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Abstract

Purpose: Targeting the PD-1/PD-L1 interaction has led to durable responses in fewer than half 

of patients with mismatch repair-deficient (MMR-d) advanced colorectal cancers (CRC). Immune 

contexture, including spatial distribution of immune cells in the tumor microenvironment, may 

predict immunotherapy outcome.

Patients and Methods: Immune contexture and spatial distribution, including cell-to-cell 

distance measurements, were analyzed by multiplex immunofluorescence in primary CRCs with 

d-MMR (N=33) from patients treated with anti-PD-1 antibodies. By digital image analysis, 

density, ratio, intensity, and spatial distribution of PD-L1, PD-1, CD8, CD3, CD68, LAG3, 

TGFβR2, MHC-I, CD14, B2M, and pan-cytokeratin were computed. Feature selection was 

performed by regularized Cox regression with LASSO, and a proportional hazards model was 

fitted to predict progression-free survival (PFS).

Results: For predicting survival among patients with MMR-d advanced CRC receiving PD-1 

blockade, cell-to-cell distance measurements, but not cell densities or ratios, achieved statistical 

significance univariately. By multivariable feature selection, only mean number of PD-1+ cells 

within 10μm of a PD-L1+ cell was significantly predictive of progression-free survival (PFS). 

Dichotomization of this variable revealed that those with high versus low values had significantly 
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prolonged PFS [median not reached (>83 months) vs 8.5 months (95% CI: 4.7-NR)] with 

a median PFS of 28.4 months for all patients [HRadj= 0.14, 95% CI: 0.04, 0.56; p=0.005]. 

Expression of PD-1 was observed on CD8+ T-cells; PD-L1 on CD3+ and CD8+ T-lymphocytes, 

macrophages (CD68+) and tumor cells.

Conclusions: In d-MMR CRCs, PD-1+ to PD-L1+ receptor to ligand proximity is a potential 

predictive biomarker for the effectiveness of PD-1 blockade.

Introduction

Anti-programmed cell death (PD-1) antibodies directly target PD-1 and inhibit the 

interaction of PD-1 with its ligand PD-L1 to restore the anti-tumor immune response 

(1). PD-1 is predominantly expressed by activated T cells as well as by natural killer 

cells, myeloid cells, and antigen-presenting cells (APC). Interaction of PD-1 with its 

ligand PD-L1 results in suppression of the anti-tumor immune response (1). Targeting the 

PD-1/PD-L1 axis has led to frequent and durable responses in patients with mismatch 

repair deficient (MMR-d) metastatic colorectal cancer (mCRC), (2–5) and is now the 

standard first-line treatment for these patients (6,7). Nearly 15% of CRCs have MMR-d and 

show microsatellite-instability–high (MSI-H) which results in hypermutation and abundant 

neoantigens (8,9). CRCs with MMR-d display heterogeneity in the density of tumor-

infiltrating lymphocytes (TILs), and their TIL density has been shown to prognostically 

stratify patients with stage III MMR-d colon cancer (10). Despite often remarkable 

responses to PD-1 blockade, nearly half of patients fail to respond due to poorly understood 

mechanisms of resistance, (11) and these antibodies have potential toxicities as well as high 

cost (6). To date, PD-L1 remains the only target for companion diagnostics for immune 

checkpoint inhibitors (ICIs). However and in contrast to multiple other solid tumors, PD-L1 

expression by immunohistochemistry has not been predictive of outcome of ICIs in CRC 

(4,12). Accordingly, there is an unmet need for a predictive biomarker to enable selection of 

patients who are most likely to benefit from ICIs.

Within the tumor microenvironment (TME), the presence, spatial distribution and functional 

status of immune cell types including lymphocytes, (13,14) macrophages, (15) and 

monocytes (16) may influence responsiveness or resistance to PD-1 blockade. Resistance 

can arise from genetic variation in antigen presentation machinery (APM) that may diminish 

capacity for neoantigen presentation (17). In this regard, CRCs with MMR-d frequently 

lose HLA-class-I-mediated antigen presentation due to silencing of HLA class I genes or 

other defects in the APM, (18,19) such as loss of beta2 microglobulin (B2M) which can 

render tumor cells resistant to CD8+ T-cell-mediated immunity (20). Prolonged stimulation 

with tumor antigens may lead to T-cell dysfunction or exhaustion mediated by co-inhibitory 

immune checkpoint proteins such as PD-1 and LAG-3 (21,22). Transforming growth factor-

β (TGF-β) can cause tumor immunosuppression along with the WNT/βcatenin signaling 

pathway, which have been associated with reduced responsiveness to ICIs (23). Importantly, 

spatial distribution of immune cells relative to one another and to cancer cells can impact 

cellular interactions, and the interaction of PD-1 with PD-L1 is the target of anti-PD-1 drugs. 

Spatial organization of TME components (24) including PD-1/PD-L1 have been shown to 
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influence immunotherapy responsiveness and/or outcome in Merkel cell carcinoma, (25) 

melanoma (26,27) and non–small cell lung cancer (24,28).

In this study, we examined multiple immune cell types and tumor cells including their 

spatial relationships in the TME of primary tumors from patients with MMR-d mCRC 

treated with anti-PD-1 therapy. Multiplex immunofluorescence (mIF) and digital image 

analysis enabled concurrent visualization and measurement of cell surface proteins and 

cytokeratin in whole slide images of tumor sections with preservation of tissue architecture 

and morphology (29). Associations of immune marker densities, compartment localization, 

and spatial distribution with patient progression-free survival (PFS) and tumor response 

were determined. PFS was chosen as the primary endpoint since analysis of PFS begins 

at initiation of immunotherapy until progression or death. We hypothesized that cell-to-cell 

proximity may be important for interactions that can influence clinical benefit from PD-1 

blockade.

Methods:

Cohort characteristics

Primary CRCs from patients with MMR-d mCRC who were treated with anti-PD-1 

antibodies at Mayo Clinic Comprehensive Cancer Center (RST, FLA, ARZ) and had 

available primary tumors were included (n=33). These patients were identified from the 

cohort patients with MMR-d mCRC treated by immunotherapy (n= 95). Patients received 

PD-1 blockade with pembrolizumab (n=32) or nivolumab (n=1) monotherapy. Median 

patient age was 62 years (IQR of 49, 74). 16 (48.4%) were female. Patient data were 

reviewed and recorded from the electronic health record (EPIC, Madison, WI) that included 

baseline characteristics of patient age (years) at initiation of ICI treatment, race (white vs 

other) primary tumor location [right (proximal to splenic flexure) vs left], tumor grade (G1, 

G2 and G3), number of tumor metastasis and involved metastatic sites, and number of prior 

regimens. Computed tomographic (CT) scans performed prior to the first dose of anti-PD-1 

antibody were compared to those obtained nearest to the date of last follow-up for response 

assessment. Disease status was determined according to RECIST criteria (version 1.1) as 

follows: complete response (CR); partial response (PR); stable disease (SD); progressive 

disease (PD).

Primary tumors had been analyzed for DNA MMR proteins by immunohistochemistry or for 

microsatellite instability (MSI) by polymerase-chain-reaction (PCR). Data for KRAS (wild 

type vs mutated) and BRAFV600E (present vs absent) were recorded from somatic mutation 

profiling by next-generation sequencing (NGS) where available.

Multiplexed immunofluorescence staining

Formalin-fixed paraffin-embedded (FFPE) blocks from primary CRCs were sectioned (4–

6 μm-thickness) and tissue from each case was placed on TOMO® slides for multiplex 

immunofluorescent (mIF) staining. Tumor enriched blocks were selected without knowledge 

of any patient information. Three immune biomarker panels were used for multiplexed 

IF staining consisting of immune response (panels 1,2) and immune resistance (panel 3) 
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biomarkers (Figure 1). The panels include the following biomarkers: PD-L1, PD-1, CD8, 

CD3, CD68, LAG3, TGFβR2, MHC-I, CD14, B2M, DAPI and pan-cytokeratin. All slides 

subjected to digital image analysis met predefined quality control criteria.

Reagents

Rabbit monoclonal antibody CD8 (Clone #SP239, Abcam Cat#: ab178089, 0.7ug/ml), rabbit 

monoclonal antibody CD3 (Clone #: SP162, Abcam Cat#: ab135372, 0.05ug/ml), rabbit 

monoclonal antibody CD68 (Clone# SP251, Abcam Cat#: ab192847, 0.5ug/ml), rabbit 

monoclonal antibody PD-L1 (clone # SP263, Ventana Cat #790–4905/740–4907, ~1.6ug/

ml), mouse monoclonal antibody pan-cytokeratin AE1/AE3/PCK26 cocktail, Ventana Cat# 

760–2595/ 760–2135, 1:50 dilution from dispenser), rabbit monoclonal antibody LAG3 

(Clone #EPR4392(2), Abcam Cat#: ab180187, 1:100 dilution from stock), PD-1 rabbit 

monoclonal antibody, clone #E18664, Abcam Cat# ab224774, 1:25 dilution from the stock), 

mouse monoclonal antibody MHC-I (clone #HCA2, Acris/Origene Cat#: AM03095PU-N, 

1:2500 dilution from stock), mouse monoclonal antibody B2M (clone #B2M-02, Abcam 

Cat#: 27588, 0.5ug/ml), rabbit antibody CD14 (Clone# EPR3653, Ventana Cat#: 760–4523, 

1:2 dilution), rabbit polyclonal antibody TGFBR2 (My BioSource Cat#MBS2400063, 1:400 

dilution from the stock) were used.

Immunofluorescent multiplexed IHC assays were performed on a BenchMark ULTRA 

automated staining instrument (Ventana Medical Systems), using VENTANA reagents 

except as noted, according to the manufacturer’s instructions (29). Slides were de-

paraffinized using EZ Prep solution (cat # 950–102) for 16 min at 72 °C. Epitope retrieval 

was accomplished with CC1 solution (cat #950–224) at high temperature (eg, 95–100 

°C) for a period of time (e.g., 32–92 min) that is suitable for a specific tissue type. 

The epitope targets were sequentially detected with a thermochemical step in between to 

deactivate potential cross-reactivity of antibodies from the same species. For the 1st epitope 

detection, 1° antibodies was incubated for 8–32 min with an anti-species 2°Ab conjugated 

with horseradish peroxidase (GaR-HRP 2° antibody) from ultraView SISH DNP Detection 

Kit (cat # 760–098). After two rinses with reaction buffer, a Ty-fluor was introduced and 

incubated for 4 min, followed with the application of 0.01% H2O2 (DISCOVERY reagent 

cat # 760–244). The HRP in the 1° antibodies/2° antibody complex was then allowed 

to react with the Ty-fluor for 16–24 min, leading to oxidation and subsequent covalent 

binding of Ty-fluor to tyrosine residues in the vicinity of the antigens. The next four epitope 

targets were sequentially detected by following the above steps, with a > 16min 98°C 

incubation with CC2 as deactivation step to reduce the potential cross-reactivity. Five Ty-

fluor conjugates were prepared in-house as research reagents: 31μM carboxyrhodamine-6G-

Tyramide (Ty-R6G, DISCOVERY reagent cat #760–244), 8.6μM sulforhodamine101-

tyramide (Ty-Red610 (Ty-R610), 17μM diethylaminocoumarin-tyramide (Ty-DCC), 32.6μM 

SulphoCy5-Tyramide (Ty-Cy5) and 52μM fluorescein isothiocyanate -Tyramide (Ty-FAM). 

The slides were counterstained with QD DAPI (DISCOVERY reagent cat #760–4196), 

and coverslipped with ProLong Diamond Antifade Mountant with DAPI (ThermoFisher 

Scientific, cat #P36962). Slides were coverslipped and subsequently scanned at 20× 

magnification using a Zeiss Axio Scan.Z1 and viewed with Zen 3 imaging software. We 

did not encounter sample loss.
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Image acquisition and analysis

We examined immune marker IF data for undistinguished cell types by digital image 

analysis in five tissue compartments (overall tumor, tumor epithelia, tumor stroma, 

peritumor inside vs outside) in each case. For the peritumor compartment and using a 

computer automated system, regions were defined that 1) extends a pre-defined distance 

beyond the edge of the tumor region (peritumor outside); or 2) a pre-defined distance inside 

the tumor region (peritumor inside). Computed features within each compartment included 

cell density, fraction of positive cells, intensity of positive cells. We also examined spatial 

distribution between distinct markers on undistinguished cell types with distances measured 

using image analysis software [HighPlex FL module (version 4.1.3) in HALO (version: 

3.3.2541.409)]. Identification of specific cell types with immune marker expression and their 

relative abundance were calculated for each case. Digital image analysis was performed with 

blinding to patient outcomes.

Statistical Analysis

For each computed feature from mIF digitized images, the mean, median, standard 

deviation, and quartiles were examined as potential predictive features. When insufficient 

cell counts prevented feature calculation, a value of not available (NA) was used. During 

data preprocessing, features which had greater than 10% NA values across subjects were 

dropped. For the remaining features, NA values were imputed using the median value across 

subjects. To reduce colinearty among features, the correlation between mean and median 

readouts for the same underlying feature was assessed. Where correlation exceeded 99%, 

only the median feature was kept.

Assessment of the association between individual mIF-derived features and patient PFS 

was performed by fitting univariable Cox proportional hazard models for each feature. The 

association between multiple mIF features and PFS was determined using a multivariable 

LASSO regularized Cox regression (30). The regularization parameter was chosen based on 

minimization of the partial-likelihood deviance (31). A stable estimate of the regularization 

parameter was achieved using 1000 repeated runs of 5-fold cross-validation, followed by 

computing the median optimal regularization parameter across runs. This median parameter 

was used to perform a LASSO regularized Cox regression for final feature selection. The 

resulting feature(s) were used to fit a Cox proportional hazards model for prediction of 

PFS. Survival curves for PFS were constructed using the Kaplan-Meier estimator. Adjusted 

hazard ratios (HRadj) and 95% confidence intervals (CI) are reported. For dichotomization 

of desired variables, a range of possible feature cutpoints and corresponding hazard ratios 

for prediction of PFS were examined. This procedure considered all possible continuous 

variables values as potential cutpoints. Two-sided P-values are reported and P-values <0.05 

were considered to indicate statistical significance.

The association between individual mIF features and tumor response was performed by 

fitting a univariable logistic model for each feature. In this analysis, objective tumor 

response was considered as complete response (CR) or partial response (PR). For each 

model, the likelihood ratio (LLR) and resulting P-value are reported. Analyses were 

performed using R version 4.1.1 (Boston, MA, USA).
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Written informed consents were obtained from the patients, and the studies were conducted 

in accordance with Declaration of Helsinki. This study was approved by the Mayo Clinic 

Institutional Review Board.

Data availability

The data generated in this study are available from the corresponding author upon 

reasonable request.

Results

Patient Characteristics

Among 33 patients with MMR-d mCRCs, 16 (48.4%) were female, 10 (30.3%) received 

first-line ICI therapy, and 23 (69.7%) had received ≥1 chemotherapy regimen prior to 

anti-PD-1 treatment. Median patient age was 62 years (IQR of 49, 74); 8 (28%) tumors 

harbored BRAFV600E and 9 (31%) had mutant KRAS. Patient baseline characteristics are 

shown in Supplementary Table S1. Patient median PFS was 28.4 months (95% CI: 10.4, 

NR) with 20 outcome events. At the date of last follow-up, there were 11 (33%) complete 

responses (CR) to anti-PD-1 treatment, 3 (9%) partial responses (PR), 1 (3%) stable disease, 

and 18 (55%) patients with progressive disease.

Multiplex Immunofluorescence

Multiplex IF was performed in tumor sections from each patient and analyzed by digital 

image analysis of 3 immune biomarker panels of which 2 panels evaluated biomarkers 

of immune response (panels 1, 2) and the third examined immune resistance (panel 3). 

Photomicrographs of IF staining for each panel and their related phenotype are shown in 

Figure 1. Panel 1: CD3, CD8, CD68, panCK, PD-L1; Panel 2: CD8, PD-1, panCK, PD-L1, 

LAG3; Panel 3: TGFBR2, panCK, MHC-I, B2M, CD14).

Association with Outcomes of Anti-PD-1 Treatment

Immune marker immunofluorescence (IF) data was examined for undistinguished cell types 

by digital image analysis (DIA) in five tissue compartments [overall tumor, tumor epithelia, 

tumor stroma, peritumor inside vs outside (see Methods)]. A total of 2283 features were 

computed using DIA. After preprocessing (see Methods), 509 features were retained in the 

dataset for use in subsequent analyses. Univariable Cox analysis found that only cell-to-cell 

distance readouts for immune markers or their relationship to panCK achieved statistical 

significance for their association with patient PFS (Supplementary Table S2). From panel 

1, the distance measurement of a panCK+ tumor cell to the nearest CD8+ T-cell was 

significantly associated with PFS. From panel 2, the distance from PD-1+ to PD-L1+, 

CD8+PD-1+ to CD8+PD-L1+, CD8+PD-1+ to PD-L1+, and CD8+PD-1+ to panCK+PD-L1+ 

cell were each significantly associated with patient PFS (see Supplementary Table S2). 

Analysis using immune marker panel 3, however, did not reveal any features that were 

significantly associated with PFS.

Examination of TME features in relationship to response to anti-PD-1 therapy was also 

performed. Analysis of data from panel 1 revealed that the distance from a panCK+ cell 
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to CD8+ cell, PD-L1+ panCK+ cell to CD8+ cell, and density of CD3+ cells in stroma 

were each significantly associated with objective tumor response by univariable analysis 

(Supplementary Table S3). Analysis of data from panel 2 revealed that the distance of PD-1+ 

cell to PD-L1+ cell, CD8+PD-1+ cell to CD8+PD-L1+ cell, and the density of the following 

cells were each significantly associated with anti-PD-1 response (CD3+ cells, CD8+ cells, 

CD3+/CD8+/PD-L1− cells, CD8+/panCK−, panCK+/PD-1+ cells, and panCK−/LAG3+ cells 

(Supplementary Table S3).

We found that the distance between undistinguished cells expressing PD-1 and PD-L1 in 

the overall tumor was the only feature that was significantly associated with patient PFS 

(p=0.005) by LASSO-derived feature selection. Next, we explored the distance measurement 

between PD-1+ and PD-L1+ cells and their associated hazard ratios (HR) for PFS. We 

found that a distance greater than 10μm converges to an HR of 1 indicating a decreasing 

prognostic impact (Figure 2A). However, the mean number of PD-1+ cells within 10μm 

of a PD-L1+ cell in the overall tumor was significantly associated with PFS (HR=6.2e-07, 

95% CI: 4.1e-11, 0.009; p=2e-04). Next, we performed a multivariable Cox regression with 

adjustment for age, sex, histological grade, primary tumor sidedness, number of metastatic 

sites, presence of liver metastasis, number of prior regimes, and KRAS/BRAF status. After 

adjustment for these covariates, the mean number of PD-1+ cells within 10μm of a PD-L1+ 

cell in the overall tumor remained significantly associated with PFS (HRadj= 2.9e-10, 

95% CI: 4.9e-17, 0.002; p=0.006). Our data indicate that any distance of PD-1+ within 

10μm of PD-L1+ will be associated with a significant hazard ratio. In contrast to distance 

measurements, the ratio of PD-1+/PD-L1+ cells was not predictive of PFS (HR=1, 95% CI: 

0.96,1.1; p= 0.47). We also analyzed tumor response data and found that responders (CR, 

PR) vs non responders to anti-PD-1 treatment had a higher mean number of PD-1+ cells 

within 10μm of a PD-L1+ cell in the overall tumor compared to nonresponders [median 

(IQR); 0.08 (0.04–0.17) vs 0.03 (0.002–0.09)].

Regarding cellular localization of immune markers, we found that PD-L1 was expressed 

on CD3+ and CD8+ T lymphocytes, CD68+ macrophages, and tumor cells (Figure 2B–E, 

Supplementary Figure S1). Calculation of the relative abundance of immune markers for 

each case was performed to determine the dominant cell type with PD-L1 expression. PD-L1 

expression was most commonly observed on T-cells (52%) followed by macrophages (34%) 

and tumor cells (14%).

To make our finding more interpretable, we converted the chosen continuous variable (mean 

number of PD-1+ cells within 10μm of PD-L1+ cells) to a categorical variable which 

defined high vs low value subgroups. Distribution of the average number of PD-1+ cells 

within 10μm of a PD-L1+ cell in the overall tumor and range of possible cutoff values and 

corresponding hazard ratios for prediction of PFS are shown in Supplementary Figure S2. 

A cutpoint of 0.044 for the chosen variable was selected due to maximization of hazard 

ratio at this cutpoint (Supplementary Figure S2). Using the cutoff value of 0.044, cases were 

dichotomized into high (n=20) vs low (n=13) value subgroups (Figure 3). We found that a 

high vs low PD-1 to PD-L1 proximity value was significantly associated with significantly 

longer PFS (HRadj= 0.14, 95% CI: 0.04, 0.56; p=0.005; [median: not reached (>83) vs 8.5 

(95%CI: 4.7-NR) months]; Figure 4).
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Discussion

In patients with advanced MMR-d CRC treated with an anti-PD-1, quantitative 

immunofluorescence revealed that a higher mean number of PD-1+ cells within 10μm 

of PD-L1+ cells using was associated with significantly better PFS and tumor response. 

Evaluation of a dichotomized variable (high vs low) also demonstrated that the mean 

number of PD-1+ cells within 10μm of PD-L1+ cells was significantly associated with 

PFS. Specifically, patients with high versus low values had a prolonged median PFS of 

>83 months vs 8.5 months that achieved statistical significance. Our results indicate that 

a quantitative threshold for PD-1 to PD-L1 proximity is important for the ability of PD-1 

inhibitors to effectively block their interaction. Furthermore, the finding that PD-1-to-PD-L1 

distances beyond 10μm are associated with shorter PFS suggests a mechanism of resistance 

to PD-1 blockade. Importantly, the predictive utility of PD-1 to PD-L1 proximity was found 

irrespective of the specific cell type expressing these checkpoint proteins. In contrast to 

proximity measurement, cell densities and their ratios, including PD-1/PD-L1, or other 

immune markers failed to predict patient outcomes. As expected, PD-L1 expression alone 

lacked predictive utility as has been reported in patients with MMR-d advanced CRCs 

receiving first-line ICI treatment (Checkmate 142 study) (32) and in proficient MMR CRCs 

(33). Our data demonstrate that PD-1 to PD-L1 proximity is a distinct biomarker which 

was shown to predict the outcome of PD-1 blockade in MMR-d tumors. In studies in 

advanced non-small cell lung cancer (NSCLC) and metastatic melanomas, a PD-1/PD-L1 

co-localization score determined by immunofluorescence was shown to be associated with 

PFS and tumor response after treatment with ICIs (24). This score represents expression of 

PD-1 and PD-L1 in the same pixels (about 0.5 μm resolution) whereas our data delineate 

a critical threshold for PD-1 to PD-L1 proximity required to achieve clinical benefit from 

PD-blockade (24). In another study in advanced melanoma, a proximity ligation assay was 

used to assess the interaction of PD-1 with PD-L1 and whose dichotomized score was 

associated with patient outcome after PD-1 blockade (34). In contrast to these studies in 

other solid tumors, (24,34) our findings in MMR-d CRC define the minimum distance 

between PD-1 and PD-L1 proteins that appears necessary to enable effective PD-1 blockade 

which translates into clinical benefit. Studies in lung cancer and melanoma were limited by 

heterogeneous ICI treatment and use of tumor biopsies or tissue microarrays (24) whereas 

all patients in our study received PD-1 blockade and mIF was performed on whole slide 

images from all tumors.

PD-L1 is known to be expressed on the surface of many immune cell subtypes as well 

as cancer cells. Using immunofluorescence microscopy, we detected PD-1 expression on 

CD8+ T lymphocytes whereas PD-L1 was expressed on CD3+ and CD8+ T-cells, CD68+ 

macrophages, and tumor cells suggesting the potential for multiple cell types to influence 

the effectiveness of anti-PD-1 treatment. In contrast to melanoma and non-small cell 

lung cancer cells, CRC cell expression of PD-L1 is relatively infrequent (15) although 

it is expressed at a higher level in MMR-d tumor cells (35) and can be upregulated by 

BRAFV600E (36). Analysis of a subset of MMR-d mCRCs from the KEYNOTE- 177 study 

demonstrated that those tumors responding to PD-1 blockade were enriched in cytotoxic and 

proliferating PD-1+CD8+ T-cells interacting with PD-L1+ antigen-presenting macrophages 
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(CD68+CD74+). These data were interpreted to suggest that PD-1 blockade releases the 

PD-1-PD-L1 interaction between CD8+ T-cells and macrophages to promote anti-tumor 

activity (15). Consistent with our findings, these studies underscore the importance of the 

PD-1-PD-L1 interaction in predicting ICI response or resistance. Relevant to its use as 

a biomarker, our data demonstrate that the proximity of PD-1 and PD-L1 appears most 

important for prediction of the outcome of PD-1 blockade.

We also analyzed tissue biomarkers in relationship to anti-PD-1 treatment response. We 

found that the distance of PD-1+ cell to PD-L1+ cell was significantly associated with 

objective tumor response which further supports the validity of our biomarker measurement. 

However, the categorical nature of the tumor response and our modest study sample size 

limited the ability to evaluate predictive accuracy by multivariable analysis. Strengths of 

our study include patients from a multi-site academic practice with long-term clinical 

follow-up and response data that were determined using established RECIST criteria. All 

patients received PD-1 blockade such that treatment was homogenous. Quantitative mIF 

was performed in whole slide images from surgical resection specimens. Study limitations 

include the retrospective nature of our analysis and need for validation in an independent 

patient cohort. We were unable to formally determine the predictive utility of PD-1/PD-L1 

proximity with outcome given that our study was not randomized with a control arm that did 

not receive PD-1 blockade.

In conclusion, we found that the mean number of PD-1+ cells within 10μm of a PD-L1+ cell 

was significantly and independently associated with patient PFS after PD-1 blockade. These 

data suggest a quantitative threshold for receptor and ligand proximity for the effectiveness 

of PD-1 blockade. Examination of a dichotomized PD-1 to PD-L1 proximity variable was 

also shown to stratify patients for PFS, suggesting a potential predictive biomarker for ICI 

effectiveness with clinical applicability.
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Translational Relevance

Nearly half of patients with d-MMR metastatic CRC do not receive clinical benefit 

from anti-PD-1 treatment which underscores the need for a predictive biomarker. Using 

multiplex immunofluorescence, the mean number of PD-1+ cells within 10μm of a 

PD-L1+ cell was significantly and independently associated with patient progression-

free survival after PD-1 blockade, suggesting the requirement for receptor and ligand 

proximity for anti-PD-1 effectiveness. This biologically important relationship of the 

PD-1/PD-L1 axis with delineation of a critical threshold suggest a potential predictive 

biomarker for anti-PD-1 therapy with potential clinical applicability.
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Figure 1. 
(A) Representative images of multiplex immunofluorescence panels in human colorectal 

cancers (Left); High power microscopic images of regions delineated by insets (Right) and 

(B) their observed phenotypes (Table).
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Figure 2. 
(A) Evaluation of PD-1-PD-L1 proximity cutpoints for prediction of progression-free 

survival (PFS). Forest plot of univariable Cox model hazard ratios and their 95% confidence 

intervals for relationship of PD-1 to PD-L1 proximity (5–50 μm) with patient PFS in 

colorectal cancers (N=33). PD-L1 was expressed on (B) tumor cells (panCK); (C) CD3+ T 

lymphocytes, and (D) CD68+ macrophages; (E) PD-1 expression on CD8+ T lymphocytes 

was also observed.
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Figure 3. 
Representative multiplex immunofluorescence images of colorectal cancers with (A) 

Favorable PFS (high value) and (B) Poor PFS (low value) from anti-PD-1 treatment. High 

power microscopic images of regions delineated by insets (Left panels). The location of 

PD-1+ cells and PD-L1+ cells are shown within the overall tumor area (Right panels). After 

detection of PD-L1+ cells (green dots), distances between these cells and the neighboring 

PD-1+ cells were measured [proximity line (black color)]. Those PD-1+ cells that were 

within 10μm of a PD-L1+ cells are shown in blue color and those that are more than 10μm 

away from a PD-L1+ cells are shown in red color. For each PD-L1+ cell, the number of 

PD-1+ cells that were within 10μm of it was extracted and the mean of these values was 

calculated to generate the final variable “mean number of PD-1+ cells within 10μm of 

PD-L1+ cell” for each case.
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Figure 4. 
(A) Kaplan–Meier estimates of the association of PD-1/PD-L1 proximity value (mean 

number of PD-1+ cells within 10μm of PD-L1+ cell) with progression free survival. (B) 

Forest plot based on results of multivariable analysis of the association of PD-1/PD-L1 

proximity value with progression free survival.
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