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Abstract
Patients with microsatellite-stable/proficient mismatch repair (MSS/pMMR) metastatic colorectal
cancer derive limited benefit from immune checkpoint inhibitors. In this multicentre phase 2 trial,
patients received tyrosine kinase inhibitors (TKIs) fruquintinib or regorafenib during screening;
radiological responders received TKI plus anti-programmed cell death protein 1 (PD-1) therapy. Of 60
enrolled patients, 25 received the sequential combination; the 9-month progression-free survival (PFS)
rate, the prespecified primary endpoint, was 57.7%; median PFS and overall survival were 12.5 and 22.4
months (median follow-up, 24.4 months). Objective response and disease control rates were 20.0% and
100.0%; grade ≥3 treatment-related adverse events affected 48.0% of patients, with no treatment-related
deaths. Baseline radiomics predicted benefit (area under the curve, 0.75), and dynamic changes in
radiomics, circulating tumour DNA and T-cell receptor repertoire followed TKI priming. Sequential TKI
priming followed by TKI plus anti-PD-1 therapy showed encouraging activity and manageable toxicity,
supporting response-adapted sequential immunotherapy in this population.

Clinical trial registration: NCT04483219 (registered 23 July 2020)

Introduction
Immunotherapy has shown limited efficacy in microsatellite stable/proficient mismatch repair
(MSS/pMMR) metastatic colorectal cancer (mCRC), which represents the majority of advanced
colorectal cancers1–3. Although multiple combination strategies have been explored to overcome
immune resistance, including anti-angiogenic agents and epigenetic therapies, durable clinical benefit
has remained inconsistent in unselected MSS/pMMR populations4–8. Reliable biomarkers for identifying
patients most likely to benefit from immunotherapy-based combinations are also lacking9,10.

Among currently investigated approaches, combinations of tyrosine kinase inhibitors (TKIs) and immune
checkpoint inhibitors (ICIs) have demonstrated preliminary activity in selected patients with MSS/pMMR
mCRC. Regorafenib- and fruquintinib-based combinations have shown encouraging signals in early-
phase studies; however, clinical outcomes across trials have varied substantially, suggesting that only a
subset of patients derive meaningful benefit11–13. In addition to concurrent combination strategies,
sequential therapeutic approaches have also gained increasing interest. Notably, the MAYA trial
demonstrated the feasibility of a response-adapted sequential immunotherapy strategy in colorectal
cancer, supporting further investigation of treatment sequencing approaches14.

Fruquintinib and regorafenib are standard later-line treatment options for previously treated MSS/pMMR
mCRC. Beyond their anti-angiogenic activity, preclinical and clinical observations suggest that TKIs
exposure may modulate tumour and immune microenvironmental features associated with sensitivity to
immune checkpoint blockade15. Retrospective and early-phase studies have suggested that selected
patients achieving disease control during TKIs treatment may subsequently derive benefit from
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immunotherapy-based combinations16–18. These observations raise the possibility that response to
initial TKIs treatment may identify a subgroup potentially sensitive to subsequent PD-1 blockade.

Based on this rationale, we conducted the prospective multicentre phase 2 TRAP trial to evaluate the
efficacy and safety of sequential TKIs followed by TKIs plus anti-programmed cell death protein 1 (PD-1)
therapy in patients with MSS/pMMR mCRC who achieved radiological response to initial TKIs treatment.

Results
Patients and treatment

The patient disposition is shown in Figure 1. Between 10 March 2021 and 24 June 2024, 60 eligible
patients were enrolled, of whom 58 initiated TKIs treatment. Following the initial TKIs treatment phase,
24 patients met the predefined radiological criteria for assignment to arm A. Among the remaining
patients, 12 were assigned to arm B and 22 to arm C. After the second treatment cycle, one patient from
arm B was reassigned to arm A based on subsequent imaging evaluation. Consequently, 25 patients
were included in the arm A intention-to-treat and safety populations.

At the data cutoff date of 23 December 2025, 21 patients (84.0%) in arm A had discontinued treatment
because of disease progression, three (12.0%) because of treatment-related adverse events, and one
(4.0%) because of an acute myocardial infarction considered unrelated to study treatment.

Baseline characteristics are summarised in Table 1. In arm A, the median age was 57 years (range, 34–
74 years), and 15 patients (60.0%) were male. Most patients had an ECOG performance status of 1
(96.0%), left-sided primary tumours (88.0%), and lung metastases (80.0%). RAS mutations were
identified in nine patients (36.0%), and BRAFV600E mutations in two (8.0%). Most patients had received
fewer than three prior lines of systemic therapy.

Clinical activity

After a median follow-up of 24.39 months, the median progression-free survival (PFS) in arm A was
12.49 months (95% CI, 7.31–18.56), and the median overall survival (OS) was 22.43 months (95% CI,
16.92–28.95) . In comparison, median PFS and OS were 1.87 months (95% CI, 1.84–2.72) and 13.41
months (95% CI, 5.51–16.30) in arm B, and 0.97 months (95% CI, 0.92–1.02) and 10.03 months (95% CI,
5.28 –12.89) in arm C, respectively. In arm A, the 9-month PFS rate was 57.69% (95% CI, 34.34–75.35),
indicating that the prespecified primary endpoint was met. Twenty-one PFS events (84.0%) were
observed at the data cutoff date. (Figure 2A-B) 

Exploratory analyses suggested associations between survival outcomes and metastatic burden.
Patients with single-organ metastasis demonstrated longer median PFS than those with multi-organ
metastases (18.56 months [95% CI, 4.85–NE] vs 8.62 months [95% CI, 6.82–13.11]). Patients without
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liver metastases also demonstrated longer median PFS than those with liver metastases. No other
clinicopathological variables were significantly associated with survival outcomes (Figure S1).

Among patients in arm A, five (20.0%) achieved a partial response and 20 (80.0%) achieved stable
disease according to iRECIST v1.1, resulting in an objective response rate of 20.0% (95% CI, 6.8–40.7)
and a disease control rate of 100.0% (95% CI, 86.3–100.0). The median duration of response was 8.08
months (95% CI, 2.10–NE). Tumour shrinkage was observed in 16 patients (64.0%). (Figure 2C-E)
Selected radiographic changes during treatment, including cavitation of pulmonary metastases and
reduced liver lesion density, were observed in a subset of patients (Figure S2).

Post-study treatment was administered to 16 patients, including targeted therapy in 13 (81.25%),
chemotherapy in 14 (87.5%), immunotherapy in two (12.5%) and radiotherapy in two (12.5%) patients.

Safety

Treatment-emergent adverse events (TEAEs) occurring in arm A are summarised in Table 2. The most
common TEAEs were palmar-plantar erythrodysesthesia (32.0%), hypertension (28.0%), proteinuria
(24.0%), hypothyroidism (24.0%), hoarseness (16.0%), pneumonitis (12.0%), and fatigue (12.0%). Grade
≥3 treatment-related adverse events occurred in 12 patients (48.0%), most commonly hypertension
(16.0%). Three patients (12.0%) discontinued treatment because of adverse events, including
myocarditis and myositis. No treatment-related deaths were observed.

During the TKI screening phase, TRAEs were systematically recorded to assess both safety and
individual tolerability. The most common toxicity-induced symptoms were hypertension, palmar-plantar
erythrodysesthesia, proteinuria, fatigue, arthralgia and hoarseness. Grade ≥3 adverse events, including
hypertension (n = 3) and palmar-plantar erythrodysesthesia (n = 1), occurred in a subset of patients.
Grade 2 toxic effects included proteinuria, palmar-plantar erythrodysesthesia, hypertension and fatigue.
Grade 1 toxic effects were generally mild and manageable.Based on individual tolerability, six patients
underwent TKI dose reductions during the screening phase, allowing optimization of treatment exposure
before combination therapy.

Immune-related adverse events (irAEs) were primarily hypothyroidism (24% any grade, 4% grade ≥3),
myocarditis (8%, 4%), hyperthyroidism (8%, 0%) and myositis (8%, 4%). Less frequent irAEs included
adrenal insufficiency (4%, 4%), elevated creatinine levels (4%, 4%), hypophysitis (4%, 0%), pneumonitis
(4%, 0%), hepatic injury (4%, 0%), anorexia (4%, 0%), weight loss (4%, 0%) and palmar-plantar
erythrodysesthesia (4%, 0%). There were no fatal irAEs.

 

Radiomics

Baseline computed tomography imaging data were available for 50 of 55 evaluable patients, including
longitudinal paired imaging data from 24 patients in arm A. Exploratory radiomics analyses were
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performed to investigate imaging features associated with clinical benefit from sequential combination
therapy.

Baseline radiomics model for predicting clinical benefit from sequential combination immunotherapy

A radiomics model constructed using baseline imaging data from 50 patients demonstrated moderate
discriminatory performance for identifying patients assigned to arm A versus arms B and C, with an area
under the curve of 0.75. These findings suggest that baseline imaging phenotypes associated with
tumour heterogeneity may be associated with benefit from sequential TKIs plus anti-PD-1 therapy.
(Figure 3A-D)

Dynamic radiomic changes following TKIs treatment

We performed paired analysis of radiomics features before and after TKIs treatment in arm A patients.
After correction for multiple testing, a subset of radiomic features remained statistically significant
(adjusted p of <0.05). (Figure 3E) These predominantly involved grey-level distribution, texture
heterogeneity and multiscale texture patterns derived from wavelet and LoG filters. Representative
significant features included grey-level non-uniformity, dependence non-uniformity, zone variance and
large area high grey-level emphasis. Functionally, these altered features were primarily associated with
tumour density distribution and spatial heterogeneity. The changes in grey-level-related features suggest
remodelling of intratumoral density, potentially reflecting increased necrosis or a reduction in viable
tumour components. The reduction in heterogeneity-related metrics (e.g. non-uniformity and variance)
indicates a shift towards more homogeneous intratumoral architecture. In addition, several features
derived from wavelet- and LoG-filtered images remained significant after adjustment. This suggests that
treatment-related changes extend beyond global intensity shifts to involve microstructural remodelling
across multiple spatial scales. Collectively, these dynamic radiomic changes appear to reflect improved
perfusion uniformity and redistribution within the tumour microenvironment. This indirectly suggests
possible treatment-induced vascular normalisation.

Early multiomics changes following TKIs therapy 

Peripheral blood samples were collected from patients in Arm A at baseline, after one cycle of TKI
treatment, and at disease progression for exploratory multiomics analyses. Serial blood samples
available at all three time points were obtained from 8 patients for dynamic ctDNA profiling and T-cell
receptor (TCR) repertoire analysis. (Figure 4)

Early decreases in ctDNA levels were observed following initiation of TKIs treatment, consistent with
early reductions in tumour burden. TCR repertoire analyses demonstrated dynamic changes in clonality-
related metrics after TKIs exposure, suggesting treatment-associated modulation of systemic immune
profiles.

Collectively, these findings suggest that TKIs priming may be associated with alterations in tumour and
immune microenvironment-related biological processes.
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Finally, a representative participant from the TRAP cohort is presented to illustrate the complete
treatment trajectory, encompassing radiological responses during the TKI screening phase and
treatment period, as well as dynamic molecular biomarker changes. (Figure S3)

Discussion
In this prospective multicentre phase 2 TRAP trial, a response-adapted sequential strategy consisting of
TKI priming followed by TKI plus anti-PD-1 therapy demonstrated potent anti-tumour activity and
manageable toxicity in selected patients with MSS/pMMR mCRC. The study met its primary endpoint,
achieving a 9-month PFS rate of 57.69%, with a median PFS of 12.49 months and a median OS of 22.43
months. These findings suggest that early radiological benefit from TKI treatment may identify a
subgroup of patients with MSS/pMMR mCRC who are more likely to derive clinically meaningful benefit
from subsequent immunotherapy-based treatment.

Despite major advances in immunotherapy across multiple tumour types, MSS/pMMR mCRC remains
largely refractory to immune checkpoint blockade19–21. Numerous combination strategies have therefore
been investigated to overcome this resistance, including anti-angiogenic agents, epigenetic therapies,
and multikinase inhibitors22–24. Combinations of TKIs and PD-1 inhibitors have particularly garnered
substantial interest. The REGONIVO study initially reported promising anti-tumour activity of regorafenib
plus nivolumab against MSS mCRC; however, subsequent validation studies yielded variable outcomes,
suggesting that benefit may be confined to specific patient subsets12. Similarly, although the
CAPABILITY-01 study demonstrated encouraging activity with chidamide-based regimens, treatment
efficacy remained heterogeneous across different cohorts8. Collectively, these studies suggest that
patient selection represents a critical determinant of treatment efficacy in MSS/pMMR disease.

In this context, the TRAP study differs from previous approaches by incorporating a response-adapted
treatment strategy. Rather than administering immunotherapy to an unselected population, patients were
first exposed to TKIs and subsequently selected for combination treatment according to predefined
radiological criteria. A similar response-adapted principle was explored in the MAYA trial, wherein
patients with MGMT-silenced MSS colorectal cancer who demonstrated sensitivity to temozolomide
subsequently achieved meaningful benefit from dual immune checkpoint blockade14. Although the
biological context differs substantially from that of the present study, both trials support the broader
concept that response to an initial priming treatment may identify tumours with enhanced susceptibility
to subsequent immunotherapy. The favourable survival outcomes observed in our study therefore
support further investigation of TKI responsiveness as a clinically relevant indicator of potential
immunotherapy benefit.

A notable feature of our study is the use of routine radiological assessment as a dynamic selection
strategy. In addition to conventional RECIST responses, imaging characteristics associated with anti-
angiogenic activity, including cavitation of pulmonary metastases and reductions in liver lesion density,
were incorporated into treatment decision-making25–27. These imaging changes may reflect biological
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effects of angiogenesis inhibition, including tumour necrosis, altered vascular permeability and tumour
microenvironment remodelling28. Compared with tissue-based biomarkers, which often require
specialised testing and are present in only a small subset of MSS/pMMR tumours, imaging-based
assessment is readily available, inexpensive and broadly applicable in routine clinical practice. The
imaging-based response criteria used in this study were prospectively defined according to biological
characteristics associated with anti-angiogenic treatment response; however, further external validation
and assessment of interobserver reproducibility will be required before broader implementation.
Nevertheless, our findings suggest that treatment-induced radiological changes may represent a
practical biomarker for identifying patients most likely to benefit from subsequent immunotherapy.

The safety profile of sequential TKI plus anti-PD-1 therapy was consistent with the known toxicities of
the individual agents, and no new safety signals were observed. Most TRAEs were manageable with
standard supportive measures or immunosuppressive therapy when indicated, and no treatment-related
deaths occurred. The initial TKI screening phase may also have facilitated individualised dose
adjustment before initiation of combination therapy, potentially contributing to the acceptable safety
profile observed in this study.

To further explore the biological basis of clinical benefit, we performed exploratory radiomic and
multiomics analyses. Baseline radiomic features demonstrated moderate ability to identify patients who
subsequently derived benefit from sequential immunotherapy, while longitudinal radiomic analyses
revealed significant changes in tumour heterogeneity following TKI exposure. In parallel, early reductions
in ctDNA levels and alterations in TCR repertoire metrics were observed after TKI treatment. Although
these findings are exploratory and based on limited sample sizes, they collectively suggest that TKI
priming may induce biological changes within the tumour and immune microenvironment that may be
associated with subsequent responsiveness to PD-1 blockade. These observations should be
considered hypothesis-generating and warrant validation in larger prospective cohorts.

Several biological mechanisms may potentially contribute to the observed clinical activity. Preclinical
studies have demonstrated that TKIs can promote tumour antigen release through tumour cell death,
normalise abnormal tumour vasculature, improve immune-cell trafficking, and enhance anti-tumour
immune responses24,29. In addition, preclinical evidence suggests that TKIs may reduce

immunosuppressive cellular populations within the tumour microenvironment30,31. Together, these
effects may create a more permissive immune context for subsequent checkpoint inhibition. Although
our exploratory biomarker analyses are broadly consistent with this hypothesis, definitive mechanistic
conclusions cannot be established from the current study, warranting dedicated translational
investigations.

This study has several limitations. First, as a single-arm phase 2 trial, comparisons with historical
studies should be interpreted cautiously. Second, the sample size was relatively small, particularly for
subgroup analyses and exploratory biomarker investigations. Third, the imaging-based criteria used to
define TKI responsiveness were investigator-defined and require prospective validation and
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standardisation in independent cohorts. Fourth, biomarker analyses were conducted in only a subset of
patients and should therefore be considered exploratory. Finally, all participants were enrolled in China,
which may limit the generalisability of the findings to other populations.

In conclusion, the TRAP trial demonstrates that a response-adapted sequential strategy of TKI priming
followed by TKI plus anti-PD-1 therapy can achieve durable clinical benefit with manageable toxicity in
selected patients with MSS/pMMR mCRC. Beyond the efficacy results, the study highlights the potential
value of treatment-induced radiological changes as a practical and clinically accessible biomarker for
patient selection. If confirmed in future randomised studies, this strategy may represent a practical
approach for enriching immunotherapy-responsive populations in a disease historically characterised by
resistance to immune checkpoint blockade and may contribute to the development of more precise
treatment paradigms for MSS/pMMR mCRC.

Methods
Patients Eligibility

Eligible patients were aged 18–75 years, had an Eastern Cooperative Oncology Group performance
status (ECOG PS) of 0–1, histologically confirmed unresectable or metastatic adenocarcinoma of the
colon or rectum, measurable disease according to RECIST version 1.1, and previously treated
MSS/pMMR metastatic colorectal cancer. MSS/pMMR status was confirmed by immunohistochemistry,
polymerase chain reaction, or next-generation sequencing. All patients had received standard
fluoropyrimidine-, oxaliplatin-, and irinotecan-based therapies, with or without prior anti-VEGF or anti-
EGFR treatment, as appropriate. Detailed eligibility criteria are provided in the study protocol
(doi:10.1136/bmjopen-2021-049992).

Study Design and Procedures

TRAP was an investigator-initiated, prospective, multicentre, open-label, single-arm phase 2 trial
(ClinicalTrials.gov identifier: NCT04483219, registered 23 July 2020). The study was conducted at eight
centres in China in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines.
The protocol was approved by the institutional ethics committee of each participating centre, and all
patients provided written informed consent before enrolment.

The study employed a response-adapted sequential treatment strategy. During an initial screening
phase, patients received one cycle of fruquintinib or regorafenib. Radiological assessment was
performed after completion of the screening cycle.

According to their response to TKIs, patients were divided into three arms: (1) Arm A: an obvious
response to TKIs, including reduction in the diameter of target lesions, to complete response (CR), partial
response (PR) or shrunken SD, according to the revised Response Evaluation Criteria in Solid Tumors
(RECIST) guidelines (version 1.1). In addition, patients without progressive disease (non-PD) who
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exhibited specific radiographic changes suggestive of treatment response—such as cavitation of solid
metastatic lung lesions or a ≥ 15% decrease in the density of metastatic liver lesions according to Choi
criteria were also classified into Arm A. (2) Arm B: general response to TKIs, including enlarged SD and
without the radiographic features described for Arm A (based on RECIST version 1.1 guidelines). (3) Arm
C: poor response to TKIs, including progressive disease (based on RECIST version 1.1 guidelines).
Patients assigned to arm A subsequently received TKIs in combination with an anti-PD-1 antibody.
Patients assigned to arm B continued TKI treatment for one additional cycle and underwent repeat
assessment. Patients demonstrating subsequent radiological benefit were reassigned to arm A. Patients
in arm C discontinued protocol treatment. Treatment continued until disease progression, unacceptable
toxicity, withdrawal of consent, or investigator decision. Anti-PD-1 therapy was administered for a
maximum duration of two years.

Assessments

Tumour imaging assessments were performed every 4 weeks during the first two treatment cycles and
every 6 weeks thereafter. Response to TKIs was assessed according to the RECIST criteria (version 1.1)
and significant changes in imaging findings (cavitation in metastatic lung lesions or a decrease in the
density of liver metastatic targeted lesions ≥ 15%). In addition, the efficacy of TKIs followed by TKIs in
combination with anti-PD-1 antibody is assessed based on the immune-related RECIST (iRECIST) criteria
(version 1.1). Adverse events were graded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events (NCI CTCAE), version 5.0.

Study Endpoints

The primary endpoint was the 9-month progression-free survival (PFS) rate in arm A.

Secondary endpoints included progression-free survival, overall survival (OS), objective response rate
(ORR), disease control rate (DCR), duration of response (DoR), and safety.

Exploratory endpoints included radiomic analyses, circulating tumour DNA (ctDNA) profiling, T-cell
receptor (TCR) repertoire analyses to investigate biological changes associated with TKI priming and
potential biomarkers of clinical benefit.

Statistical analysis 

The study was designed using Simon’s optimal two-stage phase 2 design. The null hypothesis assumed
a 9-month PFS rate of 27.1%, based on results from the FRESCO trial. The alternative hypothesis
assumed a 9-month PFS rate of 55.0%, with a one-sided α of 0.05 and 90% power.

Sixteen evaluable patients were required in the first stage. If more than four patients achieved 9-month
PFS, an additional nine patients would be enrolled in the second stage, yielding a total sample size of 25
patients in arm A. The primary endpoint would be considered met if more than ten patients achieved 9-
month PFS. Progression-free survival was defined as the interval from the date of the first dose of
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treatment to the first of either disease progression, relapse or death from any cause. Overall survival was
defined as the interval from the date of the first dose of treatment to death from any cause. Patients
without events were censored at the date of last follow-up.

Survival outcomes were estimated using the Kaplan–Meier method and reported with corresponding
95% confidence intervals (CIs). ORR and DCR were calculated with exact Clopper–Pearson 95% CIs.
Statistical analyses were performed using SAS version 9.4.

Exploratory Biomarker Analyses

Baseline and longitudinal radiomic analyses were performed using contrast-enhanced computed
tomography images. High-throughput radiomic features were extracted using PyRadiomics, and
predictive models were developed to distinguish patients assigned to arm A from those assigned to
arms B and C.

Peripheral blood samples collected at baseline, after one cycle of TKI treatment, and at treatment
discontinuation were used for ctDNA, TCR repertoire analyses. Detailed laboratory procedures for next-
generation sequencing, TCR sequencing are provided in the Supplementary Appendix.
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Characteristics Arm A (n=25) Arm B (n=11) Arm C (n=22)

Median Age, years (range) 57.0 (34,74) 58.9 (38,75) 59.5 (41,72)

Sex, n (%)      

Male 15 (60.0) 6 (54.5) 13 (59.1)

  Female 10 (40.0) 5 (45.5) 9 (40.9)

ECOG PS, n (%)

0 1 (4.0) 1 (9.1) 0 (0.0)

  1 24 (96.0) 10 (90.9) 22 (100.0)

Primary tumor location, n (%)

  Right colon 3 (12.0) 2 (18.2) 5 (22.7)

Left colon 22 (88.0) 9 (81.8) 17 (77.3)

Metastasis, n (%)      

     Single organ metastasis 8 (32.0) 0 (0.0) 9 (40.9)

Multiple organ metastasis  17 (68.0) 11 (100.0) 13 (59.1)

Metastatic lesions, n (%)

  Liver  10 (40.0) 8 (72.7) 20 (90.9)

  Lung  20 (80.0) 9 (81.8) 10 (45.5)

  Lymph node 7 (28.0) 3 (27.3) 5 (22.7)

Bone 3 (12.0) 2 (18.2) 2 (9.1)

Others 5 (20.0) 2 (18.2) 3 (13.6)

RAS/BRAF status, n (%)

  RAS/BRAFV600E wild-type 14 (56.0) 2 (18.2) 7 (31.8)

RAS mutant 9 (36.0) 8 (72.7) 11 (50.0)

  BRAFV600E mutant 2 (8.0) 0 (0.0) 0 (0.0)

Unknown 0 (0.0) 1 (9.1) 4 (18.2)

Previous systemic treatment lines, n (%)

<3 21 (84.0) 9 (81.8) 14 (63.6)

≥3 4 (16.0) 2 (18.2) 8 (36.4)

Prior chemecotherapeutic agents, n (%)
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Fluoropyrimidine 25 (100.0) 11 (100.0) 22 (100.0)

Oxaliplatin 25 (100.0) 11 (100.0) 22 (100.0)

Irinotecan 25 (100.0) 11 (100.0) 22 (100.0)

Prior targeted therapeutic agents, n (%)

Bevacizumab 16 (64.0) 10 (90.9) 15 (68.2)

Cetuximab 11 (44.0) 2 (18.2) 7 (31.8)

Primary tumor resected , n (%)

Yes 23 (92.0) 8 (72.7) 9 (40.9)

No 2 (8.0) 3 (27.3) 13 (59.1)

Type of differentiated, n (%)      

Moderately differentiated 17 (68.0) 10 (90.9) 11 (50.0)

Poorly differentiated 7 (28.0) 1 (9.1) 6 (27.3)

Unknown 1 (4.0) 0 (0.0) 5 (22.7)

Tumour stage at screening, n(%)      

 II A 1 (4.0) 1 (9.1) 0 (0.0)

 II B 2 (8.0) 1 (9.1) 1 (4.5)

 III A 1 (4.0) 0 (0.0) 0 (0.0)

 III B 2 (8.0) 2 (18.2) 0 (0.0)

 III C 6 (24.0) 2 (18.2) 3 (13.6)

 IV 13 (52.0) 5 (45.5) 18 (81.8)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; IQR, interquartile
range; 

Table 2. Treatment-Related Adverse Events During the First Treatment Part or in the Second Treatment
Part
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AE, no. of patients (%) Any grade Grade ≥ 3

Palmar–plantar erythrodysesthesia syndrome 8 (32.0) 3 (12.0)

Hypertension 7 (28.0) 4 (16.0)

Proteinuria 6 (24.0) 1 (4.0)

Hypothyroidism 6 (24.0) 1 (4.0)

Hoarseness 4 (16.0) 0 (0.0)

Fatigue 3 (12.0) 1 (4.0)

Pneumonitis 3 (12.0) 0 (0.0)

Oral mucositis /Stomatitis 2 (8.0) 2 (8.0)

Hyperthyroidism 2 (8.0) 0 (0.0)

Myocarditis 2 (8.0) 1 (4.0)

Myositis 2 (8.0) 1 (4.0)

Hepatic dysfunction / Elevated liver enzymes 2 (8.0) 0 (0.0)

Elevated serum creatinine 1 (4.0) 1 (4.0)

Lower gastrointestinal bleeding 1 (4.0) 0 (0.0)

Weight loss 1 (4.0) 0 (0.0)

Arthralgia 1 (4.0) 0 (0.0)

Anorexia / Decreased appetite 1 (4.0) 0 (0.0)

Hypophysitis 1 (4.0) 0 (0.0)

Rash 1 (4.0) 0 (0.0)

Intestinal obstruction 1 (4.0) 1 (4.0)

Adrenal insufficiency 1 (4.0) 0 (0.0)

Abbreviation: AE, adverse event.

Figures

Page 17/21



Figure 1

Flow diagram of the trial process. A total of 60 patients were recruited from eight Chinese medical
institutions between 10 March 2021 and 24 June 2024 and received the study treatment. The
participants were divided into three arms according to their response to TKIs. Response classifications
were based on the revised Response Evaluation Criteria in Solid Tumours (RECIST), v. 1.1. Arm A:
Obvious response to TKIs, including reduction in the diameter of the target lesion(s), complete response
(CR), partial response (PR) or shrunken stable disease (SD) Patients without progressive disease (non-
PD) exhibiting radiographic changes suggestive of treatment response according to Choi criteria, such
as cavitation of solid metastatic lung lesions or a ≥15% decrease in metastatic liver lesion density were
also placed in arm A. Arm B: General response to TKIs, including enlarged SD, but without the
radiographic features of patients in arm A. Arm C: Poor response to TKIs, including disease progression.

mCRC, metastatic colorectal adenocarcinoma; MSS/pMMR, microsatellite stable/ proficient mismatch
repair; PD-1, programmed cell death protein 1; TKIs, tyrosine kinase inhibitors
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Figure 2

Kaplan‒Meier curves for (a) PFS and (b) OS of patients in the treatment group. (c) Waterfall plot of the
best tumour responses achieved by each patient; (d) Spider plot of participants’ tumour response
dynamics; (e) Swimmer plot of each patient’s treatment duration, with the occurrence times of the first
PR, first iuPD, first icPD and death.

OS, overall survival; PFS, progression-free survival; icPD, immune-confirmed progressive disease; iuPD,
immune-unconfirmed progressive disease; PFS, progression-free survival; PR, partial response; SD,
stable disease
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Figure 3

Development and validation of the baseline radiomics model and dynamic radiomic alterations following
TKI treatment.(A) t-distributed stochastic neighbor embedding (t-SNE) visualization of patients in Arm A
and Arm B+C before and after radiomic feature selection. Feature selection improved the separation
between patients who subsequently benefited from sequential TKI–immunotherapy treatment (Arm A)
and those who did not (Arm B+C). (B) SHAP summary plot showing the contribution of the selected
radiomic features to model prediction. Features are ranked according to their impact on model output,
with color indicating feature value and SHAP value indicating the direction and magnitude of
contribution. (C) Hierarchical clustering heatmap of the selected radiomic features. Columns represent
radiomic features and rows represent individual patients. Color intensity indicates normalized feature
values. (D) Receiver operating characteristic (ROC) curves from five-fold cross-validation of the
radiomics model. The model achieved a mean area under the curve (AUC) of 0.75 ± 0.20 for
distinguishing Arm A from Arm B+C. (E) Volcano plot showing differential radiomic features between
pre- and post-TKI treatment images in Arm A. Red and blue dots indicate significantly upregulated and
downregulated features, respectively, after multiple-testing correction. Significant changes were
predominantly observed in density-related, heterogeneity-related, and wavelet-/LoG-derived multi-scale
texture features.
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AUC, area under the curve; ROC, receiver operating characteristic; SHAP, Shapley Additive Explanations; t-
SNE, t-distributed stochastic neighbor embedding; TKI, tyrosine kinase inhibitor.

Figure 4

(A) Longitudinal changes in plasma circulating tumor DNA (ctDNA) allele frequency (AF) at baseline (T0),
after one cycle of TKI treatment (T1), and at study end (T2). Each line represents an individual patient,
showing temporal dynamics of tumor-derived mutational burden under sequential TKI-based therapy. (B)
Temporal evolution of T-cell receptor (TCR) repertoire diversity, quantified by the Shannon diversity index,
at the corresponding time points (T0, T1, and T2). Each line represents an individual patient, showing
longitudinal changes in TCR clonal diversity during sequential TKI-based therapy.
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