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A B S T R A C T   

To date, immune checkpoint blockade (ICB) immunotherapy has become one of promise strategies in the 
management of patients with unresectable or metastatic colorectal cancer (CRC). However, clinical observations 
showed that not all the patients responded equally to ICBs, certain group of CRC patients with microsatellite- 
instability-low (MSI-L) phenotype was not sensitive to ICB immunotherapy. In addition, some primary re
sponders might lose their sensitivity and become resistant to ICBs overtime. To obtain a better response rate and 
therapeutic efficacy, considerable attempts have been made toward to a precision medicine algorithm. Studies 
showed that multiple strategies based on the patient’s individual condition might improve the response and 
therapeutic efficacy to ICBs. Therefore, we focused on and discussed precision strategies and perspectives e.g., 
how to early define candidates who will benefit from ICB immunotherapy prior treatment, overcome the primary 
and acquired resistance and improve the therapeutic response to ICBs in CRC patients with different 
microsatellite-instability statuses within the context of precision medicine algorithm in this review.   

1. Introduction 

Colorectal cancer (CRC) is the third prevalent human cancer and the 
second leading cause of cancer-related death in developed countries [1]. 
Recurrence and metastasis are the main death reasons in patients with 
CRC. Therefore, how to treat unresectable or metastatic CRC patients is a 
critical clinical issue for the prolong of patients’ life. More recently, 
immune checkpoint blockades (ICB) e.g., monoclonal antibodies for 
programmed cell death receptor 1 (PD-1) and its ligand (PD-L1), cyto
toxic T-lymphocyte associated protein 4 (CTLA4) were developed and 

become one of promise therapeutic strategies in the treatment of unre
sectable or metastatic CRC patients, and showed a significantly 
improved the therapeutic efficacy [2–6]. However, clinical data also 
showed that not all the CRC patients are equally sensitively to ICBs [7, 
8]. For example, distinct response rates to ICBs were found between CRC 
patients with mismatch repair-proficient (pMMR)/microsatellite-in
stability-low (MSI-L) and CRC patients with mismatch repair-deficient 
(dMMR)/microsatellite-instability-high (MSI-H) sub-phenotypes 
[9–11]. Studies of mechanisms suggested that multiple factors e.g. 
tumor mutational burden (TMB), PD-1/PD-L levels and 
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microenvironmental immunological features might contribute to such 
distinct response rates in CRCs with different microsatellite-instability 
statuses [8,12–14]. In addition, clinical studies revealed that some pri
mary responders might lose their sensitivity overtime and finally 
become acquired resistance to ICBs [15–18]. All these evidence in turn 
draws a attention to a necessary for optimized ICB immunotherapy 
within the context of precision medicine. 

Indeed, considerable attempts to the early identify a sensitive CRC 
patient who will benefit from ICB immunotherapy prior treatment, and 
strategies that can overcome the primary and acquired resistance and 
convert a non-responder to a responder to ICBs have been made [19,20]. 
Therefore, we summarize the current strategies and efforts that improve 
the ICB immunotherapy within the context of precision medicine in this 
review. In addition, we discuss perspectives with great clinical interest 
that will lead to a novel breakthrough in ICB immunotherapy and result 
in a better management in patients with CRC. 

2. Search strategy and selection criteria 

2.1. Literature search strategy and overview 

Relevant electronic literature search was conducted in academic 
databases PubMed, MEDLINE and Google scholar by the author using 
the search terms “colorectal cancer”, “metastasis”, “dMMR”, “pMMR” 
and “MSI”, “immune checkpoint inhibitor”, “anti-PD-1”, “anti-PD-L1”, 
“anti-CTLA4”, “response”, “biomarker”, “personalized” and “precision” 
from inception to October 2021. Articles selected from reference lists of 
appropriate papers as an additional literature source were included. 

2.2. Inclusion and exclusion criteria 

Inclusion criteria: (1) articles published in English; (2) full-text 
available; (3) studies or trials of ICBs performed in both animal and 
human CRCs. 

Exclusion criteria: (1) articles published as abstract or non-full text 
publications (case reports, editorials, letters to editors, or meeting ab
stracts); (2) studies were rejected if they lacked sufficient information to 
study ICBs in CRC. 

3. The early identification of candidates who will benefit from 
ICB immunotherapy in patients with CRC 

Clinical analysis showed that the majority of CRC patients were 
primary or acquired resistance to ICBs [12,13,21]. To avoid unnecessary 
offer of ICBs to a non-responsible patient, predictive biomarkers can 
provide supportive information to early define a responsible CRC patient 
prior to the ICB immunotherapy. Currently, several biomarkers are used 
for the identification of ICB-sensitive CRC patients. 

3.1. MSI sub-phenotypes 

Based on MSI genetic mutation patterns, CRCs can be characterized 
as two sub-phenotypes: dMMR/MSI-H and pMMR/MSI-L [22–24]. As 
previously reported that the majority of CRCs were pMMR/MSI-L 
sub-phenotype that unresponsive to ICBs, only 15% of CRCs were 
dMMR/MSI-H sub-phenotype and response to ICBs at a rate of approx
imately 30–40% [22,25,26]. Such distinct sensitivity to ICBs leaded to 
clinicians prefer to select an CRC patient with dMMR/MSI-H sub-
phenotype as a candidate for ICB immunotherapy prior to treatment by 
MSI genetic testing [6,27,28]. 

Despite extensive data describing the importance of MSI phenotype 
as a main biomarker for the selection of candidates for ICB immuno
therapy [29,30], its limitations have also been discussed. For example, 
the primary response rate to ICBs in dMMR/MSI-H CRCs was only 
30–40% [21,31–34], over 50% of dMMR/MSI-H CRCs still failed to 
response effectively to the ICB immunotherapy [35]. In addition, some 

primary responder might lose of the sensitivity to ICBs overtime [21, 
31–34]. Researchers have hypothesized that other biomarkers such as 
tumor mutation burden (TMB) and populations of immune cell infil
tration might add help to identify the unresponders in patients with CRC 
[17, 36–39]. 

3.2. TMB 

TMB has emerged as a predictive biomarker of responsiveness to 
ICBs in patients with CRC [40–42]. Clinical results generated from 
metastatic CRC patients indicated that TMB level in CRCs with 
dMMR/MSI-H phenotype was significantly higher than CRCs with 
pMMR/MSI-L phenotype [41, 43–45], and likely associated with a better 
response to ICBs [40, 41, 46–50]. Recently, Li et al. [51] reported that 
tumor mutation score defined as the number of genes with mutations in 
candidate genes was better than TMB to predict the response to ICIs in 
patients with non-small cell lung cancer. Therefore, TMB could be used 
as an additional biomarker for the identification of sensitive candidates 
for ICB immunotherapy in patients with dMMR/MSI-H CRC. 

3.3. Populations of immunosuppressive cells and CD8+ T lymphocytes 
within the CRC tumor microenvironment (TME) 

Based on the findings of distinct immune scores and cellular phe
notypes in the TME between dMMR/MSI-H CRCs and pMMR/MSI-L 
CRCs (23, 52, 53), the population of immune cells, such as immuno
suppressive cells and CD8 + T lymphocytes, reside in the TME has been 
postulated as a biomarker candidate to predict the response to ICBs [52]. 

The population of immunosuppressive cells might display a predic
tive potential in the CRC with ICB immunotherapy. Several studies re
ported that a higher proportion of immunosuppressive cells predicted a 
poor response to ICBs [53], which was associated with the suppression 
of IFN-γ secretion and cytotoxicity of CD8-positive T cell function in CRC 
[54]. Toor et al. [55] demonstrated that a high population of Tregs was 
associated with a low response rate to ICBs in patients with CRC. Studies 
also revealed that populations of immunosuppressive cells i.e., Tregs 
and myeloid-derived suppressor cells (MDSCs) in the TME of 
dMMR/MSI-H CRCs were higher than pMMR/MSI-L CRCs [56–59]. 
Interestingly, an increased population of tumor-infiltrating Tregs and a 
reduced population of effector T cells in the CRC TME were associated 
with a high PD-1 expression level, which were reversed by ICBs [60,61]. 

Previous studies showed that CD8 + T lymphocytes played an reg
ulatory effect on PD-1/PD-L1 expression and host immunity [62]. 
Recently, researchers found that the population of infiltrating CD8 + T 
lymphocytes might provide supportive information to predict the 
response to ICBs in patients with cancer [63–65]. Studies showed that 
FOLFOX chemotherapy enhanced the response to ICB immunotherapy 
through an effect on CD8 + T lymphocyte accumulation within the TME 
in a mouse model of CRC expressing a human tumor antigen [63]. 
Functional analysis revealed that CD8 + T lymphocyte exhaustion (a 
dysfunctional state for T lymphocytes in response to persistent antigenic 
stimulation) presented one of the major hurdles to ICB immunotherapy 
[66], and leaded to a fail response to ICBs [67]. Tian et al. [68] 
confirmed that CD8 + T lymphocyte exhaustion might predict the 
hyporesponsive state to ICBs, and be used as an differentiate biomarker 
between anti-PD1 resistance and anti-PD1 sensitive patients in CRC. Hu 
et al. [69] successfully characterized a population of pre-exhausted CD8 
+ T cells in CRC tumor tissues during exhaustion, which provided new 
insights into the mechanism of T-cell exhaustion and suggested that 
exhausted T cells within the TME accounted for the failure of immu
notherapy in CRC [69]. Currently, many novel subsets of immune cells 
have been identified and were highly aggregated in the CRC TME [70]. 
However, similar to other predictive biomarkers e.g., cytokines and 
PD-1/PD-L1 levels, how to identify a cut-value of immune cell pop
ulations in the TME that can precisely identify the response to ICBs in 
patients with cancer remains a critical issue. 
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3.4. Immune checkpoint molecular levels 

Studies reported that the measurement of PD-1/PD-L1 levels in pa
tients with cancer provided essential predictive information to assess the 
sensitivity to ICBs prior to treatment [71–73]. Indeed, quantitative data 
showed that elevated levels of PD-1/PD-L1 predicated a high response 
rate to ICBs in CRC patients with dMMR/MSI-H [34, 72, 74–82]. Chen 
et al. [83] recently reported that CRC patients with higher expression of 
PD-L1 tended to have a more effective response to ICBs. To provide a 
better predictive index for the selection of ICB candidates in patients 
with CRC, further explorations are needed to define cut-values of PD-1 
or PD-L1 levels or positive cell populations in the tumor mass. 
Further, many new immune checkpoint molecules are identified. The 
predictive value of these novel molecules as biomarkers remains to be 
investigated. 

3.5. Cytokine expression levels 

As essential mediators, cytokines play an critical role in the regula
tion of host anti-tumor immune response [70], and PD-1/PD-L1 
expression [84]. It, therefore, holds potential as a predictive 
biomarker for the evaluation of response to ICBs. Studies in CRC mice 
with progressive liver metastasis showed that blockade of transforming 
growth factor-beta (TGF-β) signaling significantly enhanced the 
response to anti-PD-1/PD-L1 immunotherapy [85]. Several studies re
ported that an elevated expression level of interferon (IFN)-γ, an cyto
kine produced by activated T lymphocytes, prior to treatment in patients 
with melanoma or renal cell carcinoma predicted the positive response 
to anti-PD-L1 mAb [86–88]. IL-8 also held potential as a biomarker for 
the selection of patients who will benefit from ICB immunotherapy [89], 
and predicted the sensitivity to anti-PD-1 therapy in certain types of 
cancer [90,91]. IL-17A produced from both TH17 cells and other types 
of immune cells is an inflammatory cytokine involved in the initiation 
and progression of CRC [70]. We previously identified that the expres
sion of IL-17A and its upstream stimulators was significantly increased 
in patients with CRC [92,93]. Notably, studies demonstrated that the 
activation of IL-17A signal could upregulate the expression of PD-1 in 
CRC cells [84], and predicted the un-responsiveness to anti-PD-1 
immunotherapy in patients with microsatellite-stable (MSS) CRC [38]. 
More recently, Xi et al. [94] reported that IL-22 upregulated PD‑L1 
expression in human colon cancer cells and IL-22 expression level 
correlated well to PD-L1 expression at mRNA level in human colon 
cancer tissues, which was via the signal transducer and activator of 
transcription 3 signaling pathway [94]. Therefore, it would be inter
estingly to see whether IL-17A or IL-22 expression levels could help 
identify candidates and predict the response for ICB immunotherapy in 
patients with CRC in the future. 

Despite some cytokines hold potential as predictive biomarkers for 
the selection of sensitive candidates and evaluation of response to ICBs, 
however, due to the complex of cytokine network in patients with CRC 
[95], the validation of cytokines as predictive biomarkers remains to be 
conducted in large population of CRC patients. 

3.6. Novel biomarkers 

In some studies, the predictive value of above biomarkers for the 
response to ICB immunotherapy in patients with CRCs has been chal
lenged. For example, Le Flahec et al. [96] found no significant difference 
in PD-L1 expression levels between dMMR and pMMR CRCs in either 
whole tumor specimens or tissue microarray CRC slides. Such incon
sistent results might be explained by the complex formation of TME and 
a mixture cellular source of PD-L1. Because of many factors i.e., the 
orientation of CRC sections might affect the counting of PD-1/PD-L1 
positive cell population, how to standard the counting method and 
section quality remain to be studied. In addition, multiple immune 
checkpoint molecules are involved in the regulation of host immunity. 

For example, lymphocyte-activation gene 3 (LAG3) is another immune 
checkpoint molecule highly expressed in immune cells and significantly 
inhibits host antitumor immunity by negatively regulating T lymphocyte 
activation and cytokine secretion [37]. Studies have shown that the 
overexpression of LAG3 predicted the prognosis in patients with CRC 
[97]. Therefore, the measurement of LAG3 expression level prior to ICB 
treatment might help the clinicians understand immunosuppression 
phenotypes and statuses in patients with CRC. 

Recently, the usefulness of other novel biomarkers for the prediction 
of response to ICBs have sequentially been tested in the CRC. For 
example, current research works have now emphasized a potential 
relationship between the altered gut microbiome profile and the sensi
tivity to ICBs. Several studies revealed that changes in composition of 
gut microbiome potentially influenced the efficacy of ICB immuno
therapy by modulating the host immune response in cancer patients 
[98–100], and the supplementation of certain probiotics might improve 
the therapeutic efficacy and reduce the risk of death [101]. Therefore, 
primary resistance to ICBs in patients with tumor could be attributed to 
an abnormal gut microbiome. Examination of composition and function 
of gut microbiome in patients with cancer prior to treatment might 
predict the response to ICBs and manipulation of gut microbiome pro
file, of gut microbiome, for example by fecal microbiota transplantation 
(FMT) from normal objects, could increase the response rate to immu
notherapies in patients with CRC [102]. However, despite available 
evidence of an association between the gut microbiome and the response 
to immunotherapies, the exact species of gut microbiome that can 
determine the response to ICBs in the treatment of recurrent and met
astatic CRCs remain largely unexplored. 

Liao et al. [103] recently reported that expression level of 
KRAS-interferon regulatory factor 2 (IRF2) axis predicted the response 
to ICBs. They found that CRC with higher IRF2 expression had an 
increased response rate to ICB (anti-PD-1) immunotherapy [103]. In 
addition, studies showed that circulating tumor DNA (ctDNA) might 
serve as a sensitive biomarker for assessing of TMB and predicating 
response to systemic therapies including ICB immunotherapy in patients 
with cancer [104]. Therefore, it would be particularly interesting to 
validate the predictive value of these novel biomarkers in large popu
lation of CRC patients with ICB immunotherapies in the future. 

Overall, several biomarkers appear promising in the identification of 
sensitive candidates for ICB immunotherapy but are indeed not ideal. In 
the step of candidate identification before immunotherapy, a wise 
strategy is to combine MSI test with other biomarkers, thereby maxi
mizing its effect in predicting sensitive response to ICBs in patients with 
CRC [29]. Incorporating integrated analysis of current published data, 
we summarized the role of current predictive biomarkers used in the 
identification of sensitive CRCs for ICB immunotherapy in Fig. 1. 

4. Potential strategies for the management of lost response or 
acquired resistance to ICBs in a primary responder CRC with 
dMMR/MSI-H 

Although dMMR/MSI-H CRCs are currently considered as main 
candidates for ICB immunotherapy [22,25], however, primary response 
rate to ICBs in CRC patients with dMMR/MSI-H is only 30–40%, and 
some of initial responders will lose their sensitivity and become resistant 
to ICBs overtime [21, 31–34]. Therefore, acquired resistance is an 
inevitable obstacle that significantly deceases the therapeutic efficacy 
and frequently increases the relapse rate of CRC patients after ICB im
munotherapies [15–18]. To overcome resistance and enhance the 
response to ICBs in CRC patients with dMMR/MSI-H, different strategies 
have been developed. 

4.1. Double or many combinational ICBs 

Monotherapy of anti-PD-1 mAB may not block all the immune 
checkpoint pathways/signals, the combination of two or several ICBs 
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increases the response rate to ICBs in patients with CRC (refer to sum
mary in a recent review [31]). For instance, nivolumab combined with 
ipilimumab (anti-CTLA-4) antibodies enhanced clinical outcome in 
dMMR/MSI-H mCRC patients [47]. Therefore, double or many combi
national ICBs were considered as potential treatment options for 
dMMR/MSI-H metastatic CRCs resistance to ICB monotherapy [31]. 

4.2. Combinations of ICBs with other anti-tumor bioagents/therapeutics 

Accumulative evidence pointed to the future direction of ICB 
immunotherapy by a combination strategy with other antitumor ther
apies. Several trials for ICBs with other anti-tumor therapies or bio
agents are currently ongoing, preliminary results showed that such 
combinations improved the immunological conditions in the TME and 
thereby enhanced the therapeutic efficacy in CRC patients with ICB 
immunotherapies [45,47,63,105,106]. For example, a phase 2 trial 
evaluated the therapeutic efficacy of combining pembrolizumab 
(antiPD-1) with chemotherapy (mFOLFOX6) in patients with untreated 
or unresectable CRC [107]. Results revealed that combing treatment 
induced partial responses in 15 CRC patients. Notably, a CRC patient 
with dMMR showed an complete pathological response after 2 months of 
therapy [107]. Cai et al. [108] reported that the combination of an 
anti-PD-1 monoclonal antibody with a angiogenesis inhibitor mono
clonal antibody (apatinib) resulted in an enhanced therapeutic response 
in Balb/c mice bearing CT-26 colon cancer cells. Furthermore, a study 
reported that anti-PD-1 monoclonal antibody plus cancer-favoring 
oncolytic vaccinia virus exhibited an enhanced therapeutic effect in an 
mouse CRC model [109]. Combining ICBs with an antibody-IL2 fusion 
protein also showed an enhanced anti-tumor effect in immunocompe
tent mice bearing CT26 colon cancer cells [110]. The improved thera
peutic efficacy of ICBs combined with other anti-tumor bioagents in 
CRCs with dMMR/MSI-H has been summarized in two recent reviews 
[31,111]. 

4.3. Manipulating the profile of gut microbiome 

Several studies contributed to the understanding of the effect of 
resident commensal microbiome on the regulation of host immune 

function, and results showed that changed composition of microbiome 
effectively affected the therapeutic responses to ICB immunotherapy in 
cancers [98, 99, 102, 112–116]. Therefore, manipulating the profile of 
gut microbiota has been hypothesized as a promising strategy to 
improve the effectiveness of ICBs in patients with cancer [98,112]. 
Davar et al. [117] recently evaluated whether manipulating the profile 
of gut microbiota through fecal microbiota transplantation (FMT) could 
alter the resistance to anti-PD-1 in 16 PD-1-refractory melanoma pa
tients. Indeed, their data showed that FMT together with anti-PD-1 
monoclonal antibody could significantly change the gut microbiome 
profile and reprogrammed the TME to overcome resistance to ICB, and 
resulted in a positive response in 6 of 15 patients [117]. Recently, Fer
rere et al. [118] reported that ketogenic diet and its principal ketone 
bodies induced compositional changes of the gut microbiota and 
improved the therapeutic response to immunotherapy with an anti-PD-1 
antibody in a preclinical mouse aggressive melanoma model. Above 
findings suggest that a personalized modulation of gut microbiome 
pattern by diet or FMT may be a promising approach to improve the 
therapeutic response in CRC patients with ICBs. 

For the convenience for readers, we summarized current strategies 
that improved therapeutic effect of ICBs in acquired resistant CRCs with 
dMMR/MSI-H in Fig. 2. 

5. Potential strategies for the management of primary resistance 
to ICBs in CRCs with pMMR/MSI-L 

Multiple studies demonstrated that CRC patients with pMMR/MSI-L 
that constituted ~85% of CRC cases did not benefit from ICB immuno
therapy alone [2, 4, 28, 47, 119–129]. Therefore, how to turn a 
un-responsible pMMR/MSI-L CRC to a responsible CRC is vital in the era 
of precision ICB therapy [6,130]. Currently, multiple strategies have 
been postulated: 

5.1. Anti-LAG3 ICB immunotherapy 

LAG3 is a new immune checkpoint molecular that involved in the 
suppression of host anticancer immunity [97]. Zhou et al. reported that 
pMMR CRCs with liver metastasis had a high level of LAG3 in TILs and 

Fig. 1. Schematic summarized the postulated flow of predictive biomarker tests used in the identification of sensitive candidate for ICB immunotherapy in patients 
with CRC, incorporating integrated analysis of current published data. Combing with clinical features, a set of predictive biomarkers could help the clinicians to 
excluded CRC patients with unsensitive biomarkers e.g., microsatellite-instability-low (MSI-L), lower amount of tumor mutational burden (TMB-L), lower level of 
PD1/PD-L1 (PD1/PD-L1-L), higher level of IL-17-hight (IL-17-H) and higher population of immune suppressive cells (immune suppressive cell-H) from ICB 
immunotherapy. Finally, only CRC patients with sensitive biomarkers e.g., microsatellite-instability-high (MSI-H), higher amount of tumor mutational burden (TMB- 
H), higher level of PD1/PD-L1 (PD1/PD-L1-H), higher level of IFN-γ (IFN-γ-H) and higher population of CD8 T cells (CD8 T cell-H) were included for ICB 
immunotherapy. 
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targeting LAG3 signaling using an anti-LAG3 monoclonal antibody 
significantly enhanced activation and functional response of TILs [131]. 
Preliminary results from a phase 1 clinical trial of anti-LAG3 antibody 
favezelimab plus anti-PD1 antibody pembrolizumab showed that fave
zelimab alone or in combination with pembrolizumab were safety and 
well tolerance in advanced CRC patients with microsatellite stability 
phenotype [132]. It would be interesting to see final results from this 
clinical trial. 

5.2. Combined ICBs with other anti-cancer bioagents 

Potential synergistic roles of ICBs with other anti-cancer bioagents, 
such as antiangiogenic antibodies, have been demonstrated [34,133]. 
Wang et al. [133] recently demonstrated the synergistic efficacy of 
fruquintinib (a novel anti-EGFR tyrosine kinase inhibitor) plus 
anti–PD-1 monoclonal antibody for MSS CRC in a murine syngeneic 
model bearing CT26 colon cancer cells, in which a deeper suppressed 
tumor growth and a longer survival time were observed in tumor 
bearing mice treated with fruquintinib plus anti–PD-1 monoclonal 
antibody as compared to mice treated with the single drug alone. 

5.3. Combined with radiation 

Since cancers with a highly TMB and neoantigens are more sensitive 
to response to ICBs [134], how to increase the TMB has been discussed. 
Recently, Lussier et al. [135] reported that radiation was able to increase 
the expression of mutant proteins and neoantigens, which synergically 
increased the sensitivity to ICB immunotherapy in treated Kras (G12D) x 
p53(-/-) sarcoma cell lines in vitro. Twyman-Saint Victor et al. [136] 
further confirmed increased sensitivity to ICBs e.g. CTLA4 and 
PD-1/PD-L1 antibodies in combination with radiation based on 
pre-clinical models. A phase II trial of pembrolizumab plus radiotherapy 
or ablation conducted in pMMR metastatic CRC patients showed that 
pembrolizumab treatment one week after the completion of palliative 
radiation to a metastatic site showed an improved response [137]. In 
restectable liver metastatic CRC patients, Turk et al. [138] reported that 
pembrolizumab in combination with radiotherapy was safety and did 
not increase the relevant toxicity. These findings suggest that ICBs 
combined with radiation can improve the therapeutic efficacy in cancer 

patients with a low amount of TMB as seen in pMMR/MSI-L CRCs. 

5.4. Modifying epigenetic dysregulations 

Inhibition of epigenetic pathways, such as histone modification and 
DNA methylation, may augment TMB, neoantigens and restores immune 
recognition and immunogenicity. For example, Tu et al. [139] reported 
that low-dose decitabine (a specific DNA methyltransferase inhibitor) 
enhanced the therapeutic efficacy of anti-PD-1 mAb, in which a signif
icant enhanced inhibitory effect on tumor growth and prolongation of 
survival time were observed in mice bearing CT26 colon cancer cells as 
compared to tumor bearing mice treated either with decitabine or PD-1 
mAb alone. Further data revealed that such improved efficacy was 
associated with upregulated expressions of immune-related genes and 
cytokine genes as well as increased population of lymphocytes within 
the TME [139]. Recently, a human clinical trial reported that DNA 
methyltransferase inhibitors azacitidine and the histone deacetylation 
inhibitor entinostat in combination with pembrolizumab induced an 
improved therapeutic response to ICB in patients with MSS metastatic 
CRCs [31]. More recently, Wang et al. showed that that inhibition of N 
(6)-methyladenosine (m(6) A) mRNA modification by depletion of 
methyltransferases, Mettl3 and Mettl14, could significantly improve the 
response to anti-PD-1 therapy in pMMR/MSI-L CRCs [140]. 

5.5. ICBs combined with cytokine antibody 

Previous studies suggested that the activation of IL-17A signal 
contributed to resistance to ICB immunotherapy in cancers, and ICBs 
combined with anti-IL-17 antibody might overcome resistance to ICBs 
[141]. Liu et al. [142] reported that IL-17A antibody combined with 
PD-1 antibody induced an enhanced response in both colitis-associated 
cancer and APCmin/+ MSS CRC murine models. ST2, a functional re
ceptor for IL-33, has also been postulated to be a checkpoint target for 
CRC [143]. Studies showed that high ST2 expression was correlated 
with low CD8 + T cell cytotoxicity and poor survival in patients with 
CRC, combination of ST2 depletion with anti–PD1 monoclonal antibody 
resulted in an better inhibition efficacy in ST2-KO mice implanted with 
CRC [143]. Interestingly, we recently demonstrated that increased 
expression of ST2 was associated with the accumulation of Tregs in the 

Fig. 2. Potential strategies and relevant mechanisms postulated to improve the response to ICBs in a acquired resistant CRC with dMMR/MSI-H.  
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TME [144] that acted as an immunosuppressive factor to significantly 
affect the response to ICBs [61]. 

5.6. Re-modeling the CRC TME 

Re-modeling the factors within the TME might help turn a “unsen
sitive” immunogenicity into a “sensitive” immunogenicity to ICBs in 
pMMR/MSI-L CRCs. Studies revealed that the tyrosine kinase inhibitor 
regorafenib significantly decreased the population of tumor-associated 
macrophages as compared to controls in the CT26 syngeneic mice 
[145]. Clinical trials showed an increased response rate in metastatic 
MSS CRCs in response to regorafenib [146] or in combination with 
durvalumab [NCT03539822; [31,129]]. The combinational target ef
fects of the toll-like receptor 7/8 agonist NKTR-262, [NCT03435640; 
[31,129]], the CXCL12 antagonist olaptesed with nivolumab or pem
brolizumab [NCT03168139; [31,129]] have also been tested, initial 
results demonstrated an enhanced response to ICBs in patients with 
metastatic MSS CRC [147]. 

Multiple actively recruiting clinical trials are currently being 
explored (see summary in recent reviews [31,129]), further results will 
help find more potential approaches that can turn a non-responsible 
pMMR/MSI-L CRC into a responsible CRC (refer to Fig. 3). 

6. Conclusions and perspectives 

Taken together with the existing research and clinical data in this 
review, a strong body of evidence suggested that multiple factors were 
involved in the mechanisms of CRC primary or acquired resistance to 
ICB immunotherapy, which led to a precision medicine consideration 
that ICB immunotherapy should be offered to right candidates. In the 
selection of candidates for ICB treatment, biomarkers were essential as it 
could provide appropriate guide for early identifying responsible pa
tients and appropriate ICB immunotherapy. However, the power of a 
single biomarker in the identification of ICB candidates may be low. For 
example, many dMMR/MSI-H CRCs primarily identified as responders 
might loss the sensitivity to ICBs overtime. To maximize the power of 
current biomarkers in the selection of candidates, combining MSI test 
with other biomarkers into a practice “biomarker group” is necessary. 
Therefore, the power of MSI test with other biomarkers in larger pop
ulation of CRCs with ICB immunotherapy needs to be further tested and 

validated in clinical practice. 
Aiming to reduce the resistance and improve the clinical response in 

patients with different MSI sub-phenotypes, clinical studies have shown 
that dual ICB immunotherapies or ICBs combined with other anti-cancer 
strategies e.g., chemotherapy, radiotherapy, anti-angiogenesis bio
agents have been initially evaluated and shown an improved response. 
Currently, several new immunologic suppressive cells/factors were the 
prominent force that could drive resistance to ICB immunotherapy in 
CRC have been identified [103,148]. Researchers recently revealed re
ceptor EP4 for prostaglandin E2 as the main regulator of IMCs in sup
pressing response to ICB immunotherapy. Therefore, antagonist for EP4 
might reprogram IMC function and enhance the response to ICB 
immunotherapy in CRC [53]. In addition, two studies reported that the 
m6A demethylase Alkbh5 may regulate the tumor cells refractory to ICB 
(anti-PD-L1) immunotherapy [140,149], however, the effects on regu
lating response to ICBs in patients with CRC remains to be investigated. 
In addition, new approaches that combined ICIs with co-stimulatory 
immune checkpoint molecules, such as CD28, OX 40 (CD134), and the 
tumor necrosis factor receptors family e.g., TNFRSF7 and TNFRSF9 has 
also been perspective. For example, OX40 is a strongly stimulator for the 
activation and proliferation of T lymphocytes [150]. Combinations of 
agents targeting OX40 with ICBs might enhance the activation and 
function of T lymphocytes and improve the therapeutic efficacy of ICBs 
in patients with CRC [150]. 

As new perspectives, preliminary results suggested that the manip
ulation of the gut microbiome by diet or FMT improved the immune and 
therapeutic response to ICBs and held a significant clinical potential. Till 
date, dynamics of the compositional and functional changes of gut 
microbiome in CRC patients with ICB immunotherapy are not fully 
known. Furthermore, the influence of different ICBs on gut microbiome 
profile changes and main species of gut microbiome that are selectively 
associated with resistance to ICBs in CRC have not been identified. 
Answers to these questions may help the researcher design novel precise 
FMT to improve the efficacy of ICBs based on the individual patient 
situation. Because the manipulation of the gut microbiome can be 
reached by diet intake [151], it is interesting to evaluate the effect of 
modifying the gut microbiota profile by diet on the therapeutic efficacy 
of ICB immunotherapy in patients with CRC in the future. 

Emerging evidence suggests that many immune checkpoints partic
ipate in the suppression of antitumor immunity. Indeed, several novel 

Fig. 3. Potential strategies and relevant mechanisms postulated for turning a nonresponse CRC to a responsible CRC to ICBs in primary resistant CRC with pMMR/ 
MSI-L. 
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immune checkpoints, such as TIM-3, TIGIT, or VISTA, have been iden
tified [152], studies revealed that these immune checkpoints was highly 
expressed on TILs and participated in the regulation of host anticancer 
immunity in patients with CRC [153]. In addition, the co-expression of 
PD-1 with these novel immune checkpoints was reported, and associated 
with a inhibited immunity via reduced expression of IFN-γ in 
tumor-infiltrating CD8 + lymphocytes in CRC patients [55,154]. These 
findings suggested that using monotherapy with a single anti-PD-1 
monoclonal antibody might be not always enough to restore T-cells’ 
functionality in patients with CRC [155]. Furthermore, V-domain Ig 
Suppressor of T cell Activation (VISTA) is an immune checkpoint with 
inhibitory effects on the function of T cells [156]. Studies showed that 
targeting VISTA using an anti-VISTA antibody restored the function and 
T cells and remolded the tumor stroma, which enhanced host anticancer 
immunity [157]. Preliminary results from studies of the anti-LAG-3 
antibody in patients with advanced solid tumors showed that either 
the anti-LAG-3 antibody monotherapy or combination therapy with 
anti-PD1 antibody were well tolerated [158,159]. Many challenges 
remain. For example, to improve therapeutic efficacy, should all im
mune checkpoint pathways be blocked in patients with CRC ? Moreover, 
whether the clinicians can selectively offer a ICB to a CRC patient based 
on individual expression pattern of immune checkpoints is currently 
unknown, and how to optimize the current ICBs with novel ICBs also 
remains to be evaluated. 

Finally, how to convert a non-responder to a responder to ICBs in 
CRC patients with MSI-L or MSS remains a big challenge. Modifying 
epigenetic dysregulations, such as DNA methyltransferase inhibitors 
azacitidine and the histone deacetylation inhibitor entinostat, enhanced 
the therapeutic efficacy of anti-PD-1 mAb in metastatic CRC patients 
with MSS [31]. These encouraged results might in turn help the 
researcher to design more powerful and specific epigenetic therapies in 
the future. Several studies also highlighted an improved response in 
some patients with pMMR/MSI-L CRC receiving combinational thera
pies compared to monotherapies. Therefore, more specific, and sensitive 
studies/trials with new combinational designs are required. 
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I. Melero, B. Dréno, A. Khammari, R. Dummer, M. Levesque, Y. Koguchi, L. Fong, 
M. Lotem, M. Baniyash, H. Schmidt, I.M. Svane, G. Kroemer, A. Marabelle, 

G. Cui                                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref33
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref33
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref33
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref33
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref33
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref34
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref34
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref34
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref34
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref34
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref34
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref35
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref35
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref35
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref36
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref36
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref36
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref37
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref37
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref37
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref37
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref37
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref38
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref39
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref39
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref39
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref39
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref39
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref39
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref40
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref40
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref40
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref40
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref40
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref41
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref41
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref41
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref41
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref42
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref42
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref42
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref42
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref43
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref43
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref43
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref44
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref44
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref44
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref45
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref45
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref45
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref45
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref45
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref45
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref45
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref46
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref46
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref46
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref46
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref46
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref46
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref47
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref47
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref47
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref48
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref48
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref48
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref49
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref49
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref49
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref50
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref50
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref50
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref51
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref51
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref51
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref51
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref52
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref52
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref52
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref52
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref52
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref53
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref53
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref53
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref54
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref54
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref54
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref54
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref55
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref55
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref55
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref55
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref55
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref55
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref55
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref56
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref56
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref56
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref56
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref57
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref57
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref57
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref57
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref58
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref58
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref58
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref58
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref59
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref59
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref59
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref59
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref60
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref60
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref60
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref60
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref60
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref60
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref61
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref61
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref61
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref61
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref62
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref62
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref62
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref63
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref64
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref64
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref64
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref64
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref64
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref65
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref65
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref65
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref65
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref66
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref66
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref66
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref67
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref67
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref67
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref68
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref68
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref69
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref69
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref70
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref70
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref70
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref70
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71


Biomedicine & Pharmacotherapy 149 (2022) 112923

9

S. Michiels, A. Cavalcanti, M.J. Smyth, J.S. Weber, A.M. Eggermont, L. Zitvogel, 
Predictors of responses to immune checkpoint blockade in advanced melanoma, 
Nature, Communications 8 (1) (2017) 592. 

[74] Y. Zhang, Z. Sun, X. Mao, H. Wu, F. Luo, X. Wu, L. Zhou, J. Qin, L. Zhao, C. Bai, 
Impact of mismatch-repair deficiency on the colorectal cancer immune 
microenvironment, Oncotarget 8 (49) (2017) 85526–85536. 

[75] N.A. Rizvi, M.D. Hellmann, A. Snyder, P. Kvistborg, V. Makarov, J.J. Havel, 
W. Lee, J. Yuan, P. Wong, T.S. Ho, M.L. Miller, N. Rekhtman, A.L. Moreira, 
F. Ibrahim, C. Bruggeman, B. Gasmi, R. Zappasodi, Y. Maeda, C. Sander, E. 
B. Garon, T. Merghoub, J.D. Wolchok, T.N. Schumacher, T.A. Chan, Cancer 
immunology. Mutational landscape determines sensitivity to PD-1 blockade in 
non-small cell lung cancer, Science 348 (6230) (2015) 124–128. 

[76] Z. Gatalica, C. Snyder, T. Maney, A. Ghazalpour, D.A. Holterman, N. Xiao, 
P. Overberg, I. Rose, G.D. Basu, S. Vranic, H.T. Lynch, D.D. Von Hoff, O. Hamid, 
Programmed cell death 1 (PD-1) and its ligand (PD-L1) in common cancers and 
their correlation with molecular cancer type, Cancer Epidemiol. Biomark. Prev. 
23 (12) (2014) 2965–2970. 

[77] S. Liu, M. Gnen, Z.K. Stadler, M.R. Weiser, J.F. Hechtman, E. Vakiani, T. Wang, 
M. Vyas, U. Joneja, M. Al-Bayati, N.H. Segal, J.J. Smith, S. King, S. Guercio, 
P. Ntiamoah, A.J. Markowitz, L. Zhang, A. Cercek, J. Garcia-Aguilar, L.B. Saltz, L. 
A. Diaz, D.S. Klimstra, J. Shia, Cellular localization of PD-L1 expression in 
mismatch-repair-deficient and proficient colorectal carcinomas, Mod. Pathol. 32 
(1) (2019) 110–121. 

[78] S. Liu, P. Kong, X. Wang, L. Yang, C. Jiang, W. He, Q. Quan, J. Huang, Q. Xie, 
X. Xia, B. Zhang, L. Xia, Tumor microenvironment classification based on T-cell 
infiltration and PD-L1 in patients with mismatch repair-proficient and -deficient 
colorectal cancer, Oncol. Lett. 17 (2) (2019) 2335–2343. 

[79] T. Kikuchi, K. Mimura, H. Okayama, Y. Nakayama, K. Saito, L. Yamada, E. Endo, 
W. Sakamoto, S. Fujita, H. Endo, M. Saito, T. Momma, Z. Saze, S. Ohki, K. Kono, 
A subset of patients with MSS/MSI-low-colorectal cancer showed increased CD8( 
+) TILs together with up-regulated IFN-gamma, Oncol. Lett. 18 (6) (2019) 
5977–5985. 

[80] T. Noguchi, J.P. Ward, M.M. Gubin, C.D. Arthur, S.H. Lee, J. Hundal, M.J. Selby, 
R.F. Graziano, E.R. Mardis, A.J. Korman, R.D. Schreiber, Temporally Distinct PD- 
L1 Expression by Tumor and Host Cells Contributes to Immune Escape, Cancer 
Immunol. Res 5 (2) (2017) 106–117. 

[81] S.L. Topalian, C.G. Drake, D.M. Pardoll, Immune checkpoint blockade: a common 
denominator approach to cancer therapy, Cancer Cell 27 (4) (2015) 450–461. 

[82] X. Meng, Z. Huang, F. Teng, L. Xing, J. Yu, Predictive biomarkers in PD-1/PD-L1 
checkpoint blockade immunotherapy, Cancer Treat. Rev. 41 (10) (2015) 
868–876. 

[83] G. Chen, L. Wang, T. Diao, Y. Chen, C. Cao, X. Zhang, Analysis of immune-related 
signatures of colorectal cancer identifying two different immune phenotypes: 
Evidence for immune checkpoint inhibitor therapy, Oncol. Lett. 20 (1) (2020) 
517–524. 

[84] X. Wang, L. Yang, F. Huang, Q. Zhang, S. Liu, L. Ma, Z. You, Inflammatory 
cytokines IL-17 and TNF-alpha up-regulate PD-L1 expression in human prostate 
and colon cancer cells, Immunol. Lett. 184 (2017) 7–14. 

[85] D.V.F. Tauriello, S. Palomo-Ponce, D. Stork, A. Berenguer-Llergo, J. Badia- 
Ramentol, M. Iglesias, M. Sevillano, S. Ibiza, A. Canellas, X. Hernando-Momblona, 
D. Byrom, J.A. Matarin, A. Calon, E.I. Rivas, A.R. Nebreda, A. Riera, C.S. Attolini, 
E. Batlle, TGFbeta drives immune evasion in genetically reconstituted colon 
cancer metastasis, Nature 554 (7693) (2018) 538–543. 

[86] R.S. Herbst, J.C. Soria, M. Kowanetz, G.D. Fine, O. Hamid, M.S. Gordon, J. 
A. Sosman, D.F. McDermott, J.D. Powderly, S.N. Gettinger, H.E. Kohrt, L. Horn, 
D.P. Lawrence, S. Rost, M. Leabman, Y. Xiao, A. Mokatrin, H. Koeppen, P. 
S. Hegde, I. Mellman, D.S. Chen, F.S. Hodi, Predictive correlates of response to the 
anti-PD-L1 antibody MPDL3280A in cancer patients, Nature 515 (7528) (2014) 
563–567. 

[87] K. Buder-Bakhaya, J.C. Hassel, Biomarkers for Clinical Benefit of Immune 
Checkpoint Inhibitor Treatment-A Review From the Melanoma Perspective and 
Beyond, Front Immunol. 9 (2018) 1474. 

[88] J. Vento, A. Mulgaonkar, L. Woolford, K. Nham, A. Christie, A. Bagrodia, A.D. de 
Leon, R. Hannan, I. Bowman, R.M. McKay, P. Kapur, G. Hao, X. Sun, 
J. Brugarolas, PD-L1 detection using (89)Zr-atezolizumab immuno-PET in renal 
cell carcinoma tumorgrafts from a patient with favorable nivolumab response, 
J. Immunother. Cancer 7 (1) (2019) 144. 

[89] K.C. Yuen, L.F. Liu, V. Gupta, S. Madireddi, S. Keerthivasan, C. Li, D. Rishipathak, 
P. Williams, E.E. Kadel 3rd, H. Koeppen, Y.J. Chen, Z. Modrusan, J.L. Grogan, 
R. Banchereau, N. Leng, A. Thastrom, X. Shen, K. Hashimoto, D. Tayama, M. 
S. van der Heijden, J.E. Rosenberg, D.F. McDermott, T. Powles, P.S. Hegde, M. 
A. Huseni, S. Mariathasan, High systemic and tumor-associated IL-8 correlates 
with reduced clinical benefit of PD-L1 blockade, Nat. Med 26 (5) (2020) 693–698. 

[90] M.F. Sanmamed, J.L. Perez-Gracia, K.A. Schalper, J.P. Fusco, A. Gonzalez, M. 
E. Rodriguez-Ruiz, C. Onate, G. Perez, C. Alfaro, S. Martin-Algarra, M.P. Andueza, 
A. Gurpide, M. Morgado, J. Wang, A. Bacchiocchi, R. Halaban, H. Kluger, L. Chen, 
M. Sznol, I. Melero, Changes in serum interleukin-8 (IL-8) levels reflect and 
predict response to anti-PD-1 treatment in melanoma and non-small-cell lung 
cancer patients, Ann. Oncol. 28 (8) (2017) 1988–1995. 

[91] K.A. Schalper, M. Carleton, M. Zhou, T. Chen, Y. Feng, S.P. Huang, A.M. Walsh, 
V. Baxi, D. Pandya, T. Baradet, D. Locke, Q. Wu, T.P. Reilly, P. Phillips, 
V. Nagineni, N. Gianino, J. Gu, H. Zhao, J.L. Perez-Gracia, M.F. Sanmamed, 
I. Melero, Elevated serum interleukin-8 is associated with enhanced intratumor 
neutrophils and reduced clinical benefit of immune-checkpoint inhibitors, Nat. 
Med 26 (5) (2020) 688–692. 

[92] G. Cui, A. Yuan, R. Goll, J. Florholmen, IL-17A in the tumor microenvironment of 
the human colorectal adenoma-carcinoma sequence, Scand. J. Gastroenterol. 47 
(11) (2012) 1304–1312. 

[93] G. Cui, Z. Li, J. Florholmen, R. Goll, Dynamic stromal cellular reaction 
throughout human colorectal adenoma-carcinoma sequence: A role of TH17/IL- 
17A, Biomed. Pharm. 140 (2021), 111761. 

[94] X. Xi, R. Hu, Q. Wang, K. Xu, H. Yang, Z. Cui, Y. Zhang, M. Teng, L. Xia, J. Chen, 
Y. Liu, Interleukin-22 promotes PD-L1 expression via STAT3 in colon cancer cells, 
Oncol. Lett. 22 (4) (2021) 716. 

[95] G. Cui, Immune battle at the premalignant stage of colorectal cancer: focus on 
immune cell compositions, functions and cytokine products, Am. J. Cancer Res 10 
(5) (2020) 1308–1320. 

[96] G. Le Flahec, B. Badic, B. Guibourg, L. Doucet, J.P. Bail, P. Marcorelles, U. Schick, 
A. Uguen, Mismatch repair-deficient colorectal cancer: a model of immunogenic 
and immune cell-rich tumor despite nonsignificant programmed cell death 
ligand-1 expression in tumor cells, Hum. Pathol. 72 (2018) 135–143. 

[97] G. Rhyner Agocs, N. Assarzadegan, R. Kirsch, H. Dawson, J.A. Galvan, A. Lugli, 
I. Zlobec, M.D. Berger, LAG-3 Expression Predicts Outcome in Stage II Colon 
Cancer, J. Pers. Med 11 (8) (2021). 

[98] B. Routy, E. Le Chatelier, L. Derosa, C.P.M. Duong, M.T. Alou, R. Daillere, 
A. Fluckiger, M. Messaoudene, C. Rauber, M.P. Roberti, M. Fidelle, C. Flament, 
V. Poirier-Colame, P. Opolon, C. Klein, K. Iribarren, L. Mondragon, N. Jacquelot, 
B. Qu, G. Ferrere, C. Clemenson, L. Mezquita, J.R. Masip, C. Naltet, S. Brosseau, 
C. Kaderbhai, C. Richard, H. Rizvi, F. Levenez, N. Galleron, B. Quinquis, N. Pons, 
B. Ryffel, V. Minard-Colin, P. Gonin, J.C. Soria, E. Deutsch, Y. Loriot, 
F. Ghiringhelli, G. Zalcman, F. Goldwasser, B. Escudier, M.D. Hellmann, 
A. Eggermont, D. Raoult, L. Albiges, G. Kroemer, L. Zitvogel, Gut microbiome 
influences efficacy of PD-1-based immunotherapy against epithelial tumors, 
Science 359 (6371) (2018) 91–97. 

[99] V. Matson, J. Fessler, R. Bao, T. Chongsuwat, Y. Zha, M.L. Alegre, J.J. Luke, T. 
F. Gajewski, The commensal microbiome is associated with anti-PD-1 efficacy in 
metastatic melanoma patients, Science 359 (6371) (2018) 104–108. 

[100] B. Routy, V. Gopalakrishnan, R. Daillere, L. Zitvogel, J.A. Wargo, G. Kroemer, The 
gut microbiota influences anticancer immunosurveillance and general health, 
Nat. Rev. Clin. Oncol. 15 (6) (2018) 382–396. 

[101] I.J. Dikeocha, A.M. Al-Kabsi, E.E.M. Eid, S. Hussin, M.A. Alshawsh, Probiotics 
supplementation in patients with colorectal cancer: a systematic review of 
randomized controlled trials, Nutr Rev, 2021. 

[102] M. Vetizou, J.M. Pitt, R. Daillere, P. Lepage, N. Waldschmitt, C. Flament, 
S. Rusakiewicz, B. Routy, M.P. Roberti, C.P. Duong, V. Poirier-Colame, A. Roux, 
S. Becharef, S. Formenti, E. Golden, S. Cording, G. Eberl, A. Schlitzer, F. Ginhoux, 
S. Mani, T. Yamazaki, N. Jacquelot, D.P. Enot, M. Berard, J. Nigou, P. Opolon, 
A. Eggermont, P.L. Woerther, E. Chachaty, N. Chaput, C. Robert, C. Mateus, 
G. Kroemer, D. Raoult, I.G. Boneca, F. Carbonnel, M. Chamaillard, L. Zitvogel, 
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota, 
Science 350 (6264) (2015) 1079–1084. 

[103] W. Liao, M.J. Overman, A.T. Boutin, X. Shang, D. Zhao, P. Dey, J. Li, G. Wang, 
Z. Lan, J. Li, M. Tang, S. Jiang, X. Ma, P. Chen, R. Katkhuda, K. Korphaisarn, 
D. Chakravarti, A. Chang, D.J. Spring, Q. Chang, J. Zhang, D.M. Maru, D. 
Y. Maeda, J.A. Zebala, S. Kopetz, Y.A. Wang, R.A. DePinho, KRAS-IRF2 axis drives 
immune suppression and immune therapy resistance in colorectal cancer, Cancer 
Cell 35 (4) (2019) 559–572, e7. 

[104] M. Reece, H. Saluja, P. Hollington, C.S. Karapetis, S. Vatandoust, G.P. Young, E. 
L. Symonds, The Use of Circulating Tumor DNA to Monitor and Predict Response 
to Treatment in Colorectal Cancer, Front Genet 10 (2019) 1118. 

[105] M.J.A. Schoonderwoerd, M.F.M. Koops, R.A. Angela, B. Koolmoes, M. Toitou, 
M. Paauwe, M.C. Barnhoorn, Y. Liu, C.F.M. Sier, J.C.H. Hardwick, A.B. Nixon, C. 
P. Theuer, M.F. Fransen, L. Hawinkels, Targeting Endoglin-Expressing Regulatory 
T Cells in the Tumor Microenvironment Enhances the Effect of PD1 Checkpoint 
Inhibitor Immunotherapy, Clin. Cancer Res 26 (14) (2020) 3831–3842. 

[106] K.M. Heinhuis, W. Ros, M. Kok, N. Steeghs, J.H. Beijnen, J.H.M. Schellens, 
Enhancing antitumor response by combining immune checkpoint inhibitors with 
chemotherapy in solid tumors, Ann. Oncol. 30 (2) (2019) 219–235. 

[107] S. Shahda, A.M. Noonan, T.S. Bekaii-Saab, B.H. O’Neil, A. Sehdev, W.L. Shaib, P. 
R. Helft, P.J. Loehrer, Y. Tong, Z. Liu, B.F. El-Rayes, A phase II study of 
pembrolizumab in combination with mFOLFOX6 for patients with advanced 
colorectal cancer, J. Clin. Oncol. 35 (15_suppl) (2017), 3541-3541. 

[108] X. Cai, B. Wei, L. Li, X. Chen, W. Liu, J. Cui, Y. Lin, Y. Sun, Q. Xu, W. Guo, Y. Gu, 
Apatinib enhanced anti-PD-1 therapy for colon cancer in mice via promoting PD- 
L1 expression, Int Immunopharmacol. 88 (2020), 106858. 

[109] V. Volpin, T. Michels, A. Sorrentino, A.N. Menevse, G. Knoll, M. Ditz, V. 
M. Milenkovic, C.Y. Chen, A. Rathinasamy, K. Griewank, M. Boutros, 
S. Haferkamp, M. Berneburg, C.H. Wetzel, A. Seckinger, D. Hose, H. Goldschmidt, 
M. Ehrenschwender, M. Witzens-Harig, A. Szoor, G. Vereb, N. Khandelwal, 
P. Beckhove, CAMK1D Triggers Immune Resistance of Human Tumor Cells 
Refractory to Anti-PD-L1 Treatment, Cancer Immunol. Res 8 (9) (2020) 
1163–1179. 

[110] C. Hutmacher, N. Gonzalo Nunez, A.R. Liuzzi, B. Becher, D. Neri, Targeted 
Delivery of IL2 to the Tumor Stroma Potentiates the Action of Immune 
Checkpoint Inhibitors by Preferential Activation of NK and CD8(+) T Cells, 
Cancer Immunol. Res 7 (4) (2019) 572–583. 

[111] A. Puccini, F. Battaglin, M.L. Iaia, H.J. Lenz, M.E. Salem, Overcoming resistance 
to anti-PD1 and anti-PD-L1 treatment in gastrointestinal malignancies, 
J. Immunother. Cancer 8 (1) (2020). 

G. Cui                                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref71
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref72
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref72
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref72
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref73
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref73
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref73
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref73
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref73
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref73
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref74
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref74
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref74
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref74
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref74
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref75
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref75
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref75
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref75
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref75
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref75
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref76
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref76
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref76
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref76
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref77
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref77
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref77
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref77
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref77
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref78
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref78
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref78
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref78
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref79
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref79
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref80
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref80
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref80
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref81
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref81
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref81
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref81
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref82
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref82
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref82
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref83
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref83
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref83
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref83
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref83
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref84
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref84
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref84
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref84
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref84
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref84
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref85
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref85
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref85
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref86
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref86
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref86
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref86
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref86
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref87
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref87
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref87
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref87
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref87
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref87
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref88
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref88
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref88
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref88
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref88
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref88
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref89
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref89
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref89
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref89
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref89
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref89
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref90
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref90
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref90
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref91
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref91
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref91
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref92
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref92
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref92
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref93
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref93
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref93
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref94
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref94
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref94
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref94
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref95
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref95
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref95
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref96
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref97
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref97
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref97
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref98
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref98
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref98
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref99
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref100
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref100
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref100
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref100
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref100
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref100
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref101
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref101
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref101
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref102
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref102
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref102
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref102
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref102
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref103
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref103
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref103
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref104
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref104
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref104
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref104
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref105
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref105
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref105
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref106
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref106
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref106
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref106
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref106
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref106
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref106
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref107
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref107
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref107
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref107
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref108
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref108
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref108


Biomedicine & Pharmacotherapy 149 (2022) 112923

10

[112] B.B. Finlay, R. Goldszmid, K. Honda, G. Trinchieri, J. Wargo, L. Zitvogel, Can we 
harness the microbiota to enhance the efficacy of cancer immunotherapy? Nat. 
Rev. Immunol. 20 (9) (2020) 522–528. 

[113] Z. Dai, J. Zhang, Q. Wu, H. Fang, C. Shi, Z. Li, C. Lin, D. Tang, D. Wang, Intestinal 
microbiota: a new force in cancer immunotherapy, Cell Commun. Signal 18 (1) 
(2020) 90. 

[114] V. Gopalakrishnan, C.N. Spencer, L. Nezi, A. Reuben, M.C. Andrews, T. 
V. Karpinets, P.A. Prieto, D. Vicente, K. Hoffman, S.C. Wei, A.P. Cogdill, L. Zhao, 
C.W. Hudgens, D.S. Hutchinson, T. Manzo, M. Petaccia de Macedo, T. Cotechini, 
T. Kumar, W.S. Chen, S.M. Reddy, R. Szczepaniak Sloane, J. Galloway-Pena, 
H. Jiang, P.L. Chen, E.J. Shpall, K. Rezvani, A.M. Alousi, R.F. Chemaly, 
S. Shelburne, L.M. Vence, P.C. Okhuysen, V.B. Jensen, A.G. Swennes, 
F. McAllister, E. Marcelo Riquelme Sanchez, Y. Zhang, E. Le Chatelier, L. Zitvogel, 
N. Pons, J.L. Austin-Breneman, L.E. Haydu, E.M. Burton, J.M. Gardner, 
E. Sirmans, J. Hu, A.J. Lazar, T. Tsujikawa, A. Diab, H. Tawbi, I.C. Glitza, W. 
J. Hwu, S.P. Patel, S.E. Woodman, R.N. Amaria, M.A. Davies, J.E. Gershenwald, 
P. Hwu, J.E. Lee, J. Zhang, L.M. Coussens, Z.A. Cooper, P.A. Futreal, C.R. Daniel, 
N.J. Ajami, J.F. Petrosino, M.T. Tetzlaff, P. Sharma, J.P. Allison, R.R. Jenq, J. 
A. Wargo, Gut microbiome modulates response to anti-PD-1 immunotherapy in 
melanoma patients, Science 359 (6371) (2018) 97–103. 

[115] N. Iida, A. Dzutsev, C.A. Stewart, L. Smith, N. Bouladoux, R.A. Weingarten, D. 
A. Molina, R. Salcedo, T. Back, S. Cramer, R.M. Dai, H. Kiu, M. Cardone, S. Naik, 
A.K. Patri, E. Wang, F.M. Marincola, K.M. Frank, Y. Belkaid, G. Trinchieri, R. 
S. Goldszmid, Commensal bacteria control cancer response to therapy by 
modulating the tumor microenvironment, Science 342 (6161) (2013) 967–970. 

[116] D. Killock, Immunotherapy: Gut bacteria modulate responses to PD-1 blockade, 
Nat. Rev. Clin. Oncol. 15 (1) (2018) 6–7. 

[117] D. Davar, A.K. Dzutsev, J.A. McCulloch, R.R. Rodrigues, J.M. Chauvin, R. 
M. Morrison, R.N. Deblasio, C. Menna, Q. Ding, O. Pagliano, B. Zidi, S. Zhang, J. 
H. Badger, M. Vetizou, A.M. Cole, M.R. Fernandes, S. Prescott, R.G.F. Costa, A. 
K. Balaji, A. Morgun, I. Vujkovic-Cvijin, H. Wang, A.A. Borhani, M.B. Schwartz, H. 
M. Dubner, S.J. Ernst, A. Rose, Y.G. Najjar, Y. Belkaid, J.M. Kirkwood, 
G. Trinchieri, H.M. Zarour, Fecal microbiota transplant overcomes resistance to 
anti-PD-1 therapy in melanoma patients, Science 371 (6529) (2021) 595–602. 

[118] G. Ferrere, M. Tidjani Alou, P. Liu, A.G. Goubet, M. Fidelle, O. Kepp, S. Durand, 
V. Iebba, A. Fluckiger, R. Daillere, C. Thelemaque, C. Grajeda-Iglesias, C. Alves 
Costa Silva, F. Aprahamian, D. Lefevre, L. Zhao, B. Ryffel, E. Colomba, 
M. Arnedos, D. Drubay, C. Rauber, D. Raoult, F. Asnicar, T. Spector, N. Segata, 
L. Derosa, G. Kroemer, L. Zitvogel, Ketogenic diet and ketone bodies enhance the 
anticancer effects of PD-1 blockade, JCI Insight 6 (2) (2021). 

[119] J.C. Bendell, T.W. Kim, B.C. Goh, J. Wallin, D.-Y. Oh, S.-W. Han, C.B. Lee, M. 
D. Hellmann, J. Desai, J.H. Lewin, B.J. Solomon, L.Q.M. Chow, W.H. Miller, J. 
F. Gainor, K. Flaherty, J.R. Infante, M. Das-Thakur, P. Foster, E. Cha, Y.-J. Bang, 
Clinical activity and safety of cobimetinib (Cobi) and atezolizumab in colorectal 
cancer (CRC), J. Clin. Oncol. 15 (suppl) (2016) 3502. 

[120] R. Colle, R. Cohen, D. Cochereau, A. Duval, O. Lascols, D. Lopez-Trabada, 
P. Afchain, I. Trouilloud, Y. Parc, J.H. Lefevre, J.F. Flejou, M. Svrcek, T. Andre, 
Immunotherapy and patients treated for cancer with microsatellite instability, 
Bull. Cancer 104 (1) (2017) 42–51. 

[121] A. Naboush, C.A. Roman, I. Shapira, Immune checkpoint inhibitors in 
malignancies with mismatch repair deficiency: a review of the state of the current 
knowledge, J. Invest. Med 65 (4) (2017) 754–758. 

[122] A. Patnaik, S.P. Kang, D. Rasco, K.P. Papadopoulos, J. Elassaiss-Schaap, 
M. Beeram, R. Drengler, C. Chen, L. Smith, G. Espino, K. Gergich, L. Delgado, 
A. Daud, J.A. Lindia, X.N. Li, R.H. Pierce, J.H. Yearley, D. Wu, O. Laterza, 
M. Lehnert, R. Iannone, A.W. Tolcher, Phase I Study of Pembrolizumab (MK- 
3475; Anti-PD-1 Monoclonal Antibody) in Patients with Advanced Solid Tumors, 
Clin. Cancer Res 21 (19) (2015) 4286–4293. 

[123] J.R. Brahmer, C.G. Drake, I. Wollner, J.D. Powderly, J. Picus, W.H. Sharfman, 
E. Stankevich, A. Pons, T.M. Salay, T.L. McMiller, M.M. Gilson, C. Wang, 
M. Selby, J.M. Taube, R. Anders, L. Chen, A.J. Korman, D.M. Pardoll, I. Lowy, S. 
L. Topalian, Phase I study of single-agent anti-programmed death-1 (MDX-1106) 
in refractory solid tumors: safety, clinical activity, pharmacodynamics, and 
immunologic correlates, J. Clin. Oncol. 28 (19) (2010) 3167–3175. 

[124] S.L. Topalian, F.S. Hodi, J.R. Brahmer, S.N. Gettinger, D.C. Smith, D. 
F. McDermott, J.D. Powderly, R.D. Carvajal, J.A. Sosman, M.B. Atkins, P. 
D. Leming, D.R. Spigel, S.J. Antonia, L. Horn, C.G. Drake, D.M. Pardoll, L. Chen, 
W.H. Sharfman, R.A. Anders, J.M. Taube, T.L. McMiller, H. Xu, A.J. Korman, 
M. Jure-Kunkel, S. Agrawal, D. McDonald, G.D. Kollia, A. Gupta, J.M. Wigginton, 
M. Sznol, Safety, activity, and immune correlates of anti-PD-1 antibody in cancer, 
N. Engl. J. Med 366 (26) (2012) 2443–2454. 

[125] M. Yarchoan, A. Hopkins, E.M. Jaffee, Tumor mutational burden and response 
rate to PD-1 inhibition, N. Engl. J. Med 377 (25) (2017) 2500–2501. 

[126] J. Gong, C. Wang, P.P. Lee, P. Chu, M. Fakih, Response to PD-1 blockade in 
microsatellite stable metastatic colorectal cancer harboring a POLE mutation, 
J. Natl. Compr. Canc Netw. 15 (2) (2017) 142–147. 

[127] B.H. O’Neil, J.M. Wallmark, D. Lorente, E. Elez, J. Raimbourg, C. Gomez-Roca, 
S. Ejadi, S.A. Piha-Paul, M.N. Stein, A.R. Abdul Razak, K. Dotti, A. Santoro, R. 
B. Cohen, M. Gould, S. Saraf, K. Stein, S.W. Han, Safety and antitumor activity of 
the anti-PD-1 antibody pembrolizumab in patients with advanced colorectal 
carcinoma, PloS One 12 (12) (2017), e0189848. 

[128] M.J. Overman, R. McDermott, J.L. Leach, S. Lonardi, H.J. Lenz, M.A. Morse, 
J. Desai, A. Hill, M. Axelson, R.A. Moss, M.V. Goldberg, Z.A. Cao, J.M. Ledeine, G. 
A. Maglinte, S. Kopetz, T. Andre, Nivolumab in patients with metastatic DNA 
mismatch repair-deficient or microsatellite instability-high colorectal cancer 

(CheckMate 142): an open-label, multicentre, phase 2 study, Lancet Oncol. 18 (9) 
(2017) 1182–1191. 

[129] R. Breakstone, Colon cancer and immunotherapy-can we go beyond microsatellite 
instability? Transl. Gastroenterol. Hepatol. 6 (2021) 12. 

[130] S. Emambux, G. Tachon, A. Junca, D. Tougeron, Results and challenges of 
immune checkpoint inhibitors in colorectal cancer, Expert Opin. Biol. Ther. 18 (5) 
(2018) 561–573. 

[131] G. Zhou, L. Noordam, D. Sprengers, M. Doukas, P.P.C. Boor, A.A. van Beek, 
R. Erkens, S. Mancham, D. Grunhagen, A.G. Menon, J.F. Lange, P. Burger, 
A. Brandt, B. Galjart, C. Verhoef, J. Kwekkeboom, M.J. Bruno, Blockade of LAG3 
enhances responses of tumor-infiltrating T cells in mismatch repair-proficient 
liver metastases of colorectal cancer, Oncoimmunology 7 (7) (2018), e1448332. 

[132] E. Garralda, A. Sukari, N.J. Lakhani, A. Patnaik, Y. Lou, S.-A. Im, T. Golan, 
R. Geva, M. Wermke, M.D. Miguel, J. Palcza, S. Jha, M.F. Chaney, J.A. Healy, G. 
S. Falchook, A phase 1 first-in-human study of the anti-LAG-3 antibody MK4280 
(favezelimab) plus pembrolizumab in previously treated, advanced microsatellite 
stable colorectal cancer, J. Clin. Oncol. 39 (15_suppl) (2021), 3584-3584. 

[133] Y. Wang, B. Wei, J. Gao, X. Cai, L. Xu, H. Zhong, B. Wang, Y. Sun, W. Guo, Q. Xu, 
Y. Gu, Combination of Fruquintinib and Anti-PD-1 for the Treatment of Colorectal 
Cancer, J. Immunol. (2020). 

[134] J.H. Strickler, B.A. Hanks, M. Khasraw, Tumor Mutational Burden as a Predictor 
of Immunotherapy Response: Is More Always Better? Clin. Cancer Res 27 (5) 
(2021) 1236–1241. 

[135] D.M. Lussier, E. Alspach, J.P. Ward, A.P. Miceli, D. Runci, J.M. White, C. Mpoy, C. 
D. Arthur, H.N. Kohlmiller, T. Jacks, M.N. Artyomov, B.E. Rogers, R.D. Schreiber, 
Radiation-induced neoantigens broaden the immunotherapeutic window of 
cancers with low mutational loads, Proc. Natl. Acad. Sci. USA 118 (24) (2021). 

[136] C. Twyman-Saint Victor, A.J. Rech, A. Maity, R. Rengan, K.E. Pauken, E. Stelekati, 
J.L. Benci, B. Xu, H. Dada, P.M. Odorizzi, R.S. Herati, K.D. Mansfield, D. Patsch, R. 
K. Amaravadi, L.M. Schuchter, H. Ishwaran, R. Mick, D.A. Pryma, X. Xu, M. 
D. Feldman, T.C. Gangadhar, S.M. Hahn, E.J. Wherry, R.H. Vonderheide, A. 
J. Minn, Radiation and dual checkpoint blockade activate non-redundant immune 
mechanisms in cancer, Nature 520 (7547) (2015) 373–377. 

[137] N.H. Segal, N.E. Kemeny, A. Cercek, D.L. Reidy, P.J. Raasch, P. Warren, A. 
E. Hrabovsky, N. Campbell, J. Shia, K.A. Goodman, J.P. Erinjeri, S.B. Solomon, 
Y. Yamada, L. Saltz, Non-randomized phase II study to assess the efficacy of 
pembrolizumab (Pem) plus radiotherapy (RT) or ablation in mismatch repair 
proficient (pMMR) metastatic colorectal cancer (mCRC) patients, J. Clin. Oncol. 
34 (15_suppl) (2016), 3539-3539. 

[138] A.A. Turk, S.J. Lubner, N.V. Uboha, N.K. LoConte, D. Mulkerin, D.H. Kim, 
K. Matkowskyj, S.M. Weber, D. Abbott, J.C. Eickhoff, M.F. Bassetti, D.A. Deming, 
A phase Ib study of pembrolizumab (Pem) in combination with stereotactic body 
radiotherapy (SBRT) for resectable liver metastatic colorectal cancer (CRC), 
J. Clin. Oncol. 37 (4_suppl) (2019), 680-680. 

[139] G. Yu, Y. Wu, W. Wang, J. Xu, X. Lv, X. Cao, T. Wan, Low-dose decitabine 
enhances the effect of PD-1 blockade in colorectal cancer with microsatellite 
stability by re-modulating the tumor microenvironment, Cell Mol. Immunol. 16 
(4) (2019) 401–409. 

[140] L. Wang, H. Hui, K. Agrawal, Y. Kang, N. Li, R. Tang, J. Yuan, T.M. Rana, m(6) A 
RNA methyltransferases METTL3/14 regulate immune responses to anti-PD-1 
therapy, EMBO J. 39 (20) (2020), e104514. 

[141] J.A. Willis, M.J. Overman, E. Vilar, Mismatch Repair-Proficient Colorectal Cancer: 
Finding the Right TiME to Respond, Clin. Cancer Res 25 (17) (2019) 5185–5187. 

[142] C. Liu, R. Liu, B. Wang, J. Lian, Y. Yao, H. Sun, C. Zhang, L. Fang, X. Guan, J. Shi, 
S. Han, F. Zhan, S. Luo, Y. Yao, T. Zheng, Y. Zhang, Blocking IL-17A enhances 
tumor response to anti-PD-1 immunotherapy in microsatellite stable colorectal 
cancer, J. Immunother. Cancer 9 (1) (2021). 

[143] K. Van der Jeught, Y. Sun, Y. Fang, Z. Zhou, H. Jiang, T. Yu, J. Yang, M. 
M. Kamocka, K.M. So, Y. Li, H. Eyvani, G.E. Sandusky, M. Frieden, H. Braun, 
R. Beyaert, X. He, X. Zhang, C. Zhang, S. Paczesny, X. Lu, ST2 as checkpoint target 
for colorectal cancer immunotherapy, JCI Insight 5 (9) (2020). 

[144] G. Cui, A. Yuan, Z. Li, R. Goll, J. Florholmen, ST2 and regulatory T cells in the 
colorectal adenoma/carcinoma microenvironment: implications for diseases 
progression and prognosis, Sci. Rep. 10 (1) (2020) 5892. 

[145] L. Abou-Elkacem, S. Arns, G. Brix, F. Gremse, D. Zopf, F. Kiessling, W. Lederle, 
Regorafenib inhibits growth, angiogenesis, and metastasis in a highly aggressive, 
orthotopic colon cancer model, Mol. Cancer Ther. 12 (7) (2013) 1322–1331. 

[146] S. Fukuoka, H. Hara, N. Takahashi, T. Kojima, A. Kawazoe, M. Asayama, 
T. Yoshii, D. Kotani, H. Tamura, Y. Mikamoto, N. Hirano, M. Wakabayashi, 
S. Nomura, A. Sato, T. Kuwata, Y. Togashi, H. Nishikawa, K. Shitara, Regorafenib 
Plus Nivolumab in Patients With Advanced Gastric or Colorectal Cancer: An 
Open-Label, Dose-Escalation, and Dose-Expansion Phase Ib Trial (REGONIVO, 
EPOC1603), J. Clin. Oncol. 38 (18) (2020) 2053–2061. 

[147] N. Huyghe, P. Baldin, M. Van den Eynde, Immunotherapy with immune 
checkpoint inhibitors in colorectal cancer: what is the future beyond deficient 
mismatch-repair tumours? Gastroenterol. Rep. (Oxf. ) 8 (1) (2020) 11–24. 

[148] D.T. Le, V.M. Hubbard-Lucey, M.A. Morse, C.R. Heery, A. Dwyer, T.H. Marsilje, A. 
N. Brodsky, E. Chan, D.A. Deming, L.A. Diaz Jr., W.H. Fridman, R.M. Goldberg, S. 
R. Hamilton, F. Housseau, E.M. Jaffee, S.P. Kang, S.S. Krishnamurthi, C.H. Lieu, 
W. Messersmith, C.L. Sears, N.H. Segal, A. Yang, R.A. Moss, E. Cha, J. O’Donnell- 
Tormey, N. Roach, A.Q. Davis, K. McAbee, S. Worrall, A.B. Benson, A Blueprint to 
Advance Colorectal Cancer Immunotherapies, Cancer Immunol. Res 5 (11) (2017) 
942–949. 

[149] N. Li, Y. Kang, L. Wang, S. Huff, R. Tang, H. Hui, K. Agrawal, G.M. Gonzalez, 
Y. Wang, S.P. Patel, T.M. Rana, ALKBH5 regulates anti-PD-1 therapy response by 

G. Cui                                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref109
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref109
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref109
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref110
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref110
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref110
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref111
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref112
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref112
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref112
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref112
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref112
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref113
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref113
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref114
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref114
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref114
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref114
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref114
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref114
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref114
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref115
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref115
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref115
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref115
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref115
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref115
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref116
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref116
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref116
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref116
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref116
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref117
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref117
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref117
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref117
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref118
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref118
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref118
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref119
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref119
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref119
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref119
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref119
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref119
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref120
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref120
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref120
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref120
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref120
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref120
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref121
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref121
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref121
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref121
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref121
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref121
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref121
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref122
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref122
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref123
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref123
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref123
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref124
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref124
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref124
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref124
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref124
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref125
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref125
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref125
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref125
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref125
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref125
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref126
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref126
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref127
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref127
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref127
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref128
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref128
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref128
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref128
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref128
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref129
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref129
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref129
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref129
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref129
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref130
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref130
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref130
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref131
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref131
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref131
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref132
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref132
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref132
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref132
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref133
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref133
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref133
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref133
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref133
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref133
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref134
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref134
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref134
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref134
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref134
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref134
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref135
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref135
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref135
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref135
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref135
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref136
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref136
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref136
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref136
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref137
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref137
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref137
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref138
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref138
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref139
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref139
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref139
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref139
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref140
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref140
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref140
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref140
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref141
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref141
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref141
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref142
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref142
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref142
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref143
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref143
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref143
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref143
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref143
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref143
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref144
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref144
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref144
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref145
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref145
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref145
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref145
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref145
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref145
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref145
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref146
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref146


Biomedicine & Pharmacotherapy 149 (2022) 112923

11

modulating lactate and suppressive immune cell accumulation in tumor 
microenvironment, Proc. Natl. Acad. Sci. USA 117 (33) (2020) 20159–20170. 

[150] C. Alves Costa Silva, F. Facchinetti, B. Routy, L. Derosa, New pathways in immune 
stimulation: targeting OX40, ESMO Open 5 (1) (2020). 

[151] E.R. Leeming, A.J. Johnson, T.D. Spector, C.I. Le Roy, Effect of Diet on the Gut 
Microbiota: Rethinking Intervention Duration, Nutrients 11 (12) (2019). 

[152] A. Popovic, E.M. Jaffee, N. Zaidi, Emerging strategies for combination checkpoint 
modulators in cancer immunotherapy, J. Clin. Invest 128 (8) (2018) 3209–3218. 

[153] N.C. Blessin, R. Simon, M. Kluth, K. Fischer, C. Hube-Magg, W. Li, G. Makrypidi- 
Fraune, B. Wellge, T. Mandelkow, N.F. Debatin, D. Hoflmayer, M. Lennartz, 
G. Sauter, J.R. Izbicki, S. Minner, F. Buscheck, R. Uhlig, D. Dum, T. Krech, A. 
M. Luebke, C. Wittmer, F. Jacobsen, E.C. Burandt, S. Steurer, W. Wilczak, 
A. Hinsch, Patterns of TIGIT Expression in Lymphatic Tissue, Inflammation, and 
Cancer, Dis. Markers 2019 (2019), 5160565. 

[154] B. Xu, L. Yuan, Q. Gao, P. Yuan, P. Zhao, H. Yuan, H. Fan, T. Li, P. Qin, L. Han, 
W. Fang, Z. Suo, Circulating and tumor-infiltrating Tim-3 in patients with 
colorectal cancer, Oncotarget 6 (24) (2015) 20592–20603. 

[155] A. Gorzo, D. Galos, S.R. Volovat, C.V. Lungulescu, C. Burz, D. Sur, Landscape of 
immunotherapy options for colorectal cancer: current knowledge and future 
perspectives beyond immune checkpoint blockade, Life (Basel) 12 (2) (2022). 

[156] M.A. ElTanbouly, W. Croteau, R.J. Noelle, J.L. Lines, VISTA: a novel 
immunotherapy target for normalizing innate and adaptive immunity, Semin 
Immunol. 42 (2019), 101308. 

[157] J.A. Marin-Acevedo, B. Dholaria, A.E. Soyano, K.L. Knutson, S. Chumsri, Y. Lou, 
Next generation of immune checkpoint therapy in cancer: new developments and 
challenges, J. Hematol. Oncol. 11 (1) (2018) 39. 

[158] K.P. Papadopoulos, N.J. Lakhani, M.L. Johnson, H. Park, D. Wang, T.A. Yap, 
A. Dowlati, R.G. Maki, F. Lynce, S.V. Ulahannan, K. Kelly, T.N. Sims, A.- 
L. Bredlau, D. Bramble, A. Gonzalez Ortiz, M. Zhu, H. Chen, M. Karasarides, 
G. Kroog, First-in-human study of REGN3767 (R3767), a human LAG-3 
monoclonal antibody (mAb), ± cemiplimab in patients (pts) with advanced 
malignancies, J. Clin. Oncol. 37 (15_suppl) (2019), 2508-2508. 

[159] J.J. Harding, A. Patnaik, V. Moreno, M. Stein, A.M. Jankowska, N. Velez de 
Mendizabal, Z. Tina Liu, M. Koneru, E. Calvo, A phase Ia/Ib study of an anti-TIM- 
3 antibody (LY3321367) monotherapy or in combination with an anti-PD-L1 
antibody (LY3300054): Interim safety, efficacy, and pharmacokinetic findings in 
advanced cancers, J. Clin. Oncol. 37 (8_suppl) (2019), 12-12. 

G. Cui                                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref146
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref146
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref147
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref147
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref148
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref148
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref149
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref149
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref150
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref150
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref150
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref150
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref150
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref150
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref151
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref151
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref151
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref152
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref152
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref152
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref153
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref153
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref153
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref154
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref154
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref154
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref155
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref155
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref155
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref155
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref155
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref155
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref156
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref156
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref156
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref156
http://refhub.elsevier.com/S0753-3322(22)00312-2/sbref156

	Towards a precision immune checkpoint blockade immunotherapy in patients with colorectal cancer: Strategies and perspectives
	1 Introduction
	2 Search strategy and selection criteria
	2.1 Literature search strategy and overview
	2.2 Inclusion and exclusion criteria

	3 The early identification of candidates who will benefit from ICB immunotherapy in patients with CRC
	3.1 MSI sub-phenotypes
	3.2 TMB
	3.3 Populations of immunosuppressive cells and CD8+ T lymphocytes within the CRC tumor microenvironment (TME)
	3.4 Immune checkpoint molecular levels
	3.5 Cytokine expression levels
	3.6 Novel biomarkers

	4 Potential strategies for the management of lost response or acquired resistance to ICBs in a primary responder CRC with d ...
	4.1 Double or many combinational ICBs
	4.2 Combinations of ICBs with other anti-tumor bioagents/therapeutics
	4.3 Manipulating the profile of gut microbiome

	5 Potential strategies for the management of primary resistance to ICBs in CRCs with pMMR/MSI-L
	5.1 Anti-LAG3 ICB immunotherapy
	5.2 Combined ICBs with other anti-cancer bioagents
	5.3 Combined with radiation
	5.4 Modifying epigenetic dysregulations
	5.5 ICBs combined with cytokine antibody
	5.6 Re-modeling the CRC TME

	6 Conclusions and perspectives
	Funding
	CRediT authorship contribution statement
	Conflict of interest statement
	References


