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Abstract
Purpose of Review This review examines the pathophysiological features of microsatellite instability (MSI) high colorectal
cancer and discusses recent clinical studies of immune checkpoint inhibitors for MSI high colorectal cancer.
Recent Findings Emerging clinical data demonstrated durable clinical activity and safety of PD-1 blockade agents in diverse
cancers, and PD-1 blockade agents have led to a paradigm shift in the cancer therapy. Although initial clinical data showed
disappointing result of anti-PD-1 therapy in unselected metastatic colorectal cancer, recent data demonstrated promising results
with significant anticancer activity of PD-1 blockade in colorectal cancers with microsatellite instability which have highly
immunogenic tumor microenvironment.
Summary Anti-PD-1 therapy demonstrated durable clinical activity and safety, and it has changed the landscape of cancer
therapy inMSI high colorectal cancer. Further studies with better understanding of tumor microenvironment will improve clinical
outcomes of colorectal cancer.
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Introduction

Despite significant improvement in the survival of the colo-
rectal cancer patients over the past decade with new drugs
such as regorafenib and trifluridine/tipiracil, almost all pa-
tients with metastatic disease will succumb to the disease,
resulting in more than 50,000 deaths yearly [1]. Therefore,
new treatment strategies are needed to further improve the
outcome of metastatic colorectal cancer patients.

The rapid advances in tumor immunology have improved
the understanding of key regulators of T cell response and
have led to the development of new immunotherapeutic ap-
proach targeting immune checkpoint such as cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) and programmed
death-1 (PD-1). Several different antibodies blocking PD-1/
PD-L1 pathway have been extensively studied in a wide

spectrum of malignancies. These efforts are rapidly translating
into remarkable success of PD-1 and PD-L1 blockade agents
such as atezolizumab, avelumab, durvalumab, nivolumab, and
pembrolizumab in diverse cancers. Unfortunately, the remark-
able success was not replicated with metastatic colorectal can-
cer. However, several data suggested that a subset of colorec-
tal cancers with alterations in the mismatch repair (MMR)
pathway that causes high levels of microsatellite instability
have highly immunogenic tumor microenvironment, and fur-
ther clinical studies demonstrated significant anticancer activ-
ity of PD-1 blockade therapy in this subset of colorectal can-
cers [2••, 3]. In this paper, we will attempt to concisely sum-
marize clinical data of colorectal cancer with microsatellite
instability and their response to immune checkpoint inhibitors.

Microsatellite Instability

Pathogenesis

Microsatellites are repeat sequences of one to six base pairs
(tandem DNA repeats) and are scattered throughout coding
and noncoding regions of genome. Microsatellites are prone
to DNA replication errors such as frameshift and missense
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mutations due to slippage of DNA polymerase. Usually, DNA
MMR system corrects nucleotide mismatches to maintain ge-
nomic stability during DNA replication. Microsatellite insta-
bility (MSI) is the DNA replication error caused by a dysfunc-
tion of the DNA MMR system, and it is a well-established
pathway of tumorigenesis in colorectal cancer [4]. Germline
mutations in one of the MMR genes includingMLH1,MSH2,
MSH6, and PMS2 can induce hereditary non-polyposis colon
cancer (Lynch syndrome) which accounts for 3% of all colo-
rectal cancer [5]. Somatic defects in MMR system mainly
through epigenetic inactivation from hypermethylation of the
MLH1 promoter are observed in 15% of colorectal cancers
[6]. This subset of colorectal cancers with dysfunction of
MMR has distinct clinicopathological features in addition to
high mutation burden and microsatellite instability-high
(MSI-high). Molecularly, BRAF V600E mutation is one of
the most frequent genetic alterations, and fewer APC, KRAS,
and TP53 mutations were observed in colorectal cancer with
dysfunction of MMR [6]. MMR-deficient colorectal cancers
are associated with mucinous histology, signet-ring cell differ-
entiation, poor differentiation, intra- and peritumoral lympho-
cytic infiltration, and a Crohn’s-like lymphocytic infiltration
[7, 8]. Clinically, patients with MSI-high colorectal cancer
tend to be younger and to have primary tumor in the right-
sided colon [7, 9]. Although mucinous histology, signet-ring
cell differentiation, poor differentiation, and right-sided colon
are known poor prognostic factors [10–12], and MSI-high
colorectal cancers are more likely to have these poor prognos-
tic features, MSI-high colorectal cancers have a relatively fa-
vorable clinical outcome and reduced likelihood of metastasis
in localized disease [13]. In contrast, the prognostic impact of
microsatellite instability is not clear in metastatic advanced
colorectal cancer. Some clinical data demonstrated poor clin-
ical outcome of MSI-high metastatic colorectal cancer [14,
15], which may be attributed to strong expression of immune
suppressive checkpoint proteins including PD-L1, CTLA-4,
LAG-3, and indoleamine 2,3-dioxygenase (IDO) in tumor mi-
croenvironment [16•], limited use of EGFR inhibitors [17],
and high frequency of poor prognostic BRAF mutations [15].

Immunological Feature of MSI-High Colorectal Cancer

Without the functional MMR system to correct DNA replica-
tion errors, MMR-deficient tumors harbor greater than 100-fold
frameshift and missense mutations compared to MMR-
proficient tumors [18]. These new mutations can induce new
peptide sequence (neoantigens) which can be recognized as
non-self by immune cells and elicit cytotoxic T cell immune
response. Several data demonstrated infiltration of abundant
immune cells including activated cytotoxic CD8 T cells with
high concentration of cytotoxic granules (granzyme B and
perforins) and mature dendritic cells with an activated dendritic
cell marker (CD208) expression in tumor microenvironment of

MSI-high tumors [19–21]. The tumor-infiltrating lymphocytes
(TILs) and Crohn’s-like lymphoid reaction (peritumoral lym-
phoid aggregates) are commonly observed inMSI-high tumors,
and they are well-known prognostic markers in colorectal can-
cer [22, 23], suggesting that MSI-high tumors can induce anti-
tumor immunity, and the antitumor immunity may delay cancer
progression. However, tumor cells can upregulate immune
checkpoints in tumor microenvironment as an antitumor immu-
nity escape mechanism. MMR-deficient colorectal cancer
showed highly upregulated expression of multiple immune
checkpoints such as PD-1, PD-L1, CTLA-4, lymphocytes acti-
vation gene 3 (LAG-3), and IDO in tumormicroenvironment in
comparison to MSS cancers [16•, 24, 25], supporting the ratio-
nale of using immune checkpoint inhibitors in this subset of
colorectal cancers.

Clinical Data of Immune Checkpoint
Inhibitors

Initial clinical studies of immune checkpoint inhibitors failed
to show anticancer activity in unselected colorectal cancer.
With better understanding of immunogenic tumor microenvi-
ronment of MSI-high tumors, immune checkpoint inhibitor
therapy has been evaluated in subgroup of colorectal cancer
patients with MMR deficiency in following studies. Table 1
summarizes results of several key trials of immune checkpoint
inhibitors in MMR-deficient colorectal cancer.

CTLA-4 Blockade

CTLA-4 is an inhibitory immune checkpoint molecule that
plays a critical role in regulating T cell-mediated antitumor
immunity. It is expressed on activated T cells and binds to
B7 molecules (CD80 and CD86) on antigen-presenting cells
to block costimulatory signals which are essential for T cell
clonal expansion and initiation of effector functions of cyto-
toxic T cells. Ipilimumab and tremelimumab are currently
used in clinical practice to block CTLA-4. In a phase II study,
47 patients with refractory metastatic colorectal cancer were
treated with tremelimumab [26]. The treatment was well tol-
erated with 19.1% of grade 3/4 toxicities. However, only one
partial response (2.2%) was observed, and the disappointing
result did not support further investigation of anti-CTLA-4
single agent. However, it is also important to note that patients
were not selected based on MMR status in this study.

PD-1/PD-L1 Blockade

PD-1 is one of the negative immune regulators which plays an
essential role in suppression of antitumor immunity in local
tumor environment. PD-1 expressed on the surface of activat-
ed T cells has two ligands, PD-L1 (B7-H1) and PD-L2 (B7-
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DC); PD-L1 is broadly displayed on antigen-presenting cells
and tumor cells, and the expression of PD-L1 is upregulated
by interferon which is predominately produced by effector T
cells [27]. The binding of PD-1 and PD-L1 inhibits T cell
proliferation and activation, and induces apoptosis of
antigen-specific T cells to prevent collateral tissue damage
and autoimmune disease [28]. The PD-1/PD-L1 pathway is
hijacked by tumor cells to inhibit antitumor immunity, and
various cancer cells have been reported to upregulate PD-L1
to escape immune surveillance and anticancer immunity [29].
With remarkable success of PD-1 blockade therapy in diverse
cancers, two PD-1 inhibitors, nivolumab and pembrolizumab,
have been extensively studied in colorectal cancer. Similar
with the result observed in tremelimumab, both nivoluamab
and pembrolizumab failed to show anticancer activity in un-
selected colorectal cancer. In a phase I study of nivolumab in
refractory solid tumors, one durable complete response was
reported in 14 patients with unselected metastatic colorectal
cancer [30]. In a subsequent large phase I study of nivolumab
in advanced solid tumors, no objective response was observed
in 19 unselected metastatic colorectal cancer patients [31].
Another PD-1 inhibitor, pembrolizumab, was evaluated in pa-
tients with advanced solid tumors, and three colorectal cancer
patients were enrolled in the study [32]. All of them showed
early disease progression. Similar with previous studies, colo-
rectal cancer patients were not selected based on MMR status
in the study.

Recent clinical studies reported that high tumor muta-
tion burden was associated with improved objective re-
sponse, durable clinical benefit, and progression-free sur-
vival in patients receiving immune checkpoint inhibitors
in melanoma and non-small cell lung cancer [33, 34, 35•],
suggesting a potential predictive role of tumor mutation
burden in immune checkpoint inhibitor therapy. Based on
these findings, immune checkpoint blockade has been
evaluated in MMR-deficient refractory metastatic colorec-
tal cancers which have more somatic mutations than

MMR-pro f ic i en t cance rs . In a phase I I s tudy,
pembrolizumab was administered in 40 patients with
MMR-deficient and 18 with MMR-proficient metastatic
colorectal cancer [2••, 3]. While 16 patients had objective
response (52%) including 5 complete responses in pa-
tients with MMR deficiency, no objective response was
observed in MMR-proficient cohort. The responses were
durable, and median progression-free survival (PFS) and
median overall survival (OS) were not reached at a medi-
an follow-up of 36 weeks in MMR-deficient colorectal
cancers. However, median PFS and OS were only
2.2 months and 5.0 months in MMR-proficient cohort.
Observed treatment-related toxicities were low-grade
rash/pruritus (24%), asymptomatic pancreatitis (15%),
thyroiditis/hypothyroidism/hypophysitis (10%), and pneu-
monitis (2%). All the toxicities were well-manageable.
Based on these data, the US Food Drug Administration
(FDA) approved pembolizumab for patients with metasta-
tic, MSI-high, or MMR-deficient solid tumors that
progressed following prior treatment and who have no
alternative treatment options or with MSI-high or MMR-
deficient colorectal cancer that has progressed following
treatment with a fluoropyrimidine, oxaliplatin, and
irinotecan. High tumor mutation burden of MMR-
deficient tumor and the correlation between mutation bur-
den and survival benefit were confirmed in the study. A
mean of 1782 somatic mutations per tumor were observed
in MMR-deficient tumors as compared with 73 in MMR-
proficient tumors, and high somatic mutation loads were
associated with prolonged PFS [2••]. The expression of
PD-L1 and CD8 in tumor microenvironment was promi-
nent in MMR-deficient tumors when compared to MMR
proficient tumors. However, the expression of PD-L1 and
CD8 was not significantly associated with PFS or OS in
the study [2••].

Another anti-PD-1 inhibitor, nivolumab, was also evaluat-
ed in MMR-deficient metastatic colorectal cancers. In a phase

Table 1 Summary of studies on
checkpoint inhibitor and its
efficacy on metastatic colorectal
cancer

Immunotherapeutic
agent

Population Phase Number Response
rate

Median OS/PFS
(months)

Reference

Tremelimumab Unselected II 47 2% NA 26

Nivolumab Unselected I 14 7% NA 30

Nivolumab Unselected I 19 0% NA 31

Pembrolizumab Unselected I 3 0% NA 32

Pembrolizumab pMMR/MSS
vs

dMMR

II 21

11

0%

40%

5.0/2.2

NR/NR

2

Nivolumab dMMR/MSI-H II 74 31% NR/14.3 36

Nivolumab plus
ipilimumab

dMMR/MSI-H II 119 55% NR/NR 37

dMMRMMR deficient, pMMRMMR proficient,MSI-H microsatellite instability-high,MSS microsatellite stable,
NA not available, NR not reached, OS overall survival, PFS progression-free survival
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II study, 74 patients with refractory metastatic MSI-high co-
lorectal cancer were received nivolumab [36••]. Objective re-
sponse and disease control rates were 31% and 69%, respec-
tively. At a median follow-up of 12 months, the median PFS
was 14.3 months, and the median OS was not reached. Grade
3/4 drug-related adverse events were reported in 20% includ-
ing increased lipase (8%) and increased amylase (3%). Five
patients (7%) were discontinued treatment due to drug-related
toxicities including increased ALT, colitis, duodenal ulcer,
acute kidney injury, and stomatitis. PD-L1 expression on tu-
mor cells or immune cells and mutation status (BRAF and
KRAS) were investigated as predictive biomarkers of
nivolumab treatment in the study. However, none of them
showed any predictive value of nivolumab. In a subsequent
study, combination of nivolumab and ipilimumab was evalu-
ated in refractory advanced MSI-high colorectal cancers
[37••] based on the fact that ipilimumab primarily acts at the
induction (early) phase of antitumor T cell activity, and
nivolumab primarily acts at the effector (late) phase in tumor
microenvironment. Total of 119 patients with refractory met-
astatic MSI-high colorectal cancer were treated with four
doses of nivolumab (3 mg/kg) plus ipilimumab (1 mg/kg)
every 3 weeks followed by nivolumab (3 mg/kg) every
2 weeks. Of 119 patients, 55% achieved an objective response
including 4 complete responses (3%), and a disease control
rate was 80%. Median time to response was 2.8 months, and
83% of responders had responses lasting ≥ 6 months. Thirty-
eight patients (33%) experienced grade 3 (27%) or 4 (5%)
treatment-related toxicities such as elevated AST/ALT
(11%), elevated lipase (4%), anemia (3%), and colitis (3%),
and 16 patients (13%) discontinued the treatment due to drug-
related toxicities, which are similar to that reported in other
solid cancers [38, 39]. An objective response rate of patients
who discontinued treatment because of drug-related toxicities
was 63% which was similar with that of the overall popula-
tion. FDA granted approval to nivolumab single agent and
nivolumab in combination with ipilimumab for patients with

MSI-high or MMR-deficient metastatic colorectal cancer that
has progressed following treatment with a fluoropyrimidine,
oxaliplatin, and irinotecan based on these data.

Interestingly, nivolumab plus ipilimumab showed higher
response rate (55%) [37••] than nivolumab single agent
(31%) [36••], but it was similar with pembrolizumab single
agent (52%) [2••], although these studies were not designed
for direct comparison. These findings are likely due to the
limited number of patients (n = 40) in the pembrolizumab
study [2••]. Large randomized controlled studies are needed
to confirm these findings.

Currently, there are several ongoing clinical studies to eval-
uate anticancer activity of PD-1/PD-L1 blockade immuno-
therapy in adjuvant, front-line, refractory treatment setting
for MSI-high/MMR-deficient colorectal cancer (Table 2).

Predictive Biomarkers

Various biomarkers and tumor characteristics to predict clini-
cal response have been evaluated for appropriate selection of
patients most likely and least likely to benefit from PD-1
blockade. Several predictive biomarkers have been suggested
such as intratumoral CD8 T cells [40], tumor mutation burden
[34], neoantigen heterogeneity [41], relative lymphocyte
count [42], relative eosinophil count [42], LDH [42], absence
of metastasis other than soft tissue and lung [42], Epstein-Barr
virus infection [43], baseline tumor size [44], ratio of T cell
invigoration to tumor burden [45], and PD-L1 expression [40]
in several cancers. Among these markers, the correlation be-
tween PD-L1 expression in tumor microenvironment and bet-
ter clinical outcome to PD-L1 inhibitors has been reported in
multiple cancers including head and neck squamous cell car-
cinoma [46], melanoma [47], NSCLC [48], urothelial cancer
[49], and gastric/gastroesophageal junction cancer [50].
Especially, PD-L1 expression is routinely used in metastatic
NSCLC and gastric/gastroesophageal junction adenocarcino-
ma as a biomarker for pembrolizumab treatment. The

Table 2 Ongoing phase II and III studies of immune checkpoint inhibitors in MSI-high/MMR-deficient colorectal cancer

Clinical trial
number

Regimen Phase Study population Primary
endpoint

Number of
patients

NCT02563002 Pembrolizumab vs standard chemotherapy III First-line MSI-h mCRC OS/PFS 270

NCT029997228 Atezolizumab vs atezolizumab/FOLFOX/bevacizumab
vs FOLFOX/bevacizumab

III First-line MSI-h mCRC PFS 347

NCT02912559 Atezolizumab/FOLFOX vs FOLFOX III Adjuvant MSI-h stage III colon cancer DFS 700

NCT03104439 Nivolumab/ipilimumab/radiation II MSI-h vs MSS refractory mCRC DCR 80

NCT02788279 Atezolizumab vs Atezolizumab/cobimetinib vs
Regorafenib

III MSI-h (cap 5% of the study) vs MSS
refractory mCRC

OS 360

NCT02060188 Nivolumab vs Nivolumab/ipilimumab vs
Nivolumab/anti-LAG-3

II Refractory MSI-h mCRC ORR 340

DCR disease control rate,DFS disease-free survival,mCRCmetastatic colorectal cancer,MSI-hmicrosatellite instability-high,MSSmicrosatellite stable,
ORR objective response rate, OS overall survival, PFS progression-free survival
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predictive value of PD-L1 was also investigated in MSI-high
colorectal cancer. However, PD-L1 expression on tumor or
immune cells did not correlate with clinical outcome in
MSI-high colorectal cancer patients receiving nivolumab
[36••]. The discrepancy of predictive value of PD-L1 expres-
sion can be explained bymultiple complicating factors includ-
ing the following: (1) significant discordance of PD-L1 ex-
pression has been reported between primary tumors and met-
astatic lesions in several malignancies including melanoma
[51], NSCLC [52], and renal cell carcinoma [53]; (2) there
are at least 12 different anti-PD-L1 antibodies and several
different staining techniques for determination of PD-L1 ex-
pression which have different sensitivity [52]; (3) the cutoff
value of PD-L1 staining positivity is not clearly defined; and
(4) PD-L1 can be induced by aberrant expression of oncogene
such as PTEN loss [54] and dysregulation of JAK/STAT path-
way [55] without immune cell infiltrate. Further studies with
better understanding of tumor microenvironment are needed
to overcome the challenge and accurately identify patients
who will benefit from PD-1 inhibitors.

Anti-PD-1 Refractory Disease

While several clinical trials confirmed the remarkable and
durable anticancer activity of PD-1 blockade in patients with
MSI-high colorectal cancer, 20–30% patients does not have
any clinical benefit from PD-1 inhibitors, and a significant
number of responders develop disease progression, eventual-
ly. To improve clinical outcome in patients with anti-PD-1
therapy-resistant tumors, innate and acquired resistance mech-
anisms of PD-1 inhibitors have been extensively studied al-
though limited data are available in MSI-high colorectal can-
cer. So far, several resistance mechanisms have been sug-
gested, including (1) constitutive activation of WNT/β-
catenin signaling pathway leading to lack of T cell infiltration
[56]; (2) loss of PTEN increasing expression of immunosup-
pressive cytokines and decreasing T cell infiltration [57]; (3)
expression of IDO which suppresses effector T cells and acti-
vates regulatory T cells [58]; (4) upregulation of genes involv-
ing mesenchymal transition, cell adhesion, extracellular ma-
trix remodeling, angiogenesis, and wound healing [59]; (5)
loss of function mutation in the genes encoding Janus kinase
1 (JAK1) or Janus kinase 2 (JAK2) resulting in insensitivity to
the antiproliferative effects of interferon γ on cancer cells
[60]; and (6) mutation in the gene encoding beta 2 microglob-
ulin leading to loss of expression of major histocompatibility
complex (MHC) class I [60]. With the improved understand-
ing of resistance mechanisms, several combination ap-
proaches of PD-1 blockade agents with other therapeutic mo-
dalities are undergoing evaluation to overcome the resistance
and improve clinical outcomes, as PD-1 blockade agents are
combined with agents that target other immunosuppressive
molecules such as CTLA-4, LAG-3, TIM-3, and IDO or

combined with CD137 agonist, OX-40 agonist, talimogene
laherparepvec, cancer vaccines, adoptive T cell therapies, or
radiation therapy.

Gut Microbiota and PD-1 Blockade

Gut microbiota is essential for human health since it protects
against pathogens, strengthens gut integrity, harvests energy,
and regulates host immunity [61]. In addition, several data
suggests that gut microbiota may amplify or mitigate carcino-
genesis and responsiveness to immunotherapy as individual
microbes or as a microbial community [62]. In colorectal can-
cer, microbiota including Fusobacterium, Bacteroids,
Selenomonas, and Prevotella species can influence cancer de-
velopment, progression, and metastasis [63]. Gut microbiota
also influences anticancer activity of immune checkpoint in-
hibitors [64•, 65•, 66•]. Abnormal composition of gut micro-
biota induced by antibiotics was associated with primary re-
sistance to PD-1 blockade treatment. While mice with fecal
microbiota transplantation from responders demonstrated sig-
nificant tumor regression after anti-PD-1 therapy, mice
transplanted with stool from non-responders failed to show
tumor response to anti-PD-1 therapy [64•, 65•, 66•].
Responders have abundant Akkermansia muciniphila,
Bifidobacterium longum , Collinsella aerofaciens ,
Enterococcus faecium, and Ruminococcaceae species in these
studies [64•, 65•, 66•]. Although the precise mechanisms of
specific gut bacterial species to enhance antitumor activity of
PD-1 blockade remain unknown, gut microbiota may have a
significant effect on innate and adaptive immune system since
pathogen-associated molecular patterns (PAMPs) from bacte-
ria can trigger immune response by binding to pattern recog-
nition receptors (PRRs) on innate immune cells [67]. These
findings suggest new strategies to enhance anticancer activity
of immune checkpoint inhibitors by modulation of gut micro-
biota. However, further studies are needed for better under-
standing of the relationship between gut microbiota and anti-
tumor immunity in colorectal cancer.

Dosing of Nivolumab and Pembrolizumab

Nivolumab has been tested in multiple trials with doses rang-
ing from 0.1 to 10 mg/kg, and the antitumor activity with
respect to objective response rates approached a plateau at
3 mg/kg with no increased benefit at doses of > 3 mg/kg.
Based on the data, initial studies used nivolumab 3 mg/kg
for MSI-high metastatic colorectal cancer. Recently, popula-
tion pharmacokinetics analysis and dose/exposure-response
analysis data demonstrated that the pharmacokinetic expo-
sure, safety, and efficacy of 240 mg every 2 weeks flat dose
were comparable to 3 mg/kg every 2 weeks [68, 69], and FDA
approved flat dose nivoluamb (240 mg every 2 weeks) in
July 2017. However, approved dose of nivolumab is 3 mg/kg
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when combined with ipilimumab (1 mg/kg) due to only avail-
able dosing data from the CheckMate 142 study [37••].

Similar with nivolumab, initial studies of pembrolizumab
used weight-based dosing of 10 mg/kg every 2 weeks [2••, 3].
However, a simulation of three different weight-based
pembrolizumab dosing regimens (2 mg/kg every 3 weeks,
10 mg/kg every 2 weeks, and 10 mg/kg every 3 weeks) using
population pharmacokinetics model showed that the safety
profile, overall response, and survival outcomes were similar
across the three different dosing regimens [70]. Furthermore,
200 mg every 3 weeks fixed dosage provides near maximal
efficacy and similar exposure distributions with weight based
dosing regimens [71]. Based on these data, FDA approved
200 mg every 3 weeks flat dose in September 2017.

Conclusion

The remarkable success of PD-1 blockade immunotherapy
has changed the landscape of cancer therapy, and the efficacy
and safety of PD-1 blockade have been validated in MSI-high
colorectal cancer. Despite the success of PD-1 blockade, how-
ever, further studies are needed to improve clinical outcomes
of innate and acquired resistant disease to PD-1 inhibitors. In
addition, new clinical studies in neoadjuvant or adjuvant set-
ting are eagerly awaited in MSI-high colorectal cancer.
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