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Long-Term Efficacy of Pembrolizumab and
the Clinical Utility of ctDNA in Locally
Advanced dMMR/MSI-H Solid Tumors
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Neoadjuvant immunotherapy can induce pathologic complete response (pCR)
in patients with localized deficient mismatch repair (dMMR)/microsatellite
instability-high (MSI-H) tumors. The long-term outcomes of these patients are
unknown, as is the clinical utility ofmeasuring circulating tumorDNA (ctDNA).
Follow-up was evaluated in patients enrolled in a phase II trial (NCT04082572)
that evaluated the efficacy and safety of pembrolizumab in patients with
localized dMMR/MSI-H tumors. The primary outcomes of this trial have pre-
viously been reported. 3-year EFS and OS rates were 80% (95% CI: 66% – 93%)
and 94% (95% CI: 86% – 100%). Patients without detectable ctDNA after pem-
brolizumab had higher 3-year EFS and OS rates than patients with detectable
ctDNA after pembrolizumab (3-year EFS 92% vs 20%; p <0.001, 3-year OS 100%
vs 80%; p < 0.001). Patients with colorectal cancer (CRC) who had undetect-
able ctDNA after pembrolizumab were more likely to have pCR compared to
those with detectable ctDNA after pembrolizumab (91% vs 0%; p =0.03).
Patients with CRC who were managed non-operatively and had undetectable
ctDNA after pembrolizumab had a higher 2-year EFS rate than patients with
detectable ctDNA after pembrolizumab (100% vs 33%; p = 0.03). Pem-
brolizumab demonstrates long-term efficacy in patients with localized dMMR/
MSI-H tumors.

Neoadjuvant immunotherapy induces high rates of clinical and
pathological responses in patients with localized deficient mismatch
repair (dMMR)/microsatellite instability-high (MSI-H) solid tumors and
could be a non-surgical, curative strategy1–3. However, accurate
radiographic response assessment to immunotherapy can be limited
by underestimation of the depth of response due to tumoral immune
cell infiltration (“pseudoprogression”) and difficulty measuring

luminal tumors4,5. Endoscopy is invasive and may fail to provide a
representative tumor response due to spatial heterogeneity, and
radiographic and endoscopic assessments of response in this setting
can be discordant6,7. Circulating tumor DNA (ctDNA) has shown pro-
mise in guiding treatment approaches to adjuvant therapy for resect-
able colorectal cancer (CRC) and some metastatic solid tumors8–10.
However, its potential application to guide treatment decisions for
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patients with localized disease in the neoadjuvant setting has not been
thoroughly explored, particularly among patients with dMMR/MSI-H
solid tumors.

We evaluated the 3-year event-free survival (EFS) rate and 3-year
overall survival (OS) among patients enrolled in a phase II clinical trial
(NCT04082572) that evaluated the efficacy and safety of pem-
brolizumab in patients with locally advanced dMMR/MSI-H solid
tumors3. Further, we investigated ctDNA kinetics over the course of
treatment with pembrolizumab to determine whether ctDNA has utility
as a biomarker for pathologic complete response (pCR), EFS, and OS.

Results
Clinical features of patients with all locally advanced dMMR/
MSI-H solid tumors
As ofMarch 31, 2024, themedian follow-upwas 2.9 years (range: 0–3.8
years). Table 1 displays the clinical features of all 35 patients. Twenty-
seven patients had CRC, one patient had a meningioma, one patient
had duodenal adenocarcinoma, one patient had endometrial adeno-
carcinoma, two patients had pancreatic adenocarcinoma, one patient
had gastric adenocarcinoma, and one patient had ampullary adeno-
carcinoma. The etiology of dMMR status was sporadic in 19 (54%)
patients and Lynch Syndrome in 16 (46%) patients. The estimated
median TMB for 31 evaluable patients was 49.6 mut/Mb (range:
4.2–134.4 mut/Mb). The median number of cycles of pembrolizumab
was 8 among the 17 patients who underwent surgery. The median
number of cycles of pembrolizumabwas 16 among the 18 patients who
did not undergo surgery.

Outcomes of patients with all locally advanced dMMR/MSI-H
solid tumors
The 3-year EFS and OS rates for all 35 patients were 80% (95% CI:
66–93%) and 94% (95% CI: 86–100%), respectively (Fig. 1A, B). The

3-year EFS rate was 83% (95% CI: 65% – NA) in 17 patients who under-
went surgery compared to 76% (95% CI: 56% –97%) in 18 patients who
did not undergo surgery (p =0.667) (Supplementary Fig. 1A). The
3-year OS rate was 100% in 17 patients who underwent surgery com-
pared to 89% (95% CI: 74% – NA) in 18 patients who did not undergo
surgery (p =0.067) (Supplementary Fig. 1B). ORR in the updated ana-
lysis was 82%, with three of 14 patients whowere categorized as partial
responses in the original trial report developing complete responses.
Thirteen (39%) patients had complete responses, and 14 (42%) patients
had partial responses. Eleven of 17 patients who underwent surgical
resection had a pCR (65%pCR rate in all patients). Fourteen of these 17
patients had CRC, 11 of whomhad a pCR (79% pCR rate in patients with
CRC). None of the patients who had a pCR recurred clinically after a
median follow-up of 35 months. Of the three patients who did not
experience a pCR, one had local disease recurrence sevenmonths after
resection. The other two patients had not experienced disease recur-
rence at their last follow-up (41 and 28 months after surgery,
respectively).

No additional patients with available follow-up data experienced
progressive events beyond the six patients identified in the original
trial report. All six of these patients were deemed to have initially
resectable disease prior to neoadjuvant pembrolizumab. Two had
pancreatic adenocarcinoma, and four had CRC. The two patients with
pancreatic adenocarcinoma underwent surgical resection, one after
chemotherapy, with neither achieving pCR. Both are currently without
disease recurrence at 34 and 39months after surgery. Two of the four
patients with CRC did not undergo surgery after experiencing disease
progression. Surgery was recommended to one of these two patients,
but the patient elected to forego further cancer-directed treatment
and died 41 months after their first dose of pembrolizumab, while the
second patient was treated with encorafenib, binimetinib, and cetux-
imab and, due to progression and extensive comorbidities, was not
able to undergo surgical resection. This patient died eight months
after their first dose of pembrolizumab. The other two patients with
CRC proceeded to surgery upon disease progression, and neither had
a pCR. One of these patients experienced disease recurrence seven
months after surgery and received four cycles of ipilimumab plus
nivolumab, followed by maintenance nivolumab, and is alive without
disease 35months after surgery,while theother patient did not receive
adjuvant therapy and is disease-free 28 months after surgery.

Twopatients whodid not undergo surgerywere lost to follow-up -
one international patient returned to their home country and was lost
to follow-up 40days after their first doseof pembrolizumab. The other
patient had a change in their health insurance plan and was lost to
follow-up 15 months after their first dose of pembrolizumab. No other
treatment-related adverse events occurred beyond the 13 patientswho
experienced Grade 1 or 2 events and two who experienced Grade 3
events identified in the original trial report.

ctDNA characteristics and outcomes
Sixteen (48.6%) of 35 patients had detectable ctDNA at baseline.
Fourteen of the 16 patients with detectable ctDNA at baseline hadCRC,
one had gastric adenocarcinoma, and one had endometrial adeno-
carcinoma. Thirty-two of 35 patients were evaluable for analysis per-
taining to outcomes by ctDNA status, as three patients were excluded
because they either did not have sufficient blood collected after their
last dose of pembrolizumab for ctDNA analysis or had inadequate
tissue for NGS. Fourteen (44%) of the 32 evaluable patients had
detectable baseline ctDNA, with a mean and median VAF of 5.0% and
0.8% (range 0.3–29.5%). Nine of these 14 patients cleared ctDNAwith a
mean and median number of cycles to ctDNA clearance of 3.7 and 2
(range: 1–16 cycles). The 3-year EFS rate was 92% in 27 patients who
were ctDNA(-) after pembrolizumab compared to 20% (95% CI:
10–70%) in five patients who were ctDNA(+) after pembrolizumab
(p < 0.001) (Fig. 2A). The 3-year OS rate was 100% in 27 patients who

Table 1 | Clinical features of all patients

Clinical features N (%)

Surgery No 18 (51.4%)

Yes 17 (48.6%)

Primary tumor type R-sided CRC 13 (37.1%)

L-sided CRC 6 (17.1%)

Rectal 8 (22.9%)

Brain 1 (2.9%)

Duodenal 2 (5.9%)

Endometrial 1 (2.9%)

Gastric 1 (2.9%)

Pancreas 2 (5.9%)

Ampullary 1 (2.9%)

T4 Unable to assess 5 (14.3%)

No 13 (37.1%)

Yes 17 (48.6%)

Nodal involvement Unable to assess 10 (28.6%)

No 8 (22.9%)

Yes 17 (46.8%)

BRAF V600E status (CRC only) Unable to assess 1 (3.7%)

Wild type 13 (48.1%)

Mutated 13 (45.7%)

Baseline ctDNA status Negative 19 (54.3%)

Positive 16 (48.6%)

Cleared ctDNA (pre-pembrolizumab
ctDNA(+); post-pembrolizumab ctDNA(-))

Unable to assess 2 (12.5%)

Yes 9 (56.3%)

No 5 (31.3%)
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were ctDNA(-) after pembrolizumab compared to 80% (95% CI: 52% –

NA) in five patients who did not clear ctDNA (e.g., were ctDNA(+) after
pembrolizumab) (p < 0.001) (Fig. 2B).

Among evaluable patients with CRC, no clinical features (tumor
sidedness, T4 disease, node-positive disease, or BRAF p.V600E
mutation) were associated with the presence of detectable baseline
ctDNA (Supplementary Table 2). For patients with CRC who had
detectable baseline ctDNA, the change in VAF (either increase or
decrease) over the treatment period was concordant with imaging

(either progression or response) in all patients (Supplementary
Table 3).

ctDNA as a marker of pathologic response in patients with CRC
Of the seven patients with CRC who underwent surgery and had
detectable ctDNA at baseline, five cleared their ctDNA in the neoad-
juvant period, among whom four had a pCR (80% likelihood of pCR
with ctDNA clearance). Notably, the one patient who did not have a
pCR despite clearing ctDNA had a near-pCR (adenocarcinoma

Fig. 1 | 3-year EFS and 3-yearOS among all patients. A – 3-year event-free survival
(EFS) rate among all patients. Kaplan–Meier for EFS for the full study cohort (n =
35). The 3‑year EFS rate was 80 % (95 % CI, 66–93). Tick marks denote censored
observations, and the shaded band represents the 95% CI. B 3-year overall survival

(OS) rate among all patients. Kaplan–Meier curve for OS for the full study cohort
(n = 35). The 3-yearOS rate was 94% (95% CI, 86–100). Tickmarks denote censored
observations, and the shaded band represents the 95% CI.

Fig. 2 | 3-year EFS and 3-year OS stratified by ctDNA status after pem-
brolizumab. A – 3-year event-free survival (EFS) rate by circulating tumor DNA
(ctDNA) status after pembrolizumab. Kaplan–Meier curves for EFS according to
ctDNA status after completion of pembrolizumab. Patients who were ctDNA-
negative after pembrolizumab (n = 27) experienced a significantly higher 3-year
EFS rate than those who were ctDNA-positive after pembrolizumab (n = 5) (92% vs
20%; log-rank P < 0.001). Tick marks indicate censored observations, and shaded
areas represent 95 % CI. Red curve = patients who were ctDNA-negative after
pembrolizumab. Blue curve = patients who were ctDNA-positive after

pembrolizumab. B 3-year overall survival (OS) rate by circulating tumor DNA
(ctDNA) status after pembrolizumab. Kaplan–Meier curves for OS according to
ctDNA status after completion of pembrolizumab. Patients who were ctDNA-
negative after pembrolizumab (n = 27) experienced a significantly higher 3-year OS
rate than those who were ctDNA-positive after pembrolizumab (n = 5) (100% vs
80%; log-rank P < 0.001). Tick marks indicate censored observations, and shaded
areas represent 95 % CIs. Red curve = patients who were ctDNA-negative after
pembrolizumab. Blue curve = patients who were ctDNA-positive after
pembrolizumab.
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identified in only 1 of 91 lymph nodes). Neither of the twopatients who
did not clear ctDNA experienced a pCR (0% likelihood of pCR without
ctDNAclearance) (SupplementaryFigs. 2 and 3). All sevenpatientswith
CRC who were ctDNA(-) at baseline had a pCR, while only four of the
seven patients who were ctDNA(+) at baseline had a pCR (100% vs 57%;
p =0.19) (Supplementary Table 4). Eleven of 12 patients who were
cDNA(-) after pembrolizumab had a pCR, compared to neither of the
two patients who were ctDNA(+) after pembrolizumab (92% vs 0%;
p =0.03) (Supplementary Table 5). Patients who were either ctDNA(+)
at baseline and cleared ctDNA or were ctDNA(-) at baseline and
remained so were more likely to have pCR compared to patients who
were ctDNA(+) at baseline and remained ctDNA(+) (p =0.01) (Supple-
mentary Table 6).

ctDNA as amarker of response in patients with CRCwho did not
undergo surgery
Of 12 evaluable patients who did not undergo surgery, thosewhowere
ctDNA(+) at baseline and remained so had a 2-year EFS rate of 33% (95%
CI: NA – 87%), whereas patients who were ctDNA(+) at baseline but
cleared ctDNA had a 2-year EFS rate of 100%. Patients who were
ctDNA(-) and remained so also had a 2-year EFS rate of 100% (Sup-
plementary Fig. 4).

Discussion
At a median follow-up of approximately 3 years, no late progression
events have occurred in patients with locally advanced dMMR/MSI-H
solid tumors who underwent surgery or watchful waiting following
pembrolizumab. The absence of ctDNA after pembrolizumab was
associatedwith longer 3-year EFS andOS in all patients, pCR in patients
with CRC who underwent surgery, and 2-year EFS in patients with CRC
whodid notundergo surgery. Clearance of ctDNA amongpatientswho
had detectable ctDNA at baseline happened early in the treatment
course, after a median of two cycles of pembrolizumab. There was no
difference between the 3-year EFS and OS rates among patients who
underwent surgery and those who did not. This suggests surgery may
not have significantly influenced survival, supporting the notion that
organpreservation is a viable option in certain scenarios. However, the
relatively small number of patients and heterogeneous clinical char-
acteristics in this cohort may limit the generalizability of this finding.
The rationale for the concept of neoadjuvant immunotherapy’s con-
tinued effectiveness after its discontinuation stems from the notion
that an intact primary tumor results in a more robust antitumor
immune response, which may partly explain the long-term efficacy
seen in this cohort, particularly among the patients who did not
undergo surgery. Clearance of ctDNA seems to be a favorable marker
for treatment efficacy, which may be related to underlying mechan-
isms of intrinsic or acquired resistance to immunotherapy that remain
poorly understood.

Evidenceof neoadjuvant immunotherapy’s efficacy indMMR/MSI-
H solid tumors is growing. In NICHE-2, 95% of 112 patients with non-
metastatic dMMR colon cancer treated with one dose of ipilimumab
and twodoses of nivolumab, followed by surgery, experienced amajor
pathologic response (≤10% residual viable tumor), while 67% of
patients had a pCR11. Further, in a separate report of 12 patients with
stage II or III dMMR rectal adenocarcinoma, all 12 had a clinical com-
plete response and none experienced disease progression or recur-
rence during follow-up (range: 6–25months)2. In theNEONIPIGAphase
II trial, 17 of 29 patients with dMMR/MSI-H gastric and gastro-
esophageal adenocarcinoma who received six cycles of nivolumab
with two cycles of ipilimumab followed by resection and nine cycles of
adjuvant nivolumab had a pCR, andmost patients were disease-free at
a median follow-up of 14.9 months12.

No consensus exists regarding the optimal number of cycles of
neoadjuvant immunotherapy for patients with dMMR/MSI-H solid
tumors, and the regimens utilized in trials evaluating the efficacy of

immunotherapy in patients with localized disease vary widely. While
neoadjuvant immunotherapy has shown efficacy and continues to be
incorporated into perioperative treatment paradigms, risks such as
treatment-related adverse events are not negligible and may pre-
clude curative-intent surgery. In one meta-analysis of 16,976 patients
enrolled in 28 randomized controlled trials that involved either
neoadjuvant or adjuvant immunotherapy, the addition of immu-
notherapy increased the incidence of adverse events leading to
treatment discontinuation (odds ratio 3.67, 2.45–5.5; p < 0.0001)13.
Therefore, serially monitoring ctDNA, in addition to utilizing imaging
and endoscopy, could be a way to identify patients that have higher
probabilities of achieving a pCR and prolong EFS and OS while
reducing the risk of imparting toxicity from “unnecessary” cycles of
neoadjuvant immunotherapy (i.e., in a patient with a clinical com-
plete response and ctDNA clearance but scheduled to receive more
cycles of neoadjuvant immunotherapy).

Clearance of ctDNA after neoadjuvant therapy has been shown to
be associated with pathologic response in patients with some types of
solid tumors. In a phase II trial of neoadjuvant atezolizumab plus
docetaxel and oxaliplatin in 14 patients with resectable gastric and
gastroesophageal junction adenocarcinomas, clearance of ctDNA
prior to surgery correlated with pathological response (p =0.03)12.
Similarly, in an analysis of 84 patients with early-stage breast cancer
who received neoadjuvant therapy, patients who remained ctDNA(+)
were more likely to have incomplete pathologic response (OR 4.33,
p =0.01)14. However, in patients with proficient MMR (pMMR)/micro-
satellite stable (MSS) CRC treated with chemotherapy-based neoad-
juvant approaches, the association between ctDNA clearance and
pathologic complete response is less clear15–20. There are likely differ-
ences, which remain poorly understood, in how dMMR/MSI-H CRC
tumors respond to immunotherapy compared to how pMMR/MSS
CRC tumors respond to chemotherapy that influence ctDNAclearance.

Lack of ctDNA clearance after neoadjuvant therapy and shorter
survival has been demonstrated in some types of solid tumors. In a
cohort of 22 patients with early-stage NSCLC treated with neoadjuvant
therapy, detectable ctDNAprior to surgerywas associatedwith inferior
RFS compared to patients without detectable ctDNA prior to surgery
(HR 7.41, 95% CI: 0.91 – 60.22, p =0.03)21. In two analyses of patients
with early-stage breast cancer who received neoadjuvant chemother-
apy, ctDNA detection before surgery was associated with shorter
event-free survival (HR 53, 95% CI: 4.5 to 624; P <0.01) and inferior DFS
(HR 2.67, 95% CI: 1.28 – 5.57, p = 0.09)22,23. In 36 patients with localized
rectal cancer who received neoadjuvant chemotherapy and radiation,
detectable ctDNA after neoadjuvant therapy was associated with a
higher risk of disease progression (HR 6.5, 95%CI: 1.4–30.3, p = 0.02)16.
These data are consistent with our findings regarding the associations
between the absence of detectable ctDNA after pembrolizumab with
pCR (in patients with CRCwho underwent surgery) and 3-year EFS and
OS rates (in all patients).

As the decision to undergo surgery was determined by the patient
and treatingphysician, the surgical andnon-surgical groupsof patients
have inherent selectionbias. Another limitation is the small sample size
of the various cohorts analyzed and the single-institution nature of the
clinical trial. Only a couple of patients in our analysis had cancer types
other than CRC, which limits the applicability of our findings to
patients with non-CRC dMMR/MSI-H tumors. Lastly, panel-based
ctDNA assays may have lower depth of sequencing coverage and are
likely to have worse performance characteristics than dedicated
tumor-informed ctDNA assays.

Pembrolizumab monotherapy continues to show favorable out-
comes in patients with locally advanced dMMR/MSI-H solid tumors at
3-year follow-up. Our work suggests the feasibility and potential of
utilizing ctDNAdynamics as amarker to track response to neoadjuvant
immunotherapy in patients with dMMR/MSI-H solid tumors. In the
future, “ctDNA-adaptive” clinical trials, in which neoadjuvant
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immunotherapy regimens are tailored to each patient based on their
disease’s response, could be away topersonalize therapeutic regimens
to improve survival while minimizing the risk of toxicity associated
with systemic therapy. Further, ctDNA may be an important tool to
help clinicians and patients decide whether to proceed with surgery or
pursue anorgan-sparing approach, and seriallymonitoring ctDNAmay
improve sensitivity for assessing response when combined with tra-
ditional modalities such as imaging and endoscopy.

Methods
Study design and eligibility
In a phase II, investigator-initiated, open-label clinical trial
(NCT04082572), 35 patients with locally advanced, histologically
confirmed dMMR/MSI-H solid tumors were enrolled. Fifteen were
female and 20 were male. Patients were not compensated. Locally
advanced disease was defined as a nonmetastatic primary cancer
with at least a 20% chance of recurrence with surgical resection
alone3. The planned treatment course was pembrolizumab
200mg intravenously once every three weeks for up to eight
cycles, followed by surgical resection. An option for nonsurgical
management was provided, in which patients could receive
pembrolizumab for 16 cycles, followed by observation. The study
was conducted in accordance with the Declaration of Helsinki and
with approval from the University of Texas MD Anderson Cancer
Center institutional review board.

Blood collection and ctDNA detection
Blood was collected in cell-free DNA (cfDNA) blood collection tubes
(Streck Corp, La Vista, NE). The samples were processed within 24 h of
collection, and cell-free plasma was frozen at ≤ − 70 degrees Celsius
until analysis. ctDNA testing was performed in the CLIA-certified
Molecular Diagnostics Laboratory at MD Anderson Cancer Center
using a 70-gene liquid biopsy panel (LBP-70), which uses digital next-
generation sequencing (NGS) of cell-free circulatingDNA isolated from
plasma to screen for single-nucleotide variants, insertions/deletions,
copy number gains, and gene fusions. The software versions used for
this analysis are Illumina NextSeq Control Software 2.1.0, Illumina
Realtime Analysis Software 2.4.11, and Bioinformatics Pipeline 3.3.1.
Detailed information about signal processing, base calling, alignment,
variant calling, and copy number calling are available upon request.
Formalin-fixed paraffin-embedded tumor samples and germline per-
ipheral blood mononuclear cells were profiled using a targeted NGS
platform. Mutations in ctDNA were considered tumor-specific if they
were confirmed with matched tumor tissue profiling (Supplementary
Table 1). ctDNA clearance was defined as a reduction in baseline (i.e.,
prior to pembrolizumab)mutational variant allele frequency (VAF) to a
threshold below the LBP−70’s validated limit of detection (i.e., < 0.3%
VAF for 30 ng of cfDNA input) in all tissue-matched mutations after
treatment with pembrolizumab. Among all 35 patients, ctDNA analysis
was performed on 129 samples, with a mean and median of 3.7 and
3 samples per patient. The timepoints at which bloodwas collected for
ctDNA collection were typically at “baseline” (prior to pem-
brolizumab), after completion of pembrolizumab, and at various time
points over the course of treatment with pembrolizumab.

Data analysis
The distribution of each continuous variable was summarized by its
mean, median, and range. The distribution of each categorical variable
was summarized in terms of its frequencies and percentages. The
associations between categorical variables were compared using
Fisher’s exact test. Kaplan-Meier methods were used to estimate
unadjusted time-to-event EFS andOS. OS was defined as the time from
the first cycle of pembrolizumab until death or censored at the last
follow-up. EFS was defined as the time from the first cycle of pem-
brolizumab until disease progression or death, or censored at the last

follow-up. Log-rank tests were used to compare each time-to-event
variable between groups. P-values of < 0.05 (two-sided) were con-
sidered significant. All computations were carried out in SAS version
9.4 and R version 4.2.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Due to constraints related to patient privacy and institutional regula-
tions, we cannot publicly share the source data file, targeted sequen-
cing data, and code used in this manuscript. Researchers seeking
further detailsmay contact the corresponding author. Requests will be
considered on a case-by-case basis in accordancewith ethical and legal
obligations. All remaining data can be found in the article and sup-
plementary files.
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