2016) 831–840, https://doi.org/10.1038/ 
bjc.2016.274. 

[33] A.C. Rogers, D. Gibbons, A.M. Hanly, J.M. Hyland, P.R. O’Connell, D.C. Winter, 
K. Sheahan, Prognostic significance of tumor budding in rectal cancer biopsies 
before neoadjuvant therapy, Mod. Pathol. 27 (1) (2014) 156–162, https://doi.org/ 
10.1038/modpathol.2013.124. 

[34] C. Tolg, J.B. McCarthy, A. Yazdani, E.A. Turley, Hyaluronan and RHAMM in 
wound repair and the “cancerization” of stromal tissues, Biomed Res. Int. 2014 
(2014), 103923, https://doi.org/10.1155/2014/103923. 

[35] C.L. Hall, C. Wang, L.A. Lange, E.A. Turley, Hyaluronan and the hyaluronan 
receptor RHAMM promote focal adhesion turnover and transient tyrosine kinase 
activity, J. Cell Biol. 126 (2) (1994) 575–588, https://doi.org/10.1083/ 
jcb.126.2.575. 

[36] C.L. Hall, E.A. Turley, Hyaluronan: RHAMM mediated cell locomotion and 
signaling in tumorigenesis, J. Neurooncol. 26 (3) (1995) 221–229, https://doi.org/ 
10.1007/BF01052625. 

[37] S. Zhang, M.C. Chang, D. Zylka, S. Turley, R. Harrison, E.A. Turley, The hyaluronan 
receptor RHAMM regulates extracellular-regulated kinase, J. Biol. Chem. 273 (18) 
(1998) 11342–11348, https://doi.org/10.1074/jbc.273.18.11342. 

[38] C. Wang, A.D. Thor, D.H. Moore 2nd, Y. Zhao, R. Kerschmann, R. Stern, P. 
H. Watson, E.A. Turley, The overexpression of RHAMM, a hyaluronan-binding 
protein that regulates ras signaling, correlates with overexpression of mitogen- 
activated protein kinase and is a significant parameter in breast cancer progression, 
Clin. Cancer Res. 4 (3) (1998) 567–576. 

[39] K. Baker, I. Zlobec, L. Tornillo, L. Terracciano, J.R. Jass, A. Lugli, Differential 
significance of tumour infiltrating lymphocytes in sporadic mismatch repair 
deficient versus proficient colorectal cancers: a potential role for dysregulation of 
the transforming growth factor-beta pathway, Eur. J. Cancer 43 (3) (2007) 
624–631, https://doi.org/10.1016/j.ejca.2006.11.012. 

[40] F. Pages, B. Mlecnik, F. Marliot, G. Bindea, F.S. Ou, C. Bifulco, A. Lugli, I. Zlobec, T. 
T. Rau, M.D. Berger, I.D. Nagtegaal, E. Vink-Borger, A. Hartmann, C. Geppert, 
J. Kolwelter, S. Merkel, R. Grutzmann, M. Van den Eynde, A. Jouret-Mourin, 
A. Kartheuser, D. Leonard, C. Remue, J.Y. Wang, P. Bavi, M.H.A. Roehrl, P. 
S. Ohashi, L.T. Nguyen, S. Han, H.L. MacGregor, S. Hafezi-Bakhtiari, B.G. Wouters, 
G.V. Masucci, E.K. Andersson, E. Zavadova, M. Vocka, J. Spacek, L. Petruzelka, 
B. Konopasek, P. Dundr, H. Skalova, K. Nemejcova, G. Botti, F. Tatangelo, P. Delrio, 
G. Ciliberto, M. Maio, L. Laghi, F. Grizzi, T. Fredriksen, B. Buttard, M. Angelova, 
A. Vasaturo, P. Maby, S.E. Church, H.K. Angell, L. Lafontaine, D. Bruni, C. El Sissy, 
N. Haicheur, A. Kirilovsky, A. Berger, C. Lagorce, J.P. Meyers, C. Paustian, Z. Feng, 
C. Ballesteros-Merino, J. Dijkstra, C. van de Water, S. van Lent-van Vliet, N. Knijn, 
A.M. Musina, D.V. Scripcariu, B. Popivanova, M. Xu, T. Fujita, S. Hazama, 
N. Suzuki, H. Nagano, K. Okuno, T. Torigoe, N. Sato, T. Furuhata, I. Takemasa, 
K. Itoh, P.S. Patel, H.H. Vora, B. Shah, J.B. Patel, K.N. Rajvik, S.J. Pandya, S. 
N. Shukla, J.Y. Wang, G. Zhang, Y. Kawakami, F.M. Marincola, P.A. Ascierto, D. 
J. Sargent, B.A. Fox, J. Galon, International validation of the consensus 
Immunoscore for the classification of colon cancer: a prognostic and accuracy 
study, Lancet 391 (10135) (2018) 2128–2139, https://doi.org/10.1016/S0140- 
6736(18)30789-X. 

S. Burren et al.                                                                                                                                                                                                                                  

https://doi.org/10.1002/jso.25017
https://doi.org/10.1002/jso.25017
https://doi.org/10.1093/annonc/mdw235
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1038/s41591-020-0805-8
https://doi.org/10.1038/modpathol.3800648
https://doi.org/10.1038/sj.bjc.6604729
https://doi.org/10.1158/1078-0432.CCR-07-5103
https://doi.org/10.1158/1078-0432.CCR-07-5103
https://doi.org/10.1136/gut.2007.141192
https://doi.org/10.1136/gut.2007.141192
https://doi.org/10.18632/oncotarget.19904
https://doi.org/10.1593/neo.09694
https://doi.org/10.3389/fimmu.2019.00947
https://doi.org/10.3389/fimmu.2019.00947
https://doi.org/10.1016/s0301-472x(02)00874-3
https://doi.org/10.1111/j.1365-2559.2011.03975.x
https://doi.org/10.1038/bjc.2017.334
https://doi.org/10.1016/j.humpath.2015.07.010
https://doi.org/10.1007/s00262-017-1982-2
https://doi.org/10.1016/j.clcc.2018.09.007
https://doi.org/10.1038/bjc.2016.274
https://doi.org/10.1038/bjc.2016.274
https://doi.org/10.1038/modpathol.2013.124
https://doi.org/10.1038/modpathol.2013.124
https://doi.org/10.1155/2014/103923
https://doi.org/10.1083/jcb.126.2.575
https://doi.org/10.1083/jcb.126.2.575
https://doi.org/10.1007/BF01052625
https://doi.org/10.1007/BF01052625
https://doi.org/10.1074/jbc.273.18.11342
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0190
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0190
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0190
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0190
http://refhub.elsevier.com/S0344-0338(21)00147-3/sbref0190
https://doi.org/10.1016/j.ejca.2006.11.012
https://doi.org/10.1016/S0140-6736(18)30789-X
https://doi.org/10.1016/S0140-6736(18)30789-X

	RHAMM in liver metastases of stage IV colorectal cancer with mismatch-repair proficient status correlates with tumor buddin ...
	1 Introduction
	2 Material and methods
	2.1 Patients
	2.2 Tissue microarray
	2.3 Immunohistochemistry
	2.4 Biomarker assessment
	2.5 Statistics

	3 Results
	4 Discussion
	Authors’ specific contribution
	Declaration of Competing Interest
	Acknowledgments
	References


