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ABSTRACT

Background. Immune checkpoint inhibitor (ICI) therapy is
highly effective in metastatic mismatch repair-deficient (MMR-
D) colorectal cancer (CRC). In this study, we evaluated molecu-
lar and clinical predictors of ICI response in MMR-D CRC.
Materials and Methods. Patient databases at four cancer
institutions were queried. The Fisher exact test was performed
to test the association of clinical and molecular markers. The
Kaplan-Meier method was used to estimate progression-free
survival (PFS) and compared by the log-rank test. Twelve- and
24-month PFS rates were compared by the Z test.
Results. A total of 60 patients with CRC with MMR-D/micro-
satellite instability-high who previously received ICIs were
identified. Patients with liver metastasis had a lower overall
response rate as compared with other sites of metastasis

(36.4% vs. 68.7%; p = .081). Patients with MLH1/PMS2 loss
had worse 1-year and 2-year PFS rates compared with
patients with MSH2/MSH6 loss (84.2% vs. 57.8% and 78.2%
vs. 54.2%, respectively; p < .001). There were improved
1-year and 2-year PFS rates in patients with wild-type BRAF
when compared with patients with BRAF V600E mutation
(73.3% vs. 40%, and 73.3% vs. 26.7%; respectively;
p < .001). Patients aged >65 had significantly worse PFS
rates as compared with patients aged ≤65 (p < .001).
Conclusion. BRAF V600E mutation, MLH1 and/or PMS2 loss,
as well as age >65 years and liver metastasis, may be pre-
dictive of duration of ICI response in patients with MMR-D
CRC. Larger cohorts are needed to confirm our findings. The
Oncologist 2021;26:668–675

Implications for Practice: The results of this study reveal clinically important biomarkers that potentially predict immune
checkpoint inhibitor response in patients with mismatch repair-deficient colorectal cancer.

INTRODUCTION

Colorectal cancer remains the third leading cause of cancer-
related death in the U.S., despite the significant risk reduction
with screening and early diagnosis [1]. A concerning trend
recently observed is the increase in advanced stage colorectal
cancer in young patients, leading to a change in the rec-
ommended age of screening [2, 3]. The majority of cancer-
related deaths from colorectal cancer are due to metastasis.

Although substantial progress in the management of
advanced-stage colorectal cancer has been achieved in the last
decade, the 5-year survival of patients with metastatic disease
remains low.

Mismatch repair-deficient (MMR-D) colorectal cancer is
a unique molecular subset of colorectal cancer that
accounts for approximately 5% of metastatic cases [4].
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Mismatch repair (MMR) deficiency is defined as the loss of
expression or function in at least one of the four clinically
relevant MMR genes (MLH1, PMS2, MSH2, MSH6) [5]. This
functional loss results in impaired recognition and repair of
DNA mismatches that occur during DNA replication [4]. This
dysfunction propagates mutagenesis in the DNA, particu-
larly in the microsatellite regions [6]. The change in the size
of microsatellites results in breaks and microsatellite insta-
bility (MSI), which triggers frameshift mutations in the
affected locus of DNA, creating high tumor mutation bur-
den, also called hypermutability [7]. Approximately three-
quarters of MMR-D colorectal cancers result from somatic
mutations or silencing due to hypermethylation of the
MLH1 gene [8]. Sporadic cases due to epigenetic silencing
of the MMR gene(s) are associated with late-onset disease,
higher prevalence in women, and right-sided tumors.
Germline MMR gene mutations that lead to Lynch syn-
drome, however, are associated with younger age of onset
and left-sided colorectal cancer. In the setting of MMR-D
colorectal cancer, mutations in the BRAF gene, specifically
BRAF V600E occur exclusively in sporadic cases [9]. The dif-
ferent molecular and clinical features of sporadic and
germline MMR-D colorectal cancer suggest these are differ-
ent subtypes of which may exhibit differential response to
immunotherapy [10].

Pembrolizumab, nivolumab, and nivolumab in combina-
tion with ipilimumab have demonstrated dramatic
responses with durable disease control rates in patients
with metastatic MMR-D colorectal cancer [11–13]. Most
recently, pembrolizumab showed a deep response as a first-
line therapy with improved 12 and 24-month progression-
free survival (PFS) rates as compared with chemotherapy
[14]. Although the results of these studies are consistent
with highly promising responses, patients with de novo
(intrinsic) and acquired resistance to immune checkpoint
inhibitors have been reported [15]. Predictive molecular
biomarkers for immune checkpoint inhibitors have not been
identified in MMR-D colorectal cancer. The objective of this
multicenter study is to examine the impact of molecular
subsets of MMR-D colorectal cancer and BRAF mutation
status as molecular biomarkers of immune checkpoint
inhibitor efficacy in patients with MMR-D colorectal cancer.

MATERIALS AND METHODS

Patient Population
With the approval of the institutional review boards,
patient databases at Winship Cancer Institute of Emory
University, Mayo Clinic, Stanford University, and Vanderbilt
University were screened for patients with MMR-D colorec-
tal cancer who were treated with immune checkpoint inhib-
itors between January 1, 2012, and May 1, 2019. Patients
were eligible if they had biopsy-confirmed colorectal cancer
and MMR-D/MSI-high (MSI-H) status analysis with immuno-
histochemistry or polymerase chain reaction. Patients
MMR-D/MSI-H colorectal cancer treated with immune
checkpoint inhibitors were included regardless of the choice
of the immune checkpoint inhibitors (single-agent
vs. combination). Patients with liver-only metastasis were

included in the “liver metastasis” group. Patients without
data regarding the loss of specific MMR protein were
included in clinical and survival analysis of the general pop-
ulation and were excluded from the MMR protein-specific
analysis.

Data Collection
The data regarding demographic, clinical, molecular, and
pathologic information of the patients included in our cohort
was retrieved from institutional electronic medical records by
chart review. MMR-D status of tumor was determined based
on either MMR protein immunohistochemistry (IHC) or MSI
polymerase chain reaction conducted at each clinical center.
The BRAF V600E mutation status was retrieved from IHC
and/or next-generation sequencing results that were avail-
able at the time of analysis. Right-sided colon cancer was
defined as any primary tumor between the cecum and trans-
verse colon. Tumors between the descending colon and rec-
tum were classified as left-sided tumors. The decision for
progression of disease was made by local physicians based on
the clinical, laboratory, and radiologic findings. Best objective
response was evaluated retrospectively by investigators using
RECIST 1.1 criteria.

Statistical Analysis
The demographic, clinical, and pathological characteristics
of patients were reported as frequency and percentages for
categorical variables and as mean and SD for continuous
variables. The loss of MLH1/PMS2 and MSH2/MSH6 was
grouped by their functional dependence and rarity of PMS2
and MSH6 mutations. PFS was measured from the date of
initiation of immune checkpoint inhibitor therapy to the
date of disease progression or death, whichever occurred
first, as documented in the electronic medical record.
Patients who were alive but not progressed were censored
within the analyses. Patients lost to follow-up were cen-
sored by the last follow-up date charted in electronic medi-
cal records. The Kaplan-Meier method was performed to
generate PFS curves and survival curves between groups
were then compared by the log-rank test. Twelve- and
24-month PFS rates were compared by the Z test. The
Fisher exact test was used to examine the association of
clinical and molecular markers with BRAF V600E mutation
and specific MMR protein loss. Cox proportional hazard
model with best subset selection was used for the multivar-
iate analysis because of the small size of the cohort and lim-
ited events in each subgroup.

RESULTS

A total of 60 patients with MMR-D/MSI-H metastatic colo-
rectal cancer who received immune checkpoint inhibitors
were identified (Fig. 1; Table 1). The majority of the
patients (77%) were older than 50 at the time of immune
checkpoint inhibitor therapy. Most patients had right-sided
primary tumors (77%), which is consistent with the rates
reported in the literature. Notably, 15 (25%) patients had
no prior therapy, and the remainder of the cohort received
at least one line of systemic chemotherapy prior to immune
checkpoint inhibitor therapy. Forty patients (66.7%) had
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known BRAF V600E mutation status at the time of analysis,
and nine (23%) patients with BRAF V600E mutation were
identified. RAS status was known for only 25 (41.6%) patients
in our cohort. Loss of specific MMR protein expression by
IHC was assessed in 54 (90%) patients; among these,
34 (63%) patients had MLH1 and/or PMS2 loss, and 20 (37%)
patients had MSH2 and/or MSH6 loss (Fig. 2; Table 1). Forty-
seven (78%) patients received pembrolizumab, eight (13%)
patients received nivolumab, and five (8%) patients received
the combination of nivolumab and ipilimumab (Fig. 2).

Although it was not statistically significant, we observed
more moderately and poorly differentiated tumors (62.5%)
among patients with MLH1 and/or PMS2 alterations
(Table 2), whereas tumor differentiation was similarly dis-
tributed in patients with MSH2 and/or MSH6 alterations.
MSH2 and/or MSH6 alterations were predominantly seen in
patients ≤65 (90%) and MLH1 and/or PMS2 alterations
were more common among patients >65 (p < .01). More
right-sided tumors were observed in patients with MLH1
and/or PMS2 alterations as compared with those with
MSH2 and/or MSH6 alterations (82.3% vs. 65%, respec-
tively). A borderline significant association between BRAF
V600E mutation and age > 65 was noted (77.8% vs. 35.5%,
p = .053; Table 2). Nonsignificant differences were observed
by BRAF mutation status for tumor sidedness and tumor
grade (Table 2).

The median follow-up was 28.3 months for the entire
cohort. We did not observe any difference for overall
response rate (ORR) in patients with left-sided tumors as
compared with patients with right-sided tumors (78.6% vs.
58.7.1%; p = .177; Table 3). Patients with liver metastasis had
nearly half the response rate as compared with patients with
other sites of metastasis (36.4% vs. 68.7.%; p = .081). Patients
with BRAF V600E mutation exhibited a lower ORR as

compared with patients with wild-type BRAF, although this
did not meet statistical significance (44.4% vs. 74.2% respec-
tively; p = .120). There was no difference in ORR observed in
patients with MLH1 and/or PMS2 loss versus MSH2 and/or
MSH6 loss (70.6% vs. 60.0%; p = .425). However, 1-year and
2-year PFS rates favored patients who had MSH2 and/or
MSH6 loss: 84.2% and 78.2% for MSH2 + MSH6 compared
with 57.8% and 54.2% for MLH1 + PMS2 (p < .001; Table 4).
PFS rates were significantly higher in patients with MMR-D

Ins�tu�onal database query of 4 cancer centers
from 01/01/2012 to 05/01/2019

A total of 66 pa�ents with MMR-D CRC
who received ICI (All-stage) 

60 metasta�c pa�ents with MMR-D CRC
included in the final analysis

54 pa�ents with
known specific MMR

protein loss

40 pa�ents with
known BRAF V600E

muta�on status

Figure 1. Patient flow diagram.
Abbreviations: CRC, colorectal cancer; ICI, immune checkpoint
inhibitor; MMR, mismatch repair; MMR-D, mismatch repair-
deficient.

Table 1. Baseline patient demographic and clinical
characteristics

Characteristics No (%)

Age, years

<50 14 (23)

50–65 22 (37)

>65 24 (40)

Gender

Female 27 (45)

Male 33 (55)

Disease stage at diagnosis

II 8 (14)

III 26 (43)

IV 26 (43)

Loss of expression

MLH1/PMS2 30 (50)

PMS2 4 (7)

MSH2/MSH6 14 (23)

MSH6 6 (10)

Unknown 6 (10)

Primary tumor location

Left 14 (23)

Right 46 (77)

BRAF V600E mutation status

Mutated 9 (15)

Unmutated 31 (52)

Unknown 20 (33)

RAS mutation status

Mutated 11 (18.3)

Unmutated 14 (23.3)

Unknown 35 (58.3)

Number of prior therapies

None 15 (25)

1 22 (36)

2 9 (15)

≥3 13 (21)

Unknown 1 (3)

Agents

Pembrolizumab 47 (78)

Nivolumab 8 (13)

Nivolumab + ipilimumab 5 (8)
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colorectal cancer (CRC) with wild-type BRAF as compared with
patients with BRAF V600E mutant CRC. PFS rate at 1 year for
patients with BRAF V600E mutation and BRAF wild-type was
40% and 73.3%,respectively (p < .001). A similar difference was
also observed for 2-year PFS rates (26.7% vs. 73.3%; p < .001;
Fig. 3; Table 4). Patients >65 had significantly worse progres-
sion-free outcomes as compared with patients ≤65, with a
2-year PFS rate of 38.5% and 71.1%, respectively (Fig. 3;
Table 4). Patients with liver metastasis had a statistically signifi-
cant lower 2-year PFS rate as compared with other metastatic
sites (45.5% vs. 62% respectively; p = .014). No progression-free
survival outcome differences were observed based on the pri-
mary site of the tumor (left vs. right). In multivariate analysis,
BRAF V600Emutation remained a statistically significant predic-
tor of worse PFS (hazard ratio, 0.33; p = .045; supplemental
online Table 1)

DISCUSSION

Immune checkpoint inhibitors have led to significant
improvements in survival among patients with MMR-D
colorectal cancer with sustained radiological and clinical
responses [12]. Heterogeneity among patients with MMR-D
colorectal cancer exists, with variable responsiveness to
immune checkpoint inhibitors, and at this time there is no
biomarker of clinical response to immune checkpoint inhibi-
tors. In our study, we identified BRAF V600E mutation and
loss of expression of MLH or PMS2 proteins as a potential
predictor of poor PFS rate at 1 year and 2 years in patients
with MMR-D colorectal cancer who were treated with
immune checkpoint inhibitors. Patients with liver metasta-
sis had worse clinical outcomes, which could be potential
surrogates of resistance to immune checkpoint inhibitor

Figure 2. Distribution of clinical and molecular variables in the cohort of interest.
Abbreviations: MMR, mismatch repair; Nivo+Ipi, nivolumab and ipilimumab.

Table 2. Clinical characteristics by BRAF V600E status and MMR genes

Covariate and level

BRAF V600E mutation status Affected MMR genes

Not Present,
n = 31

Present,
n = 9

p
value

MLH1 + PMS2,
n = 34 (%)

MSH2 + MSH6,
n = 20 (%) p value

Tumor grade

Well or moderately
differentiated

12 (40.0) 3 (33.3) .99 12 (37.5) 9 (47.4) .49

Moderately to poorly
or poorly

18 (60.0) 6 (66.7) .99 20 (62.5) 10 (52.6) .49

Age, years

≤65 20 (64.5) 2 (22.2) .053 15 (44.1) 18 (90.0) <.001

>65 11 (35.5) 7 (77.8) .053 19 (55.9) 2 (10.0) <.001

Side of tumor

Right 23 (74.2) 8 (88.9) .654 28 (82.3) 13 (65.0) .19

Left 8 (25.8) 1 (11.1) .654 6 (17.7) 7 (35.0) .19
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therapy. The adverse outcomes in patients age > 65 were
perhaps driven by increased BRAF V600E mutation in this
subset of our cohort (Table 2).

Our findings suggest that BRAF V600E mutation may
adversely affect the immune checkpoint inhibitor response in
patients with MMR-D colorectal cancer. The study of
nivolumab and ipilimumab combination therapy (CheckMate
142) also investigated the effect of BRAF V600E mutation,
and the response rate was found to be similar across the sub-
groups (55% vs. 55%) [12] The impact of BRAF mutations was
also investigated in the phase II trial of single-agent
nivolumab in patients with MMR-D colorectal cancer, and
the response rate among BRAF V600E mutation carriers was
25%, whereas it was 41.4% for patients with wild-type BRAF
[13] which was deemed to be a nonsignificant difference.
The KEYNOTE-177 study investigated the potential impact of
BRAF V600E mutation on survival outcomes in treatment-
naive patients, and the authors identified improved out-
comes with the use of pembrolizumab as compared with
chemotherapy regardless of BRAF V600E mutation [14]. In
these clinical trials, however, BRAF V600E mutation was not
evaluated for the durability of response among patients
treated with immune checkpoint inhibitor therapy. In our
study, the presence of BRAF V600E mutation correlated with
worse PFS rates at 1 year and 2 years, suggesting BRAF
V600E mutation may impact the durability of benefit from
immune checkpoint inhibitor therapy. It is important to
note that, although we observed worse outcomes with BRAF

V600E mutation among patients who received immune
checkpoint inhibitor therapy, patients with MMR-D colorectal
cancer with BRAF V600E mutation still had better PFS out-
comes with the use of pembrolizumab as compared with
chemotherapy in the KEYNOTE-177 study [14]. This indicates
that the negative predictive marker of BRAF V600E mutation
should not discourage clinicians to use immune checkpoint
inhibitor therapy in this subset of patients with MMR-D colo-
rectal cancer. Notably, consistent with previous reports from
CheckMate 142 cohorts, in our study, BRAF V600E mutation
did not predict ORR. These findings also suggest that bio-
marker analysis for immune checkpoint inhibitor response in
MMR-D colorectal cancer should evaluate the durability of
response in addition to ORR.

BRAF V600E mutant MMR-D colorectal cancer carries
clinically distinct characteristics as compared with patients
with Lynch syndrome [9]. BRAF mutation-associated MMR-D
is tightly associated with the CpG island methylator pheno-
type in which the MLH1 gene promoter region undergoes
hypermethylation that results in the silencing of this gene
[10]. Most of the sporadic cases of MMR-D colorectal cancers
are linked with these molecular features. Unlike with
germline MMR-D colorectal cancer, patients harboring BRAF
V600E–driven MMR-D present later in age, with right-sided
tumors and an advanced stage at presentation [4]. In

Table 3. Response rates by clinical and molecular markers

Covariate level

Best response

Progression of
disease or
stable
disease,
n = 22

Partial
response or
complete
response,
n = 38 p value

Side of tumor

Right 19 (41.3) 27 (58.7) .177

Left 3 (21.4) 11 (78.6) .177

Tumor volume

Low 10 (45.4) 12 (54.6) .317

High 12 (32.4) 25 (67.6) .317

Metastatic site

Liver 7 (63.6) 4 (36.4) .081

Nonliver
metastases

15 (31.3) 33 (68.7) .081

BRAF

None 8 (25.8) 23 (74.2) .120

Present 5 (55.6) 4 (44.4) .120

Age, years

≤65 11 (30.6) 25(69.4) .229

>65 11 (45.8) 13 (54.2) .229

MMR genes

MLH1 + PMS2 10 (29.4) 24 (70.6) .425

MSH2 + MSH6 8 (40.0) 12 (60.0) .425

Abbreviation: MMR, mismatch repair.

Table 4. Twelve- and 24-month PFS rates by clinical and
molecular markers

Covariate and
level

12-month
PFS
rates, %

24-month
PFS
rates, % p value

BRAF p < .001 (for
both 12- and
24-month
rates)

None 73.3 73.3

Present 40.0 26.7

MMR genes p < .001 (for
both 12- and
24-month
rates)

MLH1 + PMS2 57.8 54.2

MSH2 + MSH6 84.2 78.2

Age, years p < .001 (for
both 12- and
24-month
rates)

≤65 74.2 71.1

>65 44.9 38.5

Metastatic site p = .120 (for
12-month
rates) and
p = .014 (for
24-month
rates)

Liver only 54.5 45.5

Nonliver
metastasis

64.6 62.0

Abbreviations: MMR, mismatch repair; PFS, progression-free
survival.
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contrast, patients with germline mutations present with left-
sided colon cancer at a younger age [9]. Our findings related
to clinical outcome differences in BRAF mutant MMR-D colo-
rectal cancer are consistent with the clinically distinct behav-
ior of these two different MMR-D colorectal cancer entities.
Whether the direct oncogenic activity of the BRAF V600E
mutation resulting in MAPK pathway activation or other
BRAF V600E-driven oncogenic pathways cause resistance to
immune checkpoint inhibitors is unclear. Preclinical evidence
suggests activation of the MAPK pathway, which is also
activated by BRAF mutations [16], may have a significant
impact on immune evasion. For example, KRAS mutations
can upregulate signal transduction via BRAF and MAPK path-
ways and ultimately lead to immune evasion by selective
conversion of T cells into regulatory T cells [17] and recruit-
ment of myeloid-derived suppressor cells into the tumor
microenvironment [18]. Most notably, BRAF inhibitors can
also have a direct effect on antitumor immunity by increasing
cancer-associated antigen expression and tumor-reactive
T cell infiltration. Collectively, these data suggest BRAF muta-
tions may also impact immune recognition and removal of
cancer cells [19–23].

Our study indicates that biological variation among
MMR genes may influence patient survival outcomes. The

role of specific MMR genes has been investigated by several
studies, and the presence of mutations in distinct MMR
genes confers differential risk of development of colorectal
cancer [24]. For example, a cohort of 61 patients with
germline PMS2 mutations evaluated the penetrance by
using segregation analysis [25]. The authors reported a rela-
tively lower risk of colorectal cancer as compared with
MLH1 and MSH2 mutation carriers because of their rela-
tively lower penetrance among monoallelic PMS2 mutation
carriers [25, 26]. MSH6 mutations are also associated with a
significantly lower risk of cancer development as compared
with MLH1 and MSH2 mutations [26, 27], indicating signifi-
cant biologic heterogeneity exists among MMR genes.
Growing evidence also suggests that the mutational land-
scape of patients with MMR-D colorectal cancer is highly
heterogeneous [15, 28]. For example, loss of function muta-
tions in β-catenin, which are associated with more invasive
behavior in colorectal cancer [29], appears to be more com-
mon in germlineMLH1mutations compared with other MMR
genes [30]. Most notably, a recent study reported higher
tumor mutation burden, a biomarker of immune checkpoint
inhibitor response, in patients with colorectal cancer with loss
of MSH2/MSH6 proteins compared with MLH1/PMS2 alter-
ations [31]. The effect of this heterogeneity in the underlying

Figure 3. Kaplan-Meier plots: (A) affected MMR; (B) BRAF V600 mutation status; (C) age groups; (D) metastasis site.
Abbreviations: CI, confidence interval; HR, hazard ratio; NE, not estimable/not reached; PFS, progression-free survival.
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cause of microsatellite instability in colorectal cancer survival
outcomes with immune checkpoint inhibitors has not been
studied. Perhaps hypermethylation commonly observed in
patients with absent MLH1 and mutated BRAF V600E leads
to silencing of expression of potentially antigenic proteins
(neoantigens) [10] and limits the benefit from immune ther-
apy. Larger cohorts are needed to better characterize the
exact impact of specific MMR genes on clinical outcomes of
patients with MMR-D colorectal cancer treated with immune
checkpoint inhibitors.

We identified that liver metastasis is associated with
worse 2-year PFS rates. This clinical feature of poor outcomes
is consistent with data from patients with other solid tumors
treated with immune checkpoint inhibitors, including in the
setting of melanoma and non-small cell lung cancer (NSCLC)
[32]. The study by Tumeh et al. [32] revealed a shorter
PFS rate in patients with melanoma and NSCLC with liver
metastasis when they were treated with pembrolizumab.
The authors identified decreased CD8+ T cell infiltration at the
invasive margin in patients with liver metastasis as compared
with patients with no liver metastasis. Consistently, animal
studies identified decreased CD8+ T cells and increased T regu-
latory cells with liver metastasis along with the significantly
lower expression of postactivation markers such as PD-1,
ICOS, and CTLA-4 [33]. Our finding is in alignment with the
growing evidence discussed above, and further studies are
needed to better understand the underlying molecular mech-
anisms. Certainly, the liver has a distinct microenvironment
whereby immune regulatory cells are abundant [34], and the
acute phase response orchestrated by hepatic cells originates
[35] by design to control the body’s inherent reaction to
antigenic exposure. More research is needed to uncover
mechanistic facets of liver metastasis and their impact on
immunotherapy response.

Our study is limited by the small size of the cohort, retro-
spective nature of the study, which limits data collections, and
lack of overall survival data due to the heterogeneity among
the lines of therapy in which immune checkpoint inhibitors
were used. The data set did not also include other potential
biomarkers such as tumor mutation burden and other molecu-
lar alterations including RAS status because of a lack of next-
generation–based molecular data in the majority of the
patients at the time of analysis. Further prospective studies
with larger cohorts are needed to confirm our findings and
better understand the exact mechanisms of resistance in these
subsets of patients with MMR-D colorectal cancer.

CONCLUSION

Our study showed a detrimental impact of BRAF V600E
mutation and MLH1/PMS2 loss on PFS outcomes of patients

with MMR-D colorectal cancer. Notably, we also identified
adverse outcomes in patients with liver metastasis. Novel
therapeutic approaches should be investigated, particularly
for patients with BRAF V600E mutant MMR-D colorectal
cancer.
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