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Abstract

This is a single-arm, phase II clinical trial aimed to evaluate mFOLFOX6 plus camrelizumab and apatinib
as a neoadjuvant regimen for locally advanced colon cancer. This trial was registered on ClinicalTrials.gov
(NCT04625803), with the registration date of November 30, 2020. The primary endpoint was the pathological
response rate (TRG 2-4, Dworak criteria). Time-of-flight, imaging mass cytometry and spatial proteomic
analysis was applied to explore efficacy-related predictive biomarkers. Of 12 enrolled patients, 11 underwent
surgery. The TRG 2-4 rate was 81.8% overall (87.5% in the MSS subgroup). Five patients (45.5%) achieved
pathological complete response (pCR). With a median follow-up of 36.60 months, only one patient relapsed. An
increase in the frequency of CD8+ T-cells and a decreased frequency of tissue-resident memory 1 (Trm-1) and
regulatory T (Treg) cells are associated with a favorable response to neoadjuvant therapy. Spatiotemporal
multiomics analysis highlighted tissue-resident macrophages as potential predictive biomarkers and warrants

further verification.
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Introduction

Colorectal cancer (CRC) is the third most common cancer globally and the second leading cause of cancer-
related death(1). Despite the advantages of adjuvant chemotherapy(2), 20-30% of patients still experience
recurrence(3). Regarding other GI cancers, clinical studies have confirmed that preoperative neoadjuvant therapy
can improve patient overall survival(4, 5). Neoadjuvant therapy can shrink tumors and reduce the likelihood of
tumor cell shedding during surgery and incomplete resection(5, 6). In addition, preoperative therapy has the
potential advantage of minimizing the invasiveness of the procedure, allowing patients to recover from normal
activities earlier.

Few phase III trials of preoperative therapy have been published, although the current National
Comprehensive Cancer Network (NCCN) guidelines recommend neoadjuvant chemotherapy (NAC) as an
option for bulky T4b tumors(7). The FOXTROT trial revealed that six weeks of preoperative oxaliplatin—
fluoropyrimidine chemotherapy for operable colon cancer resulted in marked histopathologic downstaging,
fewer incomplete resections, and better two-year disease control(8). The NeoCol trial demonstrated a greater
proportion of RO resection and tumor downstaging in the NAC group than in the operation group, but the study
did not meet its primary endpoint, showing similar two-year disease-free survival (DFS) and overall survival
(OS) rates(9). The phase III OPTICAL study revealed that NAC using mFOLFOX6 or CAPOX resulted in
substantial pathologic downstaging but still did not significantly improve DFS(10). Thus, notwithstanding these
perceived benefits of NAC, there remains controversy regarding the impact of NAC on improving survival (11-
13), and the clinical outcomes of patients receiving perioperative chemotherapy need further improvement.

There is increasing evidence supporting the efficacy of immune checkpoint inhibitors (ICIs) in treating
mismatch repair-deficient or microsatellite instability-high CRCs. The Phase III KEYNOTE-177 trial
demonstrated the efficacy of anti-PD-1 therapy as the standard first-line treatment for mismatch repair-deficient
metastatic colorectal cancer (14). The NICHE-2(15) and PICC trials(16) both revealed that the use of
immunotherapy alone in locally advanced microsatellite instability-high (MSI-H) CRC patients can achieve a
pathological complete response (pCR) of over 60%. Moreover, the combination of anti-PD-1 therapy and
antiangiogenic drugs has shown promising efficacy in liver cancer(17) and renal cell carcinoma (RCC)
patients(18). In the salvage line of advanced CRC, the combination of antiangiogenic drugs and immunotherapy
has also shown potential advantages(19, 20). Camrelizumab is a humanized IgG4 monoclonal antibody with
high affinity for PD-1. Apatinib is a highly selective VEGFR2-targeted TKI. The combination of these two drugs
has shown encouraging antitumor activity in gastric or gastroesophageal junction cancer and liver cancer
patients(21, 22). Preclinical studies have shown that apatinib can increase the efficacy of anti-PD-1 antibody
therapy in patients with CRC by increasing PD-L1 expression(23). Additionally, it has both antitumor and
antiangiogenic effects, while mitigating TME immunosuppression(24) and blocking VEGFR2 can increase the
efficacy of anti-PD-1 therapy(25). The strategic combination of these agents aims to increase the response rate
and efficacy of neoadjuvant therapy.

We initiated a phase II trial (NCT04625803) to investigate the efficacy and safety of the combination of
camrelizumab and apatinib in addition to chemotherapy for patients with locally advanced CRC. Accumulating
evidence has indicated that the tumor immune microenvironment (TIME) is associated with the efficacy of ICIs
in several types of cancer(26-28). Through cytometry by time-of-flight (CyTOF), imaging mass cytometry (IMC)
and spatial proteomic analysis, we investigated the association of the quantitative immune composition of the
TIME with the response to the combination of neoadjuvant treatments, providing deeper insight into the host



immune system and revealing potential therapeutic targets.

Results
Patient characteristics

From January 2021 to September 2022, owing to slow patient recruitment in our single center, only 12
patients were enrolled (Figure 1B). Baseline characteristics are shown in Supplementary Table 1. Most (10/12
[83.3%]) patients were women. There were ten patients (6 pMMR and 4 dIMMR) with right-sided colon cancer.
50% (2/4) of patients with AMMR tumors and 62.5% (5/8) with pMMR tumors had clinical T4 disease, and all
patients had positive lymph nodes on baseline radiographic assessment. Ten (10/12 [83.3%]) patients completed
the planned cycles of neoadjuvant therapy. One patient received 3 cycles of neoadjuvant therapy due to a serious
adverse event, and one patient received 2 cycles of neoadjuvant therapy for tumor perforation (Supplementary
Table 2). Among the 12 patients, 11 underwent surgery. One patient declined surgery because of a persistent
partial response and concerned about surgical risks. (surgical details are provided in Supplementary Table 3).

Efficacy Outcomes

The data cutoff for surveillance was March 23, 2025. The median follow-up time was 36.60 months (31.3—
51.30 months).

One patient (who refused surgery) was excluded from the efficacy analysis. Among the 11 patients, TRG
2-4 rate were observed in 81.8% (9/11) of the patients overall and the pCR rate were 45.5% (5/11) overall.
Among dMMR patients, 1 had grade 4 tumor regression, 1 had grade 3, and 0 had grade 2, the TRG 2-4 rate was
66.7% (2/3), and a pCR was achieved in 33.3% (1/3). Among pMMR patients, 4 had grade 4 tumor regression,
2 had grade 3, and 1 had grade 2, the TRG 2-4 rate was 87.5% (7/8), with a pCR rate of 50.0% (4/8) (Figure
1D). Figure 1E shows radiological images and gross specimens from 5 patients who achieved pCR. Nine
patients (9/11[81.8%]) achieved NO. RO resection was achieved in 100% of patients who underwent surgery. At
the data cutoff, one patient experienced disease recurrence, and all patients were alive. The 2-year EFS and OS
rates were 100% (Figure 1C). The details of the pathological response data are shown in Table 1.

A post hoc analysis of the clinical response was performed. In AIMMR patients, cCR was observed in 12.5%
(1/4) patients, cPR was was observed in 50.0% (2/4) patients, cSD was observed in 12.5% (1/4) patients. In
PMMR patients, cCR was observed in 12.5% (1/8) patients, cPR was observed in 75.0% (6/8) patients, cSD was
observed in 12.5% (1/8) patients. No patients had progressive disease in the neoadjuvant phase (Figure 1D).

Safety

Grade >3 treatment-related adverse events (TRAEs) were observed in 83.3% of patients. The most frequent
grade 3-4 toxicities included neutropenia (10/12[83.3%]), leukopenia (4/12[33.3%]), thrombocytopenia
(2/12[16.7%]), hypertension (2/12[16.7%]), and elevated alanine aminotransferase (ALT) (2/12[16.7%]), all of
which resolved following treatment discontinuation or dose modification. All participants were affected by
TRAEs of some grade, with the predominant manifestations being neutropenia (10/12[83.3%]), leukopenia
(8/12[66.7%]), thrombocytopenia (8/12[66.7%]), and reactive cutaneous capillary endothelial proliferation
(RCCEP) (8/12[66.7%]). Following appropriate dose adjustments and treatment discontinuation, no grade >3
AEs were observed postoperatively, and preoperative toxicity did not substantially impact surgical outcomes.
Postoperatively, no complications were noted (detail provided in Supplementary Table 3). No treatment-related



mortality occurred throughout the study period. Notably, the majority of grade >3 AEs were attributed to
chemotherapy (Table 2).

Tumor microenvironment remodeling after neoadjuvant therapy

To explore associations between the tumor microenvironment and treatment efficacy, we performed CyTOF
analysis. Freshly resected tissue samples from 10 patients at baseline and surgical specimens collected after
neoadjuvant therapy (5 pCR patients and 5 nonpCR patients, 20 samples total) were collected. The details of the
samples acquired for examination are shown in Supplementary Table 4. Samples were labeled as p-before
(baseline samples for pCR patients), p-after (samples postneoadjuvant therapy for pCR patients), n-before
(baseline samples for nonpCR patients) or n-after (samples postneoadjuvant therapy for nonpCR patients).

To depict the detailed immune landscape across tissues, on the basis of the expression of 41 immune
markers, immune cells were divided into 11 main clusters, including CD4 " T-cells, CD8" T-cells, double-negative
T (DNT) cells, gdT (y3T) cells, B-cells, NK cells, macrophages, plasmacytoid dendritic cells (pDCs), neutrophils,
eosinophils and basophils (Figure 2A-2C). After the administration of neoadjuvant therapy, the immune cells
exhibited a distinct temporal distribution in the TME. The frequencies of CD8" T-cells, CD4" T-cells, and
macrophages fluctuated during neoadjuvant treatment (Figure 2D). By comparing pretreatment and
posttreatment samples, we observed that the frequencies of CD8" T-cells and DNT cells increased significantly
in the pCR patients (p=0.018 for CD8" T-cells, p=0.005 for DNT cells). The frequency of CD4" T-cells also
increased, but the difference was only significant in nonpCR patients (p=0.003). After neoadjuvant therapy, the
frequencies of macrophages and neutrophils decreased significantly in pCR and nonpCR patients, respectively
(p=0.010). The frequency of basophils decreased in pCR patients (p=0.043) but increased in nonpCR patients
(Figure 2E). These data suggest that immune cells are remodeled in the TIME due to neoadjuvant therapy. A
comparison of baseline samples from pCR patients and nonpCR patients revealed that the frequencies of
macrophages and basophils were significantly greater in pCR patients (Figure 2E), whereas the frequencies of
other types of cells were similar. This finding suggests that different baseline immune microenvironments may
have contributed to different treatment outcomes.

The infiltration of CD8" T-cells is associated with the prognoses of patients with CRC(29). We next focused
on the CD8" T-cell clusters, which were further categorized into central memory T-cells, tissue resident memory
1 (Trm-1) cells, tissue resident memory 2 (Trm-2) cells, naive T-cells and effector memory T-cells (Figure 3A,
3C, and Supplementary Table 5). Trajectory analysis suggested distinct developmental trajectories of CD8" T-
cell subsets, starting with naive T-cells developing into central memory T-cells and effector memory T-cells. The
developmental trajectories of Trm-1 and Trm-2 cells ultimately diverge in two different directions (Figure 3B).
The Trm-1 subset is highly activated, expresses granzymes (GzmB) and coexpresses exhaustion markers such
as PD-1 and T-bet, progressing toward exhaustion. Simultaneously, the Trm-2 subset exhibited low cytotoxicity
and low proliferative capacity. After neoadjuvant therapy, the frequencies of central memory T-cells and Trm-1
cells decreased significantly in patients who achieved pCR (p=0.03 for central memory T-cells, p<0.0001 for
Trm-1 cells). Frequencies of naive T-cells and Trm-2 cells increased significantly in pCR patients (p=0.047 for
naive T-cells and p=0.02 for Trm-2 cells) (Figure 3D). The frequency of effector memory T-cells tended to
increase in both groups. The remodeling of CD8" T-cell subsets was evident after neoadjuvant therapy, especially
in patients who achieved pCR. Similarly, among the 8 subsets of CD4" T-cells, the frequency of regulatory T-
cells (Tregs) among CD4" T-cells was significantly decreased after treatment in patients who achieved pCR



(Supplementary Table 6, Supplementary figure 1A-D). These findings suggest that an increase in the
frequency of CD8" T-cells and a decrease in the frequency of the Trm-1 and Treg subsets are associated with a
favorable response to neoadjuvant therapy.

According to clustering analysis results, the macrophages were divided into 5 subsets. The frequencies of
the macrophage subsets did not significantly change (Supplementary figure 2A-D). However, the proportion
of macrophages to total immune cells significantly decreased after therapy in patients who achieved pCR (as
shown in Figure 2E), suggesting that the role of macrophages in immunotherapy is highly complex and requires
further analysis.

Peripheral blood samples from 11 patients (5 pCR patients and 6 nonpCR patients, 22 samples) were also
collected at baseline and after the end of neoadjuvant therapy for analysis. Twelve clusters were identified based
on 41 markers, including B-cells, eosinophils, CD4" T-cells, CD8" T-cells, conventional dendritic cells (cDCs),
pDCs, innate lymphoid cells (ILCs), 8 T-cells, DNTs, double-positive T-cells (DPTs), monocytes, and natural
killer (NK) cells. After neoadjuvant therapy, besides a reduction in the frequency of peripheral blood ILCs, which
was only significant in the nonpCR group, the frequency changes in the remaining clusters were not significant
(Supplementary figure 3A-D).

In this part of our study, we utilized CyTOF to profile the global immune census of TMEs following
treatment. We observed a significant post-treatment increase in CD8* T cells within pCR group, suggesting that
the triplet regimen may effectively convert an immunologically “cold” TME into a “hot” one.

This finding offers a partial explanation for the high response rate achieved by the regimen. However, the
underlying mechanism for the different CD8" T cell dynamics in patients receiving the same treatment
remained unclear. Given that baseline CD8* T cell levels showed no significant difference between groups
whereas macrophage populations did (Figure2E), we hypothesized that the differential CD8* T cell response
might not be due to their initial abundance, but rather influenced by other cellular components in the TME—
particularly macrophages.

IMC reveals the spatial features of pretreatment TME topology related to pathological response to
neoadjuvant therapy

To test this hypothesis, we then performed IMC analysis on baseline specimens, which provided spatial
relationships to identify cell-cell interactions, to identify immune cell subsets that might regulate CD8* T cell
activity. Besides, we hoped to identify predictive biomarkers from baseline samples to help select patients most
likely to benefit from this triplet regimen. A total of 10 FFPE baseline colonoscopy patient samples (3 dAMMR
and 7 pMMR) were selected for IMC analysis incorporated more macrophage-related markers in the panel design
(Figure 4A). Six patients did not achieve pCR after neoadjuvant therapy and were classified into the nonpCR
group, whereas 4 patients achieved pCR and were categorized into the pCR group. A 38-marker panel
(Supplementary figure 4) was used to explore the spatial distribution of immune cells across these 10 samples,
with 19 regions of interest (ROIs). Through IMC analysis, the indicated markers were separately recognized by
the metal-labeled antibodies with high specificity (Figure 4B), and the spatial distribution of representative cell
subsets was consistent with the hematoxylin and eosin (H&E) staining images (Supplementary figure 5A).

The IMC images were then segmented into 169346 cells, which were grouped into 28 distinct cell clusters
and annotated based on the expression of canonical markers, encompassing epithelial cells, endothelial cells,
collagen I cells, immune cells, and others. (Figure 4C, D; Supplementary figure 6). A spatial cell map of each



ROI was generated by mapping individual cell clusters back to their original locations (Supplementary figure
5B). Figure 4E shows the distribution of different clusters in each sample (8 ROIs in the pCR group and 11
ROIs in the nonpCR group). Epithelial cells, M2-like macrophages, and collagen” cells constitute a large
proportion of the overall spatial cell atlas (Figure 4F). To investigate the attributes of patients who exhibit an
excellent treatment response, namely, pCR, we compared the frequency of each cell type cluster between pCR
patients and nonpCR patients. We observed that the tissue-resident macrophage (resMAC) ratio in the pCR group
was lower than that in the nonpCR group (p=0.029). However, we did not identify significant differences in the
percentages of other subgroups between the pCR and nonpCR groups. These findings suggest that a reduced
presence of resMACs in the tumor microenvironment may indicate a favorable clinical prognosis for patients
receiving neoadjuvant therapy (Figure 4G).

Consistent with reports in other studies, IMMR patients exhibited increased infiltration of immune cells
(Supplementary figure 7). In the IMMR group (3 samples, 6 ROIs), the baseline tissue presented lower levels
of M2 cells, NK cells, Ki67"CD8" T-cells, TIM3"PD1°CD103" CD8" memory T-cells, and higher levels of
central CD4" memory T-cell subgroups in the pCR group than in the nonpCR group (p<0.05) (Supplementary
figure 8A). In the pMMR subgroup (7 samples, 13 ROIs), only resMAC levels were lower in the pCR group
than in the nonpCR group (p<0.05) (Supplementary figure 8B).

Correlation of pretreatment immune cell interactions with distinct clinical trial outcomes

To explore the mechanisms underlying the TME, a regional correlation analysis was performed to
distinguish spatial interaction and avoidance pairs. In the nonpCR group, resMACs interacted more frequently
with GZMB'CD4" T-cells, Tregs, and memory CD8" T-cells than in the pCR group. M2-like macrophages
interacted more frequently with CD15" tumor epithelial cells in the nonpCR group (Figure 5A). Distinct
interaction and avoidance patterns were observed between resMACs and CD8" T-cells in pCR and nonpCR
patients. There was a greater interaction between resMACs and CD8" T-cells in nonpCR patients (Figure 5B).

Immune cell communication and interactions in the TIME are vital. Thus, the cell neighborhood (CN),
defined by the nearest 20 cells to the center cell, was used to analyze and reveal multicellular structures in each
ROI (Figure 5C). The distribution of each CN across different patients is illustrated in Supplementary figure
9. A total of 15 CNs were identified and annotated on the basis of major cell types, including NK-cell-enriched
CN2, collagen-enriched CN3, B-cell-enriched CN5, TNF-a"CD8" T-cell-enriched CN6, M2 and CD38"'CD4" T-
cell-enriched CN8, and ResMac-enriched CN11 (Figure SD). We subsequently compared the enrichment levels
of each CN between the pCR and nonpCR groups. A decreasing trend in resMAC-enriched CN11 was observed
in the pCR group compared with the nonpCR group, although the difference was not statistically significant
(Figure 5E). These findings indicate that the conformation of CN11 enriched with resMACs may be associated
with an unfavorable prognosis.

There may be a potential link between tumor-associated macrophages (TAMs) and exhausted CD8" T-cells,
as revealed by other studies(27, 30, 31). Combined with the above findings, we next examined the ratio of
immune cells to all cells around resMACs. In the nonpCR group, the frequency of TIM3'PD-1"CD103"CD8" T-
cells with exhaustion marker expression surrounding resMACs was greater than that in the pCR group, indicating
that the resMACs in the nonpCR group may contribute to more T-cell exhaustion than those in the pCR group
(Figure SF). These findings suggest that a lower frequency of exhausted T-cells leads to better clinical outcomes.

We next analyzed the expression of different immune cell markers around resMACs. The expression of an



effector marker (granzyme B) in immune cells around the resMACs was not significantly different between the
pCR patients and the nonpCR patients. Exhaustion-related markers such as TIM-3 in memory CD8" T-cells and
PD-L1 in central memory CD4" T-cells, GZMB'CD4" T-cells and TIM3"PD-1"CD103"CD8" T-cells were
increased in the nonpCR group. These findings suggest that in the nonpCR group, resMACs may lead to
exhaustion of some CD4" and CD8" T-cell subsets, thus hindering the therapeutic effect (Figure 5G).

The IMC results revealed that resMACs were enriched in the non-pCR group and spatially interacted with
T cells, potentially driving the exhaustion of cytotoxic T cells. Together, the cyTOF and IMC results uncovered
the role of resMAC:s in regulating the immune TME and predicting treatment outcome, providing a cellular-level
explanation for the differential treatment responses.

Spatial proteomics analysis reveals distinct underlying biological mechanisms with different clinical trial
outcomes

To further investigate the molecular-level mechanisms, we conducted the spatial proteomics on tumor
regions identified with IMC. This approach integrates manual tissue microdissection, which improves spatial
resolution through tissue expansion, with bottom-up MS-based proteomic analysis(32). This methodology
includes the sequential slicing of tissue samples and the subsequent application of both IMC and proteomic
analysis to explore the underlying biological mechanisms within the ROIs identified by IMC.

Initially, we examined the signaling pathways of all 19 ROIs using ssGSEA. Unsupervised analysis of
immunotherapy-related, metabolic, and hallmark pathways revealed substantial intratumoral heterogeneity
between baseline samples from patients who achieved pCR and those from patients who did not achieve pCR
after treatment, underscoring both patient-specific and condition-specific diversity (Figure 6A). We then
correlated the cell frequencies of the identified components via IMC with the ssGSEA scores of the pathways to
assess the contributions of different cell types. For example, compared with common epithelial cells, CD15"
epithelial cells presented a distinct correlation pattern, including a negative correlation with multiple metabolic
pathways, whereas common epithelial cells presented the opposite trend. Among the macrophage subtypes, M2
macrophages were positively correlated with the KRAS signaling, angiogenesis, and complement pathways,
whereas resMACs were negatively correlated with thiamine metabolism and the G2M checkpoint (Figure 6E).

To further investigate the molecular patterns contributing to different clinical outcomes, we conducted an
analysis of differentially expressed proteins (DEPs) between nonpCR and pCR patient baseline samples. Notably,
expression of proteins such as MAPT and HLA-E was upregulated in pCR patients, whereas that of TP53, HLA-
DRBS, and IGKV6D-41 was downregulated (Figure 6B). Leveraging the DEPs, we performed Gene Ontology
(GO) analysis, which revealed enriched biological processes, including antigen processing, positive regulation
of T-cell activation, and positive regulation of tumor necrosis factor production, in the pCR samples. Conversely,
processes such as proline metabolism, glycogen catabolism, and the regulation of lipoprotein metabolism were
enriched in nonpCR samples (Figure 6C). We then performed protein—protein interaction (PPI) network analysis
using the STRING database to separately predict associations between proteins with upregulated and
downregulated expression, followed by the extraction of subnetworks or neighborhoods on the basis of edge
betweenness. The proteins with upregulated expression were categorized into 7 communities, whereas the
proteins with downregulated expression were divided into 12 communities. Pathway enrichment analysis
revealed that each community exhibited a distinct pattern. These findings highlight the molecular differences
between the baseline samples of patients who achieved pCR and those who did not following neoadjuvant
therapy (Figure 6D). These results thereby enriching our understanding of the molecular mechanisms associated



with treatment response and providing preliminary insights into the relevant functional pathways.

In summary, our study began with a promising clinical trial and investigated the mechanism underlying
different treatment response through multi-omics. CyTOF, IMC, and spatial proteomics were applied step by
step, from systemic immune profiling to spatial cellular interactions and functional pathway analysis.
Discussion

In patients with locally advanced colon cancer, neoadjuvant chemotherapy results in pathologic
downstaging but does not improve the DFS of patients(9, 10). Thus, a more intensive treatment approach was
attempted in hopes of achieving greater tumor regression and disease control duration. Ongoing clinical trials
are exploring combinations of chemotherapy and immunotherapy (NCT03985891, NCT05202314, and
NCT05914389). To our knowledge, this is the first study investigating the activity of a combined regimen of
chemotherapy, PD-1 blockade and a VEGFR inhibitor in locally advanced colon cancer. We chronologically
enrolled patients according to strict inclusion and exclusion criteria. However, owing to difficulties in enrollment,
only 12 patients were ultimately included. As Simon’s two-stage design, our study has met the goal in its first
stage with over five patients showing significant pathological response (TRG 2-4). Based on these compelling
early results, we proceeded with exploratory analyses to promptly report these findings to the scientific
community.

The combination regimen showed promising efficacy for both AMMR/MSI-H and pMMR/MSS patients,
with a relatively high regression rate of 87.5% in the pMMR/MSS population. The achievement of a pCR by
five patients (45.5%), with the majority being pMMR patients (4 cases), was encouraging and was higher than
that reported in the previous FOXTROT study, which reported a pCR rate of 4%, with a major regression rate of
21%(8). With a median follow-up time of 36.60 months (range: 31.3—51.3 months), only one patient experienced
disease recurrence. A significant advantage of ICIs has been established for MSI-H tumors. However, the
majority of CRC cases are MSS and are intrinsically resistant to immune checkpoint inhibitors(33). dMMR or
MSI-H tumors present high mutational burdens and immunogenic neoantigen loads, leading to abundant tumor
infiltration by cytotoxic CD8" T lymphocytes; however, this is not the case for pMMR or MSS tumors, which
present an immune desert or immune-excluded microenvironment(34-36). In our trial, most of the enrolled
patients had pMMR, and surprisingly, of the five patients who achieved a pCR, four patients had pMMR. These
findings provide preliminary evidence of a potential clinical benefit from the combination strategy in pMMR
patients.

Using CyTOF, we profiled the immune landscape and uncovered substantial remodeling of the tumor
microenvironment following treatment. We observed a dynamic shift in the tumor immune microenvironment
(TME) post-treatment. This was characterized by a significant increase in cytotoxic CD8" T cells and a
decreased frequency of tissue-resident memory 1 (Trm-1) and regulatory T (Treg) cells. This integrated
observation implies the transformation of an immunosuppressive “cold” TME into a “hot” one. Tissue-resident
memory T (Trm) cells constitute a subset of memory CD8" T (Tmem) cells and display only restricted
recirculation potential(37). Studies have indicated that Trm cells coexpressing PD-1 and TIGIT within the tumor
microenvironment exhibit an exhaustion phenotype, including impaired cytotoxic function(38). Other studies
have shown that low frequency of CD8'CD103"PD-1"TIM3" Trm cells are associated with longer survival(39).
Similarly, in our study, we observed a significant decrease in the Trm-1 subset expressing exhaustion markers
such as PD-1 following neoadjuvant treatment, which was significant in patients who achieved pCR. These data
demonstrate striking neoadjuvant therapy-associated changes in colonic CD8" T-cells, characterized by a shift



from the Trm-1 subset to the effector memory and Trm-2 subsets. Similarly, a study indicated a shift from Trm
cells to proliferating CD8" T-cells in ICI-induced colitis(40). The observed post-treatment immune
remodeling provided a mechanistic explanation for the observed benefit of combination immunotherapy, even
in MSS patients. The similar patterns have been consistently observed in other clinical trials such as NICHE-1
(41) and NICOLE (42). The NICOLE trial, despite being a nivolumab monotherapy study, showed that
pathological responses (including 1 pCR) have been observed in a subset of pMMR patients. Mechanistically,
its report of a significant post-treatment increases in CD8" T-cell infiltration directly aligns with our finding of
immune remodeling. Similarly, the NICHE-1 study not only reported responses in pMMR patients but identified
CD8PD-1* T-cell infiltration as a key predictor, further underscoring the critical role of the T-cell compartment.
In addition, novel combinations have been explored for more potent efficacy. The NEST-1 and NEST-2
studies with the novel botensilimab (BOT, anti-CTLA-4) and balstilimab (BAL, anti-PD-1) demonstrated
dramatically higher pathological response rates (60% with >50% regression in NEST-2 MSS cohort) (43). This
underscores that the dual checkpoint inhibitor regimen can more effectively overcome the immunosuppressive
barriers in MSS tumors. The replication of these impressive results in the Italian UNICORN trial confirms the
robustness and generalizability of this approach (44). Furthermore, an “inside-out” (serosa-to-mucosa) tumor
regression and extensive immune infiltration is seen in the spatial biology findings, revealing mechanisms of
actions of BOT (45).

Based on our findings, we propose a cohesive model for how the triplet regimen may synergize to remodel
“cold” pMMR/MSS immune microenvironment. Firstly, our therapeutic regimen was built upon a foundation of
oxaliplatin-based chemotherapy. Oxaliplatin contributes to anti-tumor immunity by inducing immunogenic cell
death (ICD) (46)and enhancing tumor antigen presentation through upregulation of MHC-I expression(47). This
process facilitates more robust T cell activation thus create a favorable context for immune checkpoint
blockade. One study demonstrated FOLFOX chemotherapy reinvigorate tumor-infiltrating CD8" T cells,
reversing their exhausted phenotype and promoting a transition to a functional effector state, thereby improving
clinical outcomes in colorectal cancer(48). Secondly, apatinib, the anti-angiogenic agent, likely acts as a
powerful “conditioner” of the TME. VEGF inhibition exerts multifaceted immunomodulatory effects, including:
improved dendritic cell-mediated antigen presentation; enhanced T cell priming; normalized tumor vasculature
promoting lymphocyte infiltration from lymph nodes to tumor sites. Concurrently, it suppresses
immunosuppressive populations such as Tregs, TAMs, and myeloid-derived suppressor cells (MDSCs)(49). The
combination therapy consistently induced the anticipated immune shifts: an increase in CD8" T cells
accompanied by a reduction of Treg and macrophage infiltration. Collectively, these actions rebalance the tumor
microenvironment from an immunosuppressive to an immunopermissive state. Finally, the convergence of these
mechanisms, oxaliplatin-driven immunogenicity and T cell effector reprogramming combined with apatinib-
mediated vascular normalization, creates a potent synergistic platform for camrelizumab, leading to treatment
effectiveness. It is important to note that the synergistic mechanism described here remains a hypothesis derived
from the literature and it requires further experimental investigation.

Our spatial data offer a deeper explanation of the spatial architecture underlying efficacy by IMC, which is
rarely reported in previous neoadjuvant therapy studies. We discovered that at baseline, nonpCR patients were
characterized by specific spatial neighborhoods featuring interaction between T cells and resMACs. ResMACs
are present in most tissues and are endowed with general as well as tissue-specific functions(50). In the early
stages of tumor development, resMACs accumulate near tumor cells, promoting epithelial-mesenchymal



transition and invasiveness in tumor cells(51, 52). The abundance of resMACs has been linked to unfavorable
outcomes across several types of solid tumors(53, 54), with numerous studies documenting their
immunosuppressive function in progression and dissemination(55). Consistent with a previous study(56), our
study revealed that resMAC are negatively correlated with the prognosis of tumors and are less enriched in
patients in the pCR group. CRC patients with lower resMAC enrichment may benefit from our neoadjuvant
regimen. However, a study revealed that patients with tumors harboring an increased proportion of macrophages
resembling breast TIM4 " perivasculature had improved survival rates(56). Despite extensive research, there are
still large gaps in our comprehensive understanding of the complexity of resMACs(57, 58).Intravital imaging
research has revealed the preferential localization of antigen-specific CD8" T-cells in regions abundant with
TAMSs within the TME, resulting in enduring close interactions(59-62). Kelly Kersten et al. reported that TAMs
and exhausted T-cells (Texs) are interdependent, with Texs shaping myeloid cell recruitment and phenotype,
whereas TAMs sustain the exhaustion of CD8" T-cells, both of which contribute to tumor progression(63). The
expression of PD-1 in T-cells indicates the depletion characteristics of T-cells, but the role of PD-L1 in T-cell
expression is controversial. Research shows that PD-L17 T-cells can play a role in tumor promotion via three
distinct mechanisms(64). In our work, we observed interactions between resMACs and surrounding immune
cells and noted increased expression of exhaustion markers such as PD-1, PD-L1 and TIM3 surrounding
resMACs in the nonpCR group.

This finding suggests that resMAC testing could be implemented for patients with locally advanced
colorectal cancer, thereby improving the selection of individuals who are most likely to respond to the current
triplet regimen. On the other hand, for patients exhibiting high resMAC infiltration at baseline, this finding
motivates the development of new therapeutic approaches. Combining the current regimen with targeted
strategies including therapeutics designed to induce macrophage depletion, impair recruitment, and induce
repolarization could potentially overcome the resistance mechanism and extend therapeutic benefit to this patient
subgroup (65). By bridging this biomarker discovery to clinical strategies, we hope to provide a clearer roadmap
for its future application and the personalization of therapy in this setting.

Furthermore, spatial proteomics analysis was applied to discover the molecular mechanisms involved
within the ROIs identified by IMC, providing deeper insights into the functional pathways involved in treatment
response. MAPT promoter CpG island hypermethylation is associated with a poor prognosis in patients with
stage II CRC(66). Since CpG island hypermethylation always inhibits gene expression, high MAPT expression
may predict better prognosis in CRC patients. A similar phenomenon was observed in breast cancer patients
treated with adjuvant anthracycline and paclitaxel chemotherapy and endocrine therapy(67). HLA class II
proteins (HLA DP, DQ, DR) have limited expression on antigen-presenting cells and present antigens to CD4" T-
cells(68). Specific HLA class I alleles have been associated with ICI efficacy and toxicity(69, 70). Some studies
have noted that increased HLA class II-related gene expression is correlated with improved outcomes(71).
Notably, increased HLA-DR expression has been suggested to predict the ICI response(72, 73). Consistent with
previous studies, our study revealed that HLA-DRB4 and HLA-E expression were upregulated in patients who
achieved pCR. In addition to DEP analysis, GO analysis and PPI analysis revealed distinct enrichment in
biological processes and protein associations between patients who achieved pCR and those who did not.

We report a higher incidence of grade 3 or higher thrombocytopenia and neutropenia than other neoadjuvant
chemotherapy studies(10, 74). The safety profile of camrelizumab plus apatinib and FOLFOX was consistent
with the known toxicities of the individual components. While the triple combination showed enhanced efficacy,



this benefit may come at the cost of an increased rate of adverse events, a phenomenon consistently observed
across similar combination clinical trials as AtezoTRIBE (75)and CheckMate 9X8 (76). The most frequent Grade
>3 adverse events were neutropenia (83.3%), leukopenia (33.3%), and thrombocytopenia (16.7%).
The incidence of hematologic events such as neutropenia (83.3%), appear elevated compared to FOLFOX
chemotherapy alone(77, 78). While the FOLFOX regimen is known to cause myelosuppression, apatinib, an
anti-VEGFR2 TKI also carries known side effects including thrombocytopenia, neutropenia, hypertension and
fatigue (79, 80). The hematological toxicities, likely attributable to the overlapping toxicity profiles of the
combined agents. In addition, two patients (16.7%) developed Grade >3 elevated alanine aminotransferase (ALT)
are likely a consequence of overlapping hepatic toxicities from the combined agents. However, all AEs
were manageable and reversible. No suspected unexpected serious adverse reactions (SUSARs) occurred, and
there were no treatment-related deaths in our study. AE were managed with appropriate interventions, including
granulocyte colony-stimulating factor (G-CSF) support and dose adjustments. Most patients (83.3%, 10/12)
completed all planned cycles of neoadjuvant therapy (Supplementary Table 2). Based on our experience, we
propose that the long-term feasibility of this triplet regimen in a broader population could be enhanced by several
measures: (1) stricter patient selection: for example, excluding insufficient bone marrow reserve at baseline or
ECOG>2; (2) routine primary prophylaxis with long-acting G-CSF to reduce the incidence of severe
neutropenia; (3) close monitoring with prompt intervention upon early signs of toxicity. Future larger-scale trials
incorporating these supportive strategies may be crucial to confirm its long-term feasibility.

While promising clinical effects and potential biomarkers have been obtained from our study, there are
several limitations. First, the study is limited by its small sample size and an imbalance in tumor location and
gender. Second, our study was a single-arm phase II clinical trial, which lacked the control group. A high pCR
rate and encouraging DFS and OS outcomes require validation in larger, randomized trials with expanded cohorts.
Third, a notably high incidence of adverse events within this relatively small sample size was observed. At last,
through multiomics analysis, we investigated efficacy-related predictive biomarkers. Due to the limited sample
size and primarily descriptive results, the underlying mechanism requires further exploration through in vitro
and in vivo experiments.

In conclusion, the neoadjuvant regimen combining mFOLFOX6 with camrelizumab and apatinib
was observed to induce a pCR rate of 45.5% in patients with locally advanced colon cancer, independent of
MMR status. Potential predictive biomarkers of response may include lower baseline levels of resMAC
infiltration and a posttreatment increase in CD8" T-cells. The presence of resMACs in the tumor
microenvironment appeared to correlate with exhaustion in certain CD4* and CD8* T-cell subsets, which might
negatively affect treatment efficacy. These findings add to the preliminary understanding of this triple-
combination therapy and support further investigation into biomarker-guided strategies.

Methods
Study design and participants

This investigator-initiated, single-arm, phase 2 study was performed at the First Affiliated Hospital of
Zhejiang University. Eligible patients were (1) aged 18—75 years; (2) had an Eastern Cooperative Oncology
Group performance status (ECOG PS) of 0-1; (3) had histopathologically or cytologically confirmed colon
adenocarcinoma without distant metastases (T4 or T3 with extramural depth >5 mm, N0-2, M0)(78); and (4)
had adequate organ function and expected survival >12 months. Tumors were staged using the 8th edition of the



American Joint Committee of Cancer (AJCC) tumor—node—metastasis (TNM) staging classification for colon
cancer. Mismatch repair was determined by immunohistochemistry, and MSI status was determined by PCR.
The key exclusion criteria were as follows: (1) evidence of distant metastatic disease; (2) obstruction, perforation,
or bleeding requiring urgent treatment; and (3) the presence or history of an autoimmune disease or need for
immunosuppressants. Following the principles of the Declaration of Helsinki, all patients provided written
informed consent before study enrollment. The clinical study has been registered at ClinicalTrials.gov
(NCT04625803) with the registration date of November 30, 2020. National Health Commission Medical
Research Registration information system number: MR-33-20-004515. This study was approved by the Ethics
Committee, and the ethics number is (2020) IIT Review No. (697).

Until November 4, 2021, the treatment regimen remained the same regardless of patient MSI status.
However, after November 4, 2021, the plan was modified and approved under the ethics number (2021) IIT
Review No. (867). As in the PICC study(16), anti-PD-1 therapy alone demonstrated an impressive pCR rate in
patients with locally advanced MSI-H colon cancer. Thus, for MSI-H patients, chemotherapy was not
administered to avoid overtreatment, and only camrelizumab plus apatinib were given.

Procedures

Patients with microsatellite-stable or proficient mismatch repair (p)MMR) received 5 cycles of mFOLFOX6
and camrelizumab (200 mg intravenously on day 1, every 2 weeks) and apatinib (250 mg orally once daily, 2
months). mFOLFOX6 consisted of 85 mg/m? oxaliplatin on day 1, 400 mg/m? leucovorin on day 1, and 400
mg/m? fluorouracil on day 1, followed by continuous infusion of 2,400 mg/m? fluorouracil over 46 h, which was
repeated once every 2 weeks. Surgery was scheduled within 4-6 weeks after the last cycle of therapy. Seven
cycles of adjuvant camrelizumab plus mFOLFOX6 were administered after surgery. For patients with MSI-H or
deficiency in mismatch repair (AIMMR), 5 cycles of camrelizumab (200 mg intravenously on day 1, every 2
weeks) plus apatinib (250 mg orally once daily, 2 months) were given preoperatively, and 7 cycles of
camrelizumab plus apatinib were given postoperatively. CT of the chest, abdomen, and pelvis was performed at
baseline and was recommended after 5 cycles of mFOLFOX6. After surgery, imaging examinations were
performed before and at the end of postoperative adjuvant chemotherapy. After all the treatments were completed,
imaging examinations were scheduled once every 12 weeks and then once every six months after 1 year.

Tissue samples and peripheral blood samples were collected for further multiomics analysis. The workflow
is shown in Figure 1A.

Outcome assessment

The primary endpoint was the pathological response rate, which was defined as the proportion of patients
with a tumor regression grade (TRG) of 2-4 according to the Dworak criteria(81) for mismatch repair-proficient
and microsatellite-stable (pMMR/MSS) patients.

The secondary endpoints included the tumor pathological downstaging rate, defined as the percentage of
patients with a lower postoperative stage than baseline stage, the pCR rate, the RO resection rate, 2-year DFS, 2-
year EFS and OS for MSS colon cancer patients; pathology response rate and pCR rate for MSI-H/dMMR
patients; and perioperative complication rates, mortality rates and adverse events (National Cancer Institute
Common Terminology Criteria for Adverse Events [NCI CTCAE], version 5.0). Safety outcomes were assessed

using the safety analysis set of all patients exposed to at least one dose of intervention.



Cy-TOF data acquisition and analysis

Tumor tissues and peripheral blood samples were obtained from the patients who participated in the study
for cytometry by time-of-flight (CyTOF) analysis. Tissue samples were collected during the baseline
colonoscopy and surgery, whereas peripheral blood samples were taken at baseline and at the end of the
neoadjuvant therapy. An immune cell-centric antibody panel that includes 41 antibodies. Single-cell suspensions
were obtained through enzyme cocktail digestion as described in a previous study(82). PBMCs were obtained
by Ficoll gradient centrifugation according to the manufacturer’s protocol as described previously(83). The
resulting single-cell suspension was first incubated with 0.25 uM cisplatin (Fluidigm, USA) for 5 min on ice to
exclude dead cells. After 3 washes, the cells were resuspended and incubated with block mix buffer (Fluidigm)
for 20 min on ice to block nonspecific antibody binding to Fc receptors. Then, the cells were incubated on ice
with a cell-surface antibody cocktail for 30 min and washed twice with FACS buffer. Before intracellular
antibody incubation, the cells were fixed with fresh 1.6% formaldehyde (FA) solution at room temperature for
10 min and then incubated with DNA Intercalator-Ir solution (Maxpar Fix and Perm Buffer containing 250 nM
191/193Ir, Fluidigm) at 4 °C overnight. Next, the cells were washed and permeabilized with Foxp3/transcription
factor staining buffer (eBiosciences), followed by incubation on ice with intracellular antibodies for 30 min. The
cells were then washed and resuspended in 0.1X EQ Four Element Calibration Beads and applied to a mass
cytometer (Helios, Fluidigm). The data of each sample were debarcoded from the raw data using a doublet-
filtering scheme with unique mass-tagged barcodes. Each FCS file generated from different batches was
normalized via the bead normalization method. The data were manually gated using FlowJo software to exclude
debris, dead cells, and doublets, leaving only live, single cells. The PARC clustering algorithm was applied to
all cells to partition the cells into distinct phenotypes on the basis of marker expression levels. The clustering
parameters were adjusted to obtain a suitable number of clusters. The cell type of each cluster was annotated
according to its marker expression pattern on a heatmap of clusters vs. markers. The dimensionality reduction
algorithm t-SNE was used to visualize high-dimensional data in two dimensions, displaying the distribution of
each cluster, marker expression, and variations among different groups or sample types. A t test was used to
analyze the frequency of the annotated cell population.

Imaging mass cytometry (IMC) analysis

Paraffin-embedded and formalin-fixed tissues were selected for IMC and downstream analysis from
baseline colonoscopy biopsies from patients included in the study. Serial sectioning was performed, and one of
the sections was subjected to H&E staining. The pathologist subsequently identified one or two ROIs of 1x 1
mm? infiltrated most abundantly with immune cells on the basis of the pathological morphological structure
revealed by H&E staining. Based on our previously published study, the ROIs were defined as square areas with
a laser intensity of 400 Hz(84). An imaging mass cytometer (Fluidigm, Hyperion) was used to scan the prepared
sections and generate multiplexed images. The IMC data analysis pipeline consists of four steps: spillover signal
compensation, image denoising, image contrast enhancement, and cell segmentation. The individual cell or
component in each channel of the IMC image was segmented using the connection-sensing segmentation
method(85). For cell segmentation, MATLAB function region props were applied to detect connected
components in the image for cell segmentation. For other membrane channels, we eliminated artifacts if their
distance to the nearest nucleus centroid was greater than 15 pixels. The expression of each marker was



normalized to the 99th percentile for each channel. A picture clustering algorithm was adopted to complete the
analysis in R 3.3.4. The cells of all the samples were mixed, and cluster analysis was performed using a master
cell group marker. All the data were processed via the arcsinh transformation (cofactor set to 1) and normalized
before clustering. The “imcRtools” package (version 1.0.2) was used for downstream analysis. The cell
neighborhood (CN) of each cell was composed of its 20 nearest neighbors. These neighborhoods were grouped
and annotated according to their cell components using K-means clustering (k=15), and the results were verified
by superimposing Voronoi plots of corresponding cell neighborhoods on the original tissue IMC image. Through
neighborhood analysis of cell types in different ROIs, 15 different cell neighborhood structures were constructed
and clustered. A permutation test method of the “imcRtools” package (version 1.0.2) was used to evaluate the
interactions/avoidances between different cell clusters to explore spatial cell-cell interactions(86). Patch
detection was used to detect the local accumulation of cells of interest. A distance of 20 um was defined as the
maximum distance between cells to be considered part of the patch, and 30 was the minimal number of cells by
which a patch was defined(86).

Spatial proteomics and downstream analysis

FFPE samples of colon cancer tissues at baseline were prepared into 4 um slices. Hydrogel embedding,
tissue expansion, staining, imaging, microdissection, tissue polypeptide recovery and mass spectrometry of the
recovered polypeptides were performed as previously described(32). Following treatment with BT buffer and
MES buffer, the slices were incubated with a protein anchoring solution for 12 h. The samples were subsequently
rinsed with anchoring stop buffer, exposed to activated monomer solution in a gelation chamber at 4 °C for 12 h
to induce gelation, and then moved to a vacuum oven for the polymerization reaction. The subsequent stage of
expansion involved immersing the resulting tissue-hydrogel composite in a uniform buffer. Following
Coomassie blue staining and repeated washing, the tissues were visualized using a Zeiss Fluorescence Stereo
Zoom Microscope. Microdissection of the expanded Coomassie-stained samples was performed on the basis of
the ROIs, and the samples were analyzed via liquid chromatography (LC)-mass spectrometry (MS)/MS. A hybrid
trapped ion mobility spectrometry (TIMS) quadrupole time—of—flight mass spectrometer (timsTOF-Pro) was
used for peptide extraction and analysis in parallel accumulation—serial fragmentation combined with data-
independent acquisition parallel accumulation serial fragmentation (diaPASEF) mode, as previously
described(32, 87). We used Bruker otofControl (version 6.2) and HyStar (version 5.1) for MS data acquisition.
The FragPipe (version 15.0) platform and MSFragger (version 3.1.1)(88, 89) were used for DDA data analysis.
The self-built library was further used to analyze PulseDIA data via DIA-NN (version 1.7.15)(90). The ssGSEA
score for each gene set was calculated using the “GSVA” package in R software (version 1.50.0)(91). We
performed differentially expressed protein (DEP) analysis via the “DESeq2” package (version 1.44.0)(92) and
Gene Ontology (GO) analysis using the “clusterProfiler” package (version 4.10.0)(93). Protein—protein
interaction (PPI) network visualization was performed in Cytoscape 3.10.1 (http://www.cytoscape.org). The
correlation analysis of pathway scores and cell frequencies in the IMC data was performed via the “psych”
package (version 2.4.6).

Statistical analysis
This was a single-arm study, and no randomization was used. To determine the sample size, we used the

Simon 2-stage optimum design with a unilateral alpha of 0.05 to achieve a power of 0.8, and the pathological



response rate (TRG 2-4) was expected to increase from 22.5% to 40%. Considering a 10% shedding rate, it was
estimated that 64 patients needed to be enrolled.

All the statistical analyses were performed using SPSS Statistics 26 (IBM, Armonk, NY, USA). Continuous
variables with parametric distributions were evaluated using t tests. Categorical variables were evaluated using
the chi-square test (or Fisher’s exact test where appropriate). All the statistical tests were two-sided, and the
significance threshold for all the P values was 0.05. Graphs were generated using GraphPad Prism (version
10.1.1). We used the CONSORT reporting guideline(94) to draft this manuscript, and the CONSORT reporting
checklist when editing, included in supplement files.
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Figure legends

Figure 1. (A) Overview of the study design and workflow. Paired tissue samples at baseline and during the
operation were collected for cyTOF. Paired peripheral blood samples at baseline and after the end of neoadjuvant
therapy were collected for cyTOF. Formalin-fixed paraffin-embedded samples at baseline were collected for
IMC and spatial proteomics. (B) Trial profile. (C) Swimmer plot for clinical outcomes of patients enrolled. (D)
Waterfall plot of radiological change in maximum tumour diameter from baseline. NA=not applicable, as the
patient did not undergo surgery. * T3 with extramural depth >5 mm. (E) CT Images of 5 pCR patients before
treatment (column 1) and after neoadjuvant treatments (column 2), and gross specimen of corresponding patients
at the time of surgery (column 3). CT images and gross specimen showed significant tumor regression in these
5 patients after neoadjuvant therapy. pCR were confirmed by pathological examination.



Figure 2 Global analysis of immune cell populations in tissues of CRC patients receiving neoadjuvant
treatment (A) The tSNE plots of immune cells from all tissue samples, colored by different immune cell types
(n=20). (B) The tSNE plots of immune cells from all tissue samples, divided into four groups based on whether
they achieved pCR, before or after neoadjuvant therapy. (C) The heatmap of 11 immune cell clusters from all
tissue samples. (D) Cell cluster frequency is shown as a fraction of total cells in four groups. (E) Frequency
comparisons of major immune cell clusters in four groups. *p < 0.05, **p <0.01; p-before, baseline samples for
pCR patients; p-after, post-neoadjuvant therapy samples for pCR patients; n-before, baseline samples for
nonpCR patients; n-after, post-neoadjuvant therapy samples for nonpCR patients.

Figure 3 The remodeling of CD8" T cell subsets after neoadjuvant therapy (A) The tSNE plots of CD8" T
cells from all tissue samples, colored by five CD8" T cell subsets. (B) Pseudotime-ordered analysis of CD8" T
cell clusters. (C) The heatmap of five CD8" T cell subsets. (D) Frequency of CD8" T cell subsets comparisons
in four groups. *p < 0.05, **p < 0.01; p-before, baseline samples for pCR patients; p-after, post-neoadjuvant
therapy samples for pCR patients; n-before, baseline samples for nonpCR patients; n-after, post-neoadjuvant
therapy samples for nonpCR patients.

Figure 4 The imaging mass cytometry (IMC) reveals the spatial topology of TME at a single-cell level.
(A) The workflow of IMC. (B) Single color staining of each marker. (C) Uniform Manifold Approximation
and Projection (UMAP) were based on the single-cell data extracted from IMC images, showing the identified
28 distinct immune cell clusters. (D) The heatmap showing the maximum normalized mean marker expression
of 28 clusters. (E) The distribution of all clusters in each ROI. (F) The percentage of each cluster of all cells
visualized using boxplots. (G) The colorectal cancer tissue specimens were grouped into nonpCR and pCR
based on whether they achieved pCR after treatment. The frequencies of 28 subgroups in the baseline
specimens were compared between the two groups. *P < 0.05, **P < 0.01

Figure S Tissue neighborhood analysis reveals cell-cell interaction and communication. (A) The spatial cell
interactions on IMC images. Rows represent the centered cell type and columns represent other cell types
surrounding the center cell type. In each subgroup cross-box, the upper right corner represents the pCR group,
and the lower left corner represents the nonpCR group. The darker (or greener) the color, the greater the number
of interactions. (B) The representative ROIs of pCR and nonpCR patients. resMAC, CD8 T cells and other cells
were distinguished by different colored outlines. (C) Spatial cell map and relative CN patch plots of TME. (D)
Heatmaps of cell subsets corresponding to 15 CN. (E) The CN proportion between the pCR and nonpCR groups
was compared. (F) Centered around resMAC, the proportional differences of surrounding immune cells between
the pCR and nonpCR groups. (G) Centered around resMAC, the expression differences of the markers, including
granzyme B, PD-1, PD-L1, and TIM3 for surrounding immune cells were compared between the pCR and
nonpCR groups. The color of the dot represented the group with high protein expression: blue indicates high
expression of the protein in the nonpCR group, while orange indicates high expression of the protein in the pCR
group. The size of the dot represents the significance of the difference. *P < 0.05, **P < 0.01

Figure 6 Spatial proteomics unveiled underlying biological mechanism.
Differences in hallmark, immunotherapy-related, metabolism pathways in each patient and each condition



revealed by unsupervised analysis ssGSEA. (B) Differentially expressed proteins between baseline samples from
patients who achieved pCR and those who did not following neoadjuvant therapy. (C) The potential biological
functions and relevant signaling pathways evaluated by gene ontology analysis based on significant proteins of
DEPs (P<0.05). (D) communities of PPIs. (E) The association of cell frequencies and ssGSEA score of pathways
for selected cell types by Pearson correlation coefficient.



Table 1 Postoperative Pathologic Findings in Patients Who
Underwent Surgery (n=11)
All patients, No. n=8 pMMR, No. n=3 dMMR, No.

Pathologic Finding

(%) (%) (%)
TRG
TRGO 0 (0) 0 (0) 0 (0)
TRG 1 2(18.2) 1(12.5) 1(33.3)
TRG 2 1(9.1) 1(12.5) 0 (0)
TRG 3 3(27.3) 2 (25.0) 1(33.3)
TRG 4 5 (45.5) 4 (50.0) 1(33.3)
pCR
Yes 5 (45.5) 4 (50.0) 1(33.3)
No 6 (54.5) 4 (50.0) 2 (66.7)
Pathologic T stage
TO 5 (45.5) 4 (50.0) 1(33.3)
T1 1(9.1) 0 1(33.3)
T2 0 (0) 0 0 (0)
T3 5 (45.5) 4 (50.0) 1(33.3)
T4 0 (0) 0 0 (0)
Pathologic N stage
NO 9 (81.8) 6 (75.0) 3(100.0)
N1 2 (18.2) 2 (25.0) 0 (0)
N2 0 (0) 0 (0) 0 (0)
Distant metastasis
MO 11 (100) 8 (100.0) 3(100.0)
M1 0 (0) 0 (0) 0 (0)
Pathologic stage
TONOMO 5 (45.5) 4 (50.0) 1(33.3)
I 1(9.1) 0 (0) 1(33.3)
I 3(27.3) 2 (25.0) 1(33.3)
I 2 (18.2) 2 (25.0) 0 (0)
v 0 (0) 0 (0) 0 (0)
Lymphatic/vascular
invasion
Present 1(9.1) 1(12.5) 0(0)
Absent 10 (90.9) 7 (87.5) 3(100.0)
Perineural invasion
Present 1(9.1) 1(12.5) 0(0)
Absent 10 (90.9) 7 (87.5) 3(100.0)

TRG Dworak criteria: Grade 0: no regression; Grade 1: dominant tumor mass with obvious fibrosis and/or



vasculopathy; Grade 2: dominantly fibrotic changes with few tumor cells or groups (easy to find); Grade 3: very
few (difficult to find microscopically) tumor cells in fibrotic tissue with or without mucous substance; Grade 4:
no tumor cells, only fibrotic mass (total regression or response).
Table 2 Treatment-related adverse events in patients
Grade 3-4, No. (%) Total, No. (%)

Any TRAE 10 (83.3) 12 (100)

Hematologic
Neutropenia 10 (83.3) 10 (83.3)
Decreased white blood cell count 4(33.3) 8 (66.7)
Thrombocytopenia 2 (16.7) 8 (66.7)

Nonhematologic
Hypertension 2 (16.7) 4 (33.3)
ALT increased 2 (16.7) 4 (33.3)
AST increased 0(0) 3(25.0)
Fatigue 0(0) 4 (33.3)
RCCEP 0(0) 8 (66.7)
Allergy 0(0) 2 (16.7)
Hypothyroidism 0(0) 2 (16.7)
Oral ulcer 0(0) 3(25.0)
Vomiting 0(0) 4 (33.3)
Peripheral sensory neurotoxicity 0(0) 4 (33.3)
Hand-foot syndrome 0(0) 2 (16.7)

TRAE, treatment-related adverse event; RCCEP, Reactive cutaneous capillary endothelial proliferation; ALT,
glutamic pyruvic transaminase; AST, glutamic oxaloacetic transaminase
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