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CONTEXT AND SIGNIFICANCE

There is an unmet need for

predictive biomarkers that can

identify patients more likely to

benefit from immunotherapy.

Researchers from the Vall

d’Hebron University Hospital in

Barcelona, Spain, have used real-

world tumor samples from 45

different tumor types to develop

VIGex, a gene expression

signature that classifies tumors in

three categories (hot,

intermediate-cold, and cold).

These three tumor groups are

associated with different

immunotherapy benefits. The

authors validated their signature

across laboratories and profiling

platforms, showing that VIGex can

be widely used and may help in

personalizing novel

immunotherapy combinations.
SUMMARY

Background: Immunotherapy is effective, but current biomarkers
for patient selection have proven modest sensitivity. Here, we
developed VIGex, an optimized gene signature based on the expres-
sion level of 12 genes involved in immune response with RNA
sequencing.

Methods:We implemented VIGex using the nCounter platform (Nano-
string) on a large clinical cohort encompassing 909 tumor samples
across 45 tumor types. VIGex was developed as a continuous variable,
with cutoffs selected to detect three main categories (hot, intermedi-
ate-cold and cold) based on the different inflammatory status of the tu-
mor microenvironment.

Findings: Hot tumors had the highest VIGex scores and exhibited an
increased abundance of tumor-infiltrating lymphocytes as compared
with the intermediate-cold and cold. VIGex scores varied depending
on tumor origin and anatomic site of metastases, with liver metastases
showing an immunosuppressive tumor microenvironment. The predic-
tive power of VIGex-Hot was observed in a cohort of 98 refractory
solid tumor from patients treated in early-phase immunotherapy trials
and its clinical performance was confirmed through an extensive
metanalysis across 13 clinically annotated gene expression datasets
from 877 patients treated with immunotherapy agents. Last, we
generated a pan-cancer biomarker platform that integrates VIGex
categories with the expression levels of immunotherapy targets under
development in early-phase clinical trials.

Conclusions: Our results support the clinical utility of VIGex as a tool
to aid clinicians for patient selection and personalized immunotherapy
interventions.

Funding: BBVA Foundation; 202–2021 Division of Medical Oncology
and Hematology Fellowship award; Princess Margaret Cancer
Center.
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INTRODUCTION

The past decades have witnessed a rapid development of immunotherapy (IO) agents

to treat cancer patients, andmany of these have demonstrated profound anti-tumor ac-

tivity across cancer types. Inhibitors of programmeddeath-1 (PD1)/programmed death-

ligand-1 (PD-L1) immune checkpoints have been approved for multiple tumor types,

either as monotherapy or in combination, and their administration is guided by mea-

surement of PD-L1 levels by immunohistochemistry and quantification of the tumor

mutational burden (TMB).1–3 However, despite their unprecedented efficacy, patients

with non-immunogenic histologies do not derive clinical benefit,4 and for a priori immu-

nogenic tumors current biomarkers fail to predict clinical responses in a large proportion

of patients.5 In an effort to address this clinical need, the drug development pipeline has

experienced an unprecedented growth in the number of IO combinations, which has

created the need for robust predictive pan-cancer IO biomarkers that guide patient se-

lection in early-phase IO trials.6 Investigation of the tumormicroenvironment (TME)may

unveil immunosuppressive pathways and strategies for increasing immunogenicity.7

Multi-gene signatures derived from representative sections of a tumor biopsy or surgi-

cal excision can provide a snapshot of the TME and the patient’s immune response.8 As

an example, gene expression signatures have established clinical utility in the setting of

risk stratification for early-stage breast cancer9,10 and are used as pharmacodynamic

endpoints to provide proof-of-target engagement for investigational drug treatments

in early-phase IO trials.11 A growing body of evidence suggests the potential role of the

tumor transcriptome to predict outcomes in patients treated with IO.12 An 18-gene

signature of interferon gamma (IFNG) responsive genes that captures T cell inflamed

states, was associated with IO benefit; however, this was developed based on the anal-

ysis of mainly immunogenic or ‘‘hot’’ tumors and its utility for predicting patient out-

comes in a tumor-agnostic manner remains unclear.12,13 Moreover, prior gene expres-

sion signatures have been developed solely in RNA sequencing (RNA-seq) or are

based in an extensive number of genes.14,15 Currently, RNA-seq protocols are not

compatible with routine clinical workflows for a timely decision making.

To address these limitations, we developed a predictive, pan-cancer signature

compatible with routine clinical testing, that captures the underlying immune contex-

ture of tumors and can be used to prioritize IO combinations to treat patients in the

context of early-phase clinical trials in oncology. The Vall d’Hebron Institute of

Oncology (VHIO) gene expression signature (VIGex) is a 12-gene classifier selected

from a list of 808 genes that form a cluster for adaptive immune response as per

RNA-seq analysis of formalin-fixed paraffin-embedded (FFPE) tumor samples. The

signature was implemented in the nCounter (Nanostring) platform and applied to a

pan-cancer training cohort of 909 tumor samples from advanced solid tumor patients

prospectively enrolled in the VHIO prescreening program16 (see STAR methods).

Three categories were identified (hot, intermediate-cold [I-Cold], and cold). VIGex cat-

egories were associated with IO benefit in patients treated with early-phase IO trials

and in a metanalysis with publicly available datasets. Last, we integrated VIGex cate-

gories with the expression levels of IO targets under development in early-phase clin-

ical trials generating a pan-cancer biomarker platform. Altogether, we present a highly

scalable pan-cancer platform for patient selection for the next generation of IO trials.

Toronto, ON M5G1M1, Canada

12These authors contributed equally

13These authors contributed equally

14Lead contact
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RESULTS

Development of the VIGex signature

We first aimed to develop a tool to characterize the TME immunogenicity. We per-

formed RNA-seq in 153 FFPE samples (see STAR methods) representing 23 tumor
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Figure 1. Development of the VIGex signature

(A) Heatmap showing gene expression of 2,323 genes including in the Gene Ontology (GO) term immune response (GO:0006955) within 153 samples

analyzed with RNA sequencing (RNA-seq). The gene clusters identified with hierarchical clustering are highlighted.
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Figure 1. Continued

(B) Dot plot showing an overrepresentation test for GO sub-terms in each cluster identified. The size of the dot is proportional to the number of genes

included and the color represents the adjusted p value (Benjamini and Hochberg method).

(C) Boxplot showing gene contribution to principal-component analysis 1 (PCA1) in each cluster.

(D) Heatmap with 909 samples categorized with the VIGex signature in the nCounter platform (Nanostring) in the training dataset.

(E) Example of biopsy sample categorized by VIGex as hot with a continuous score.
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types. A set of 2,323 genes included in the Gene Ontology (GO) term immune

response (GO:0006955) were selected for further analysis. A hierarchical clustering

classification was applied and six main clusters were identified (Figure 1A), each

showing enrichment in particular GO sub-terms of the immune response (Figure 1B).

Cluster 1 represented the most extensive percentage of explained variation in the first

component of the principal-component analysis (PCA) (Figures 1C and S1A). Cluster 1

encompassed 808 genes related to adaptive immune response and regulation of im-

mune responses reflective of IFNG-mediated inflammation. To develop a signature

based on this cluster 1, we determined the minimum number of genes required to

represent the average mean relative expression of the cluster (cluster 1 score). By

testing combinations from 1 to 20 genes, correlations of the cluster 1 score with the

Subset-cluster 1 scores were found to be highest using any subset of 12 or more genes

of cluster 1 (median Pearson Correlation >0.78). Specifically, the addition of a more

extensive number of genes did not relevantly increase themedian Pearson Correlation

(Figure S1B). The final 12-gene set encompassed genes involved in immune activation

(CXCL9, CXCL10, CXCL11, IFNG, PRF1, IL7R, GZMA, and GZMB) and T cell exhaus-

tion (PDCD1, CTLA-4, CD274, and FOXP3) markers with a role as IO response predic-

tors or representing potential IO drug targets.13,17–21 The VIGex 12-gene set score

(VIGex score) was defined as the relative mean expression of these genes and was

highly correlated with the score generated based on the 808 genes encompassing

cluster 1 (Pearson correlation = 0.84; p < 0.0001) (see Figure S1B and STARMethods).

To evaluate the cross-platform analytical validation of the VIGex signature, we also

tested the 12 selected genes in a subset of samples (n = 138) using the nCounter

(Nanostring) platform (see STAR methods). Both individual gene expression levels

and the VIGex score were highly correlated across RNA platforms (Nanostring vs.

RNA-seq) (VIGex score Pearson correlation = 0.97; p < 0.0001) supporting signature

development in both assays (Figures S1C–S1O).

We next sought to develop VIGex in the Nanostring platform using samples from

909 consecutive patients diagnosed with 45 different tumor types who were enrolled

and underwent routine transcriptional profiling within the VHIO molecular prescre-

ening program16 (Figures 1D and 1E). Among these, a large number of samples

comprised non-immunoreactive histologies (no Food and Drug Administration-

approved IO agents) in our training dataset. This included pancreatic cancer

(n = 67, 7%), brain tumors (n = 46, 5%), salivary gland tumors (n = 25, 3%), and other

cold tumor histologies (n = 141, 16%) (Figure 2A). RNA isolated from FFPE tumor tis-

sue samples was analyzed by nCounter (Nanostring) technology with a custom code-

set including the VIGex 12-gene set. Hierarchical clustering and Partitioning Around

Medoids (PAM) clustering of the transcriptomic data could further categorize sam-

ples into three main categories: hot, I-Cold, and cold based on decreasing expres-

sion levels of the 12-gene set. The existence of three categories was supported by

the silhouette method.22 This TME categorization was independent of clinical out-

comes. VIGex score follows a normal distribution, and the cutoffs for defining hot

(VIGex score >0.75), I-Cold (VIGex score between �0.75 and 0.75), and cold groups

(VIGex score <�0.75), were selected based on the concordance with the groups ob-

tained by two different clustering methods: hierarchical with three groups and PAM

clustering (Figures S2A–S2C). Overall, these findings suggest the existence of three
Med 4, 710–727, October 13, 2023 713
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Figure 2. Analytical validation of VIGex

(A) Stacked bar plot showing the distribution of VIGex categories (hot, intermediate-cold, and cold) by tumor histology.

(B) Boxplot showing VIGex score in primary vs. metastatic samples stratified by tumor histology (t test). (ns represents a non-significant p value;

*** represents a p value <0.001; ** represents a p value <0.01; * represents a p value <0.05.

(C) Boxplot displaying VIGex scores in matched primary-metastatic samples (N = 13 patients) (Wilcoxon test).
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Figure 2. Continued

(D) Violin plot showing VIGex scores in metastatic samples located in liver vs. other anatomic sites of metastases (liver n = 130 samples; lung n = 27

samples; lymph node n = 42 samples; peritoneum n = 19 samples; other n = 99 samples) (Wilcoxon test).

(E) Boxplot displaying percentage of tumor-infiltrating lymphocytes (TILs) enrichment by tumor categories defined by VIGex (Wilcoxon test) (n = 33

samples).

(F) Violin plot showing Z scores of human leukocyte antigen (HLA) class I (HLA-A, HLA-B, and HLA-C) expression by tumor categories defined by VIGex

(Wilcoxon test) (n = 324 samples).
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categories (hot, I-Cold, and cold) with a decreasing inflammatory status character-

izing the TME across tumor types. To confirm the interlaboratory consistency of

the VIGex algorithm, 30 samples from patients enrolled in the VHIO prescreening

program and previously analyzed with the nCounter (Nanostring) platform were

sent to Princess Margaret Cancer Centre blinded for VIGex scoring and categoriza-

tion. Total RNA-seq sample preparation and sequencing were performed at the Prin-

cess Margaret Cancer Centre and data files were sent back to VHIO for VIGex score

and categories calculation (see STAR methods). VIGex continuous scores achieved

very high correlation (Pearson correlation = 0.983; p value < 0.0001) (Figure S2D).
VIGex categorizes samples according to the immunogenicity of the tumor

microenvironment

We first explored VIGex subgroup distribution by tumor type in the training dataset.

Brain tumor samples weremostly categorized as I-Cold and cold. Non-small cell lung

cancer (NSCLC) or head and neck squamous cell carcinoma (HNSCC) had the high-

est representation of the hot subgroup across tumor types. This suggests that the

functional classification based on VIGex is consistent with a priori response rates

observed in clinical trials testing anti-PD1/PD-L1 across tumor histologies and po-

tential opportunities for IO treatments in less well characterized histologies such

as salivary gland tumors1,2,23,24 (Figure 2A).

Given emerging evidence suggesting that immune infiltrates and already approved

biomarkers such as TMB or PD-L1 are heterogeneous not only between but also

within tumors,25 we reasoned that evaluation of VIGex signature could also be

dependent on the tumor sample that was selected for analysis (metastasis vs. primary

tumor).While some histologies showed equivalent VIGex scores in the primary tumor

and metastatic samples (e.g., HNSCC, urothelial, breast, salivary gland tumors, and

thyroid carcinoma), others displayed lower VIGex scores in the metastatic sites as

comparedwith samples from theprimary tumor (pancreatic, colorectal [CRC], gastric)

(Figure 2B). In a subset of patients with paired samples from metastatic and primary

tumor sites, the samples obtained from metastatic lesions displayed lower VIGex

scores than those obtained fromprimary tumor tissue (p = 0.017) (Wilcoxon test) (Fig-

ure 2C). Emerging evidence suggests that the presence of liver metastases is associ-

ated with worse clinical outcomes in patients treated with IO.26,27 Hence, we next

explored whether the VIGex score may be also impacted by the anatomic site of

metastasis analyzed. Among samples obtained from metastatic biopsies, liver and

peritoneal metastatic disease were associated with numerically lower VIGex scores

as compared with other anatomic biopsy sites, suggesting a more immunosuppres-

sive TME across tumor types (Figure 2D). VIGex scores were also numerically lower in

liver metastases for CRC (Figure S2E). To further evaluate the variability of VIGex ac-

counting for biopsy qualitymetrics, we studied VIGex scores adjusted by tumor cellu-

larity. Of note, no significant differences were observed in VIGex scores depending

on tumor cellularity of tumor samples (Figures S2F–S2H).

The abundance of tumor-infiltrating lymphocytes (TILs) has been shown to be an in-

dependent prognostic factor in a variety of cancers. TILs density has been associated
Med 4, 710–727, October 13, 2023 715
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Figure 3. Clinical validation of VIGex

(A) Table summarizing baseline characteristics of the clinical validation cohort encompassing 98 patients treated with immunotherapy trials.

(B) Sankey diagram showing distribution of clinical benefit.

(C and D) Kaplan-Meier plot and Proportional Cox Hazard analysis of VIGex categories (hot, intermediate-cold [I-Cold], and cold) on progression-free

survival (PFS) and overall survival (OS) in the clinical validation cohort (N = 98).

(E) Meta analysis of VIGex summarizing the performance of VIGex across publicly available datasets (Fumet.1,34 Fumet.2,34 Hugo,14 Hwang,35 Jung,36

Riaz,37 Braun,38 Liu,39 Mariathasan,40 Miao.1,41 Snyder,42 Van_Allen43 and Nathanson44). VIGex was associated with clinical benefit (p < 0.001), PFS

(p = 0.003), and OS (p = 0.006). LogRatio CB is the natural logarithm of the odds ratio of the clinical benefit. LogRatio PFS and LogRatio OS is the natural

logarithm of the hazard ratio of the progression-free survival and overall survival. RCC, renal cell carcinoma.

ll
OPEN ACCESSClinical and Translational Article
with better overall survival (OS) and improved IO outcomes.28–30 We compared TILs

enrichment in three different clusters as defined by the VIGex signature. A total of 33

tumor samples not included in the training dataset were interrogated for TILs density

(see STAR methods). TILs density was significantly higher in the hot group as

compared with the I-Cold (p < 0.001) or cold subtypes (p < 0.001) (Wilcoxon test)

(Figure 2E). In all cells, the expression of major histocompatibility complex (MHC) I

pathway components and surface MHC I levels are increased upon stimulation

with interferons (IFNs), especially type 2 IFN (IFNG).31 Across the training set of sam-

ples, a total of 324 samples were also tested for human leukocyte antigen (HLA) type

1 A, B, and C gene expression levels along the VIGex signature. We further interro-

gated whether differences in expression levels of HLA type 1 were observed be-

tween the VIGex groups. The cold category as defined by the VIGex signature

showed lower expression of these genes when compared with the I-Cold or hot clus-

ters (p < 0.001) and, likewise, the hot group had increased levels as compared with

the I-Cold subgroup (p < 0.001) (Wilcoxon test), supporting that VIGex groups

reflect IFNG signaling in tumors (Figure 2F).
VIGex identifies patients deriving clinical benefit in early-phase immuno-

oncology trials

The predictive performance of VIGex was assessed in an independent cohort of 98 pa-

tients enrolled in early-phase IO trials at VHIO, treated with anti-PD1/PD-L1monoclonal

antibodies as monotherapy or in combination. VIGex was determined in baseline tumor

samples obtained prior to IO treatment. The VIGex signature classified 40 (41%) pa-

tients as hot, 38 (39%) patients as I-Cold, and 20 (20%) patients as cold. Most frequent

tumor histologies in this cohort includedCRC (n = 37; 38%) with no differences in VIGex-

Hot category depending on mismatch repair (MMR) status (p = 0.4) (Fisher’s exact test),

HNSCC (n = 11; 11%), and NSCLC (n = 6; 6%). Clinical benefit (CB) as defined by either

complete/partial response or disease stabilization for R6 months was observed in 19

patients in the hot cluster (Clinical Benefit Rate [CBR] = 48%), seven patients in the

I-Cold (CBR= 18%), and two patients in the cold cluster (CBR= 10%) (p = 0.002) (Fisher’s

exact test). Responses were observed in 13 patients in the hot cluster (objective

response rate [ORR] = 33%), four in the I-Cold (ORR = 11%), and one patient in the

cold cluster (ORR = 5%) (p = 0.012) (Fisher’s exact test). The 12-month progression-

free survival (PFS) rates were 26% for VIGex-Hot, 10% for I-Cold, and 0% for cold.

Notably, the hot cluster was associated with longer PFS as compared with the I-Cold

(HR = 0.52; 95% CI: 0.32–0.87; p = 0.01) or cold clusters (HR = 0.38; 95% CI: 0.21–

0.68; p = 0.001). Importantly, differences in PFS were maintained when adjusted for

number of prior treatment lines, Eastern Cooperative Oncology Group (ECOG) perfor-

mance status, and type of IO regimen (monotherapy vs. combination) (HR = 0.43; 95%

CI: 0.24–0.75; p = 0.003 for hot vs. I-Cold; HR = 0.28; 95% CI 0.15–0.57; p < 0.001 for

hot vs. cold. Differences in OS within the three groups defined by VIGex did not reach

statistical significance in this cohort (Figures 3A–3D). We next aimed to investigate the

predictive power of VIGex in tumor-specific cohorts. VIGex categories were associated

with PFS and OS in a dataset of HNSCC patients (GSE159067) treated with anti-PD1/L1
Med 4, 710–727, October 13, 2023 717
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Figure 4. Association of VIGex categories with other immunemarkers involved in the cancer-immunity cycle under development in immuno-oncology

trials

(A) Example of VIGex test output reported as a continuous score superimposed to the distribution of the scores of the samples included in the training

dataset, with the Z score of selected immuno-oncology targets.

(B) Dot plot showing the percentage of overexpressed immuno-oncology targets in each of the VIGex categories in the training dataset.

Overrepresentation cutoff is set at top 25% values for each gene. The intensity of the red color is proportional to the represented values.

(C and D) Bar plots summarizing the most recurrent co-expressed pairs (left) and triplets (right) of immuno-oncology targets within each VIGex subtype

(samples considered for each group: hot [n = 227], intermediate-cold [I-Cold] [n = 241], and cold samples [n = 109]). Up to 15 co-expressed pairs and

triplets of immuno-oncology targets are represented. For each pair/triplet, inclusive intersection is displayed. Each sample has at least overexpression

in the selected immuno-oncology targets.
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Figure 4. Continued

(E) Dot plot displaying VIGex score and LAG3 Z score across patients treated with anti-PD1/PD-L1 monoclonal antibodies and anti-LAG3 therapies,

grouped by clinical benefit (N = 7). The red arrow identifies the case displayed in (F).

(F) Computed tomography (CT) scan evaluation at baseline and at the moment of best response of head and neck cancer patient classified as VIGex-Hot

and LAG3 overexpressed receiving a combination of anti-PD1 and anti-LAG3.
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inhibitors (p = 0.003 and p < 0.001, respectively) (log rank test).32 A trend toward signif-

icance was observed for the association of VIGex categories and PFS (p = 0.17) (log rank

test) or OS (p = 0.13) (log rank test) in the GSE161537 dataset includingNSCLC patients

treated with IO with numerically higher 12-month PFS and OS rates for VIGex-Hot as

compared with I-Cold or cold categories32 (see Table S1). Moreover, VIGex categories

were associated with PFS in patients with NSCLC treated with anti-PD1/L inhibitors

alone or in combination with chemotherapy (p = 0.011) (log rank test) and OS in

microsatellite instability high (MSI-H) CRC patients treated with anti-PD1/L1 inhibitors

(p = 0.032) (log rank test). No significant differences were observed in OS in patients

with microsatellite stable (MSS) CRC and pancreatic carcinoma from The Cancer

Genome Atlas (TCGA),33 suggesting IO specificity (Figures S2I–S2M and Table S1).

To further confirm the predictive power of the VIGex signature, we tested its perfor-

mance in a metanalysis of publicly available gene expression datasets from patients

treated with IO. The search strategy, consisting of a systematic review of the existent

literature identified 13 available datasets investigating gene expression signatures

and with IO annotated clinical data and outcome encompassing a total of 877 pa-

tients and six tumor types14,34–44 (see STAR methods). VIGex was significantly asso-

ciated with CB (p < 0.001), PFS (p = 0.003), and OS (p = 0.006) across available data-

sets (Figures 3E and S3A–S3C). Moreover, no significant differences were observed

for VIGex, PD-L1, and TMB in performance for CB (Wilcoxon test) (Figure S3D). When

further compared with already published gene expression signatures, the median

area under the curve of VIGex for CB was 0.59 (interquartile range [IQR] = 0.57–

0.62) across datasets with a numerically smaller IQR as compared with similar per-

forming signatures, suggesting that the predictive power of VIGex is maintained

across datasets and tumor types (Figure S3E). Last, numerical differences were

observed in CB with the joint use of TMB and VIGex in different public datasets (Fig-

ure S3F) but no correlation was observed between these two biomarkers

(Figures S3G–S3O and STAR methods).
A composite immune gene signature prioritizes immuno-oncology

combinations in early-phase clinical trials

Individual gene-level information from specific immunemarkers may offer additive pre-

dictive power for selecting patients and matching them to particular IO agents or com-

binations. In addition to VIGex categories, we sought to explore other RNA-expression

immunemarkers, in particular, individual gene expression levels using Z score units and

their potential role to explore the TME using prior reported methodology.45 The selec-

tion of genes may be customized. We aimed to explore additional genes with a role in

the cancer-immunity cycle for which agents are currently under development in early-

phase IO trials (STING, TIGIT, IDO1, TGF-b1-2, or LAG3).46–51 Thus, VIGex test is re-

ported as a combination of the VIGex score informing on the inflammatory status of

the TME and Z scores for selected immune markers. As such, if a specific sample is

informed as VIGex-Hot TME and TGF-b overexpression, a treatment based on anti-

PD1/L1 monoclonal antibodies and TGF-b inhibitor could be proposed. An example

of the output of VIGex to select the most appropriate IO combinations is included in

Figure 4A. The distribution of gene expression profiles across individual immune tar-

gets was consistent with a normal distribution by the Q-Qplot test (Figures S4A–S4I)

across the entire dataset (All Pearson correlations of expected vs. observed quantiles
Med 4, 710–727, October 13, 2023 719
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were R > 0.98 and p values <0.0001). An overexpression cutoff was set at the top 25%

values for each gene target. Noticeably, gene expression profiles of different immune

markers were asymmetrically distributed across VIGex subtypes, with VIGex-Hot tumors

more likely to express IO targets under development, such as IDO1or LAG3 (Figure 4B).

Specific potential targets such as TIGIT and TGF-b1 were overexpressed in I-Cold sam-

ples or TGF-b2 in cold tumor samples suggesting therapeutic opportunities to enhance

immunogenicity. Co-expression of doublets of IO markers within samples classified as

hot, I-Cold, and cold categories by the VIGex signature were also investigated. Co-

expression of LAG3 and IDO1, CTLA-4 and TIGIT, as well as PDCD1 and TIGIT, were

frequently observed in the VIGex-Hot subgroup, whereas immunosuppressive signals

based on TGF-b2 with a second immune marker were a frequent association in the

cold samples by VIGex (Figure 4C). To further interrogate mechanism of resistance

among I-Cold patients with CB and no-CB in our clinical validation dataset, Z scores

from immune markers were compared. Notably, TGF-b2 was significantly overex-

pressed in I-Cold patients with no-CB as compared with those with CB (p = 0.049) (Wil-

coxon test). Recognizing the potential clinical value of triplet IO drug combinations to

inhibit several immunepathways simultaneously, we aimed to explore the prevalence of

co-expression of triplets of IO potential targets. Combinations of three targets were

more frequently observed in tumors categorized as hot (e.g., 37% of hot samples

showed co-expression of LAG3, TIGIT, and IDO1) (Figure 4D). Finally, we hypothesized

that patients with increased RNAexpression of the immune checkpoint LAG3 genemay

benefit from a combination of an anti-LAG3 monoclonal antibody with a PD1 immune

checkpoint inhibitor. To provide a proof-of-concept of this hypothesis, we further inter-

rogated the subgroup of patients treated with anti-PD1/PD-L1 plus anti-LAG3 in our

clinical validation dataset. Among the 98 patients treated in early-phase IO trials at

VHIO, seven patients were identified. Numerically higher VIGex and LAG3 scores

were observed in the twopatients who achievedCB.Of note, one patient with recurrent

HNSCC PD-L1 negative by immunohistochemistry (Dako 22C3 antibody) treated with

anti-PD1 and anti-LAG3 achieved a complete response after progression following

standard chemotherapy. The secondpatient withmucosalmelanoma achieved a partial

response with anti-PD1 and anti-LAG3 combination therapy after progression following

anti-PD1, anti-CTLA4, and chemotherapy (Figures 4E and 4F). Overall, these findings

support the implementation of immune gene-expression markers to interrogate the

TME as a way to inform rational IO combination strategies.
DISCUSSION

The number of IO targets and IO drug combinations under development has rapidly

expanded over the past decade. Despite this growth, the lack of robust IO bio-

markers hinders the implementation of precision oncology in the early drug devel-

opment setting with only a limited number of phase 1 IO trials including biomarker

enrichment strategies to select the target population.16 Recently, major advances in

the field of cancer genomics have enabled the tumor-agnostic approval of pan-tu-

mor genomic biomarkers such as TMB and deficient MMR or MSI (dMMR/MSI); how-

ever, only a few individuals will test positive for these biomarkers and an even more

reduced subset of patients will benefit from IO interventions. RNA-based gene

expression signatures are emerging as a potentially clinically useful approach to

identify patients most likely to benefit from IO interventions. Here we present VIGex,

a gene expression panel developed from RNA-seq and Nanostring profiles from 45

different tumor histologies. VIGex categories were significantly associated with TILs

density and its performance tested across patients treated with investigational IO

therapies including anti-PD1/PD-L1 monoclonal antibodies either as monotherapy

or in combinations with other investigational IO therapies. We demonstrate that
720 Med 4, 710–727, October 13, 2023
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VIGex identifies patients more likely to benefit from IO across tumor types and clas-

ses of IO therapies. Importantly, the performance of VIGex was maintained in a

metanalysis across publicly available gene expression datasets from patients treated

with IO and achieved similar performance to TMB for pan-cancer implementation.

Prior published signatures were developed by incorporating genes differentially ex-

pressed between responders and non-responders or have been trained using immuno-

genic tumors. VIGex, however, relies solely on RNA-seq andNanostring profiles and has

been developed from key genes involved in immune responses. The training set to

define VIGex included advanced or metastatic tumor samples from the VHIOmolecular

prescreening program with a broad representation of histologies for which IO is not

approved. Moreover, the ability to use stored FFPE tumor tissue for analysis on the

Nanostring or RNA-seq platforms is well-suited to future clinical implementation. Impor-

tantly, a quick turnaround time of 2–3 weeks for the Nanostring results as previously re-

ported,16 will enable timely decision making for patient selection for the best IO thera-

pies in the molecular tumor board. Similar to other established biomarkers,

heterogeneity was observed across samples with those from liver metastatic sites dis-

playing lower VIGex score as compared with other organs. Importantly, our findings

are aligned with emerging data confirming the immunosuppressive role of liver metas-

tases in disease evolution.52 New technologies such as transcriptomic profiling of circu-

lating tumor cells may be able to overcome this observed intrinsic heterogeneity.53

VIGex has value beyond its ability to predict the response to checkpoint blockade as it

also provides a biological explanation of the intimate co-stimulatory and co-inhibitory

factors present in the TME. It is noteworthy that different markers of the cancer-immu-

nity cycle with available drugs in early-phase trials were differentially expressed across

VIGex categories and across patients. This suggests that personalized IO interventions

may be required to elicit responses in a broader population. The preliminary findings

observed in our cohort where higher levels of LAG3 gene expression were observed

among the responsive patients treated with anti-PD1/PD-L1 and LAG3 inhibitors

deserve further investigation. Moreover, the observation that the subset of patients

with no-CB across I-Cold patients has overexpression of TGF-b2 suggests the poten-

tial of TGF-b inhibitors-based IO combinations under development to revert immune-

evasion.48,54 The Z scores developed from gene expression levels based on novel IO

targets could help to enrich patient selection for trials testing novel IO combination

therapies with patients more likely to benefit. In the future, this could lead to the

expansion of VIGex as a predictive marker for novel IO combinations as evidence

evolves with the inclusion of novel IO investigational agents across phase 1 trials.

Limitations of the study

Our study has several limitations. First, the absence of information regarding other

approved biomarkers such as PD-L1 expression or TMB in the cohort of patients treated

with early-phase IO trials did not enable comparison of the performance of VIGex with

these biomarkers. The numerically higher CB observedwhen using VIGex and TMB sug-

gests that biomarker combinations will be required to improve predictions.55Moreover,

the predictive accuracy of VIGex was investigated in a retrospective and heterogeneous

cohort of patients treatedwith a variety of IO agents across early-phase IO trials. The fact

that VIGex-Hot was associated with better IO outcomes in this heavily pretreated pop-

ulation supports the use of predictive biomarkers to improve patient selection after pro-

gression to standard of care regimens. Importantly, when included in ametanalysis from

RNA-seq publicly available datasets, VIGex showed different performance across tumor

types. This issue has been extensively reported across published gene expression sig-

natures. Among the histologies included in our metanalysis, the best predictive power
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was achieved in NSCLC andmelanoma with worse performance in renal cell carcinoma.

A potential explanation for this includes the co-existence of immunosuppressive path-

ways not captured by our signature in certain tumor types. In this regard, there is evi-

dence that CD8 T cell infiltration may be related to a worse prognosis in renal cell car-

cinoma that is different from other tumor histologies.38,56 In conclusion, our results

confirm the analytical validation of the VIGex signature and its potential utility as a

pan-cancer predictive biomarker to IO therapy. Further studies are needed to evaluate

the correlation of VIGex with already approved biomarkers and to determine whether

the co-expression of targets of IOcombination therapies can beused to improvepatient

selection across novel IO combinations.
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Lead contact

Further information and requests for resources will be fulfilled by the lead contact,

Ana Vivancos (avivancos@vhio.net).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Clinical and RNA data are available in http://github.com/mariavica/VIGex and

included as supplementary material.

d VIGex validation in the metanalysis of publicly available datasets, tested signa-

tures, and code are available at https://codeocean.com/capsule/6760186/tree

and in the following web-application https://predictio.ca.

d Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Patients enrolled in the VHIO prescreening program had their tumors profiled by

means of RNA-seq or Nanostring technology. Eligible patients were R18 years

old with diagnosis of advanced or metastatic solid malignancies. Patients require

an ECOG%1 performance status and available archival or fresh tumor tissue. A tu-

mor tissue obtained from the most recent tissue collection procedure at the time

of enrollment was used for profiling. A section of the FFPE tissue was examined

with hematoxylin and eosin staining to confirm presence of invasive tumor cells

and determine the tumor area. Participants information on sex was self-reported. In-

formation on gender, socioeconomic status was not collected for VHIO clinical

datasets.
METHOD DETAILS

VHIO molecular profiling

RNA-Seq gene expression analysis were conducted through Capture RNA-Seq of

153 FFPE tissue samples using TruSeq RNA Library Prep for Enrichment from Illu-

mina following manufactures guides. The 153 FFPE samples included 146 archival

and 7 fresh biopsies. Eighty samples were surgical resections, 50 core biopsies, 13

endoscopic biopsies, 7 incisional biopsies, 2 fine needle aspirations and 1 punch bi-

opsy. The overall percentage of failure is 7.8% for RNA-seq profiling. Briefly, after

conversion of RNA (50–200 mg) to cDNA and double stranded cDNA, sequencing

adapters (TruSeq RNA Single Indexes Set A and Set B, Illumina) were ligated and

PCR amplified with 12–15 cycles, depending on RNA input. The coding regions

(CDS) of the transcriptome were doubly captured from amplified libraries using

sequence-specific probes (Exome Panel, Illumina) to create the final library

(TruSeq RNA Enrichment). Paired-end 2X75-bp sequencing were performed in the

Illumina NextSeq 550 with an average of 70 millions of reads. Sequencing reads

were quality controlled with FastQC 0.11.9. Low quality and contaminant reads

were trimmed using Trimmomatic 0.39. Good quality reads were mapped to the hu-

man reference (hg38) with STAR 2.7.4a. The mapping parameters were based upon

the best practices for STAR, adjusting the library type to strand-specific-reverse. To

examine sequencing alignment data and provide statistical analyses Qualimap

v2.2.1 were used. Counts were obtained using HTSeq count 0.13.5. DESeq2 R/Bio-

conductor package (1.36.0) was used to perform the counts normalization. Hierar-

chical clustering was done with euclidean distance and ‘‘ward.D2’’ method.

For Nanostring profiling, 250 ng of total RNA, quantified using the NanoDrop 2000

(Thermo Scientific), was directly hybridized (at 65�C for 18 h) with a mixture of bio-

tinylated capture probes and fluorescently labeled reporter probes complementary

to target sequences. After solution-phase hybridization between target RNA and re-

porter-capture probe pairs, excess probes were washed away using a two steps mag-

netic bead-based purification on the nCounter Prep Station. Finally, the RNA/Probe

complexes were aligned and immobilized in the cartridge for data collection. The car-

tridge was then transferred to the nCounter Digital Analyzer for image acquisition and

counts collection. Gene expression values were first normalized to the positive con-

trols and then normalized to the geometric mean expression of the included 17 house-

keeping genes and a total of 19 probes (ACTB, ALAS1, CHMP2A exon 1, CHMP2A

exon 3, CLTC, EMC7 exon 3, EMC7 exon 5, GAPDH E1-E2-E3, GPI exon 4, GPI

exon 6, MRPL19, OAZ1 E2-E3, POLR2A E20-21, RPL19, RPLP0, SF3A1, TBP, TUBB,

c1orf43 exon 2), according to nCounter Expression Data Analysis Guide (mAN-

C0011-02). Finally, they were log2-transformed and centered around the mean. All

data was analyzed with R/Bioconductor (v3.6.3/v2.46.0). Any sample with a mean of
Med 4, 710–727.e1–e5, October 13, 2023 e2
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less than 3000 total counts (pre-normalization) of the 19 probes was excluded. Missing

values were imputated with knn algorithm. The routine percentage of failure is 4.2%

for nCounter (Nanostring) profiling. Using the 3000 counts threshold, no significant

differences were observed in the 10 most common tumor histologies for nCounter

profiling failure (p = 0.5) (Chi-square test).

Histopathologic analysis of the proportion of stromal tumor infiltrating lymphocytes

(TILs) was done in whole sections of tumor tissue stained with hematoxylin and eosin

(H&E). TILs were quantified according to recommendations developed by the Inter-

national TILs Working Group.57–59

VIGex 12-gene signature score for each sample was computed as follows:

X12
i� l

�
log 2

�
expr :genei

� � average
�
log 2

�
expr :genei in training dataset

���

With the 12-selected genes: CTLA-4, CD274, PCDC1, IL7R, FOXP3, CXCL9,

CXLX10, CXCL11, IFNG, PRF1, GZMA and GZMB.

VIGex inter-laboratory validation

RNA libraries were prepared at Princess Margaret Cancer Center using the Illumina

Stranded Total RNA Prep Ligation with Ribo-Zero Plus and sequenced using 100bp

paired end chemistry on Illumina Novaseq6000. FASTQs were aligned to the hg38

human reference genome using STAR 2.7.2b aligner with default settings.60 Expres-

sion levels of all transcripts were quantified using RSEM 1.3.061 and annotated with

GENCODE transcript reference version 31. Counts from Princess Margaret Cancer

Center dataset and the VHIO dataset were normalized with DESeq2 and trans-

formed to log2 values. Samples from the VHIO dataset were used as training dataset

for the calculation of VIGex Score of the samples from Princess Margaret Cancer

Center. Finally, the parameters of a linear regression between the Nanostring-

VIGex scores and RNA-VIGex scores of the samples from VHIO dataset were used

to calibrate the VIGex Scores. VIGex scores were used to categorize samples into

Hot (VIGex score >0.75), I-Cold (VIGex score between �0.75 and 0.75) and Cold

groups (VIGex score <(-0.75)).

Publicly available datasets of patients treated with immunotherapy in the

metanalysis

Metanalysis studies were identified by performing a systemic review on PubMed us-

ing the MeSH terms: (cancer OR tumor) AND ((PD-1 OR PD1) OR (PD-L1 OR PDL1)

OR (CTLA-4 OR CTLA4)) AND ((anti-PD-1 OR anti-PD1) OR (anti-PD-L1 OR anti-

PDL1) OR (anti-CTLA-4 OR anti-CTLA4)) AND (genomic OR transcriptomic ORmuta-

tion) as previously reported.62 Eligible studies were English language, including at

least one type of genomic data and clinical outcome information from advanced

solid tumor patients treated with anti-PD1/PD-L1 and/or anti-CTLA-4 antibodies,

and were published between January 2015 and September 2020. Genomic data

was defined as RNA-sequencing and/or tumor exome or targeted-DNA sequencing.

Clinical outcome data included response (according to RECIST or other response

criteria), PFS, or OS. Studies with fewer than 20 patients were excluded. Trials of

IO in combination with other treatment modalities such as chemotherapy, targeted

therapies, and radiation were excluded. There was no minimum duration of follow-

up for inclusion. Trials in the neoadjuvant setting were excluded.

Outcome data, mutational and transcriptomic profiles were collected for each study.

If not publicly available, individual patient clinical and molecular data information
e3 Med 4, 710–727.e1–e5, October 13, 2023
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were requested from the corresponding authors. The processed transcriptomic pro-

file, composed of log2-transformed TPM (Transcripts Per Million) data. When raw

sequencing data were available (Fumet.1,34 Fumet.2,34 Hugo,14 Hwang,35 Jung36

and Riaz37), transcripts abundance was quantified from the fastq files through

Salmon (v1.4.0),63 using the grch38 GENCODE transcriptome of reference. Gene-

level TPM data was then obtained from the estimated transcript abundance level

with tximport (v.1.20.0) R package. Otherwise, raw count/TPM data were down-

loaded directly from the respective publications (Braun,38 Liu,39 Mariathasan,40

Miao.1,41 Snyder,42 Van_Allen43). FPKM (Fragments Per Kilobase of transcript per

Million mapped reads) from Nathanson44 was converted to TPM data using this

formula:

TPMI =

�
FPKMIP
JFPKMJ

�
3 106

For each dataset, genes with zero expression value in at least 50% of the samples

were filtered out. Because of the presence of variability in clinical follow-up between

studies, OS and PFS were censored, respectively, at 36 and 24 months.

VIGex and tumor mutational burden computation in the metanalysis

The 12-gene VIGex gene signature for the metanalysis was computed using Gene

Set Variation Analysis (GSVA)64 enrichment score. For each investigated study, sig-

natures were only computed if at least 80% of their genes were present in the data.

We applied Z score transformation to the genes of each signature before the compu-

tation. Z score transformation was applied before the GSVA or the weighted mean

computation and after the computation. The computation of the TMB per megabase

(Mb) was performed as defined: TMB =mutns/target. Withmutns and target defined,

respectively, as the number of non-synonymous mutations and the target size of the

sequencing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical benefit (CB) was defined as RECIST (v1.1) complete (CR) or partial (PR)

response or stable disease (SD) without a PFS event at 6 months. No clinical benefit

was defined as RECIST progressive disease (PD) or RECIST SD with a PFS event

occurring within 6 months. PFS was calculated from first IO treatment until progres-

sive disease by RECIST 1.1, death or loss of follow up. OS was calculated from first

dose of IO until death or loss of follow up. Specifically, for the metanalysis of publicly

available datasets, if RECIST information was not available, patients without any PFS

event at 6 months and patients with a PFS event occurring within 6 months were clas-

sified as CB and no-CB, respectively.62 If PFS information was unavailable, patients

with RECIST SD as best response were classified as non-evaluable. Survival analysis

were done with survival R package and using Cox Proportional Hazards method.65

Differences between two-continuous variables were assessed using Wilcoxon test

or t-test. Fisher’s exact test or Chi-square test were used to assess statistical signif-

icance between categorical variables. Association of specific biomarkers with clinical

benefit was assessed using a logistic regression model.

For the metanalysis, the results of individual independent studies were pooled using

random-effects metanalysis with inverse variance weighting in DerSimonian and

Laird random-effects models.66 Heterogeneity across studies was evaluated by us-

ing the Q statistic along with I2 index, which describes the total variation across

studies attributable to heterogeneity rather than sampling error.67–69 Note that I2

value of greater than 50% along with Cochran’s Q statistic P < 0:05 represent mod-

erate to high heterogeneity.67 Subgroup analysis was considered to assess the
Med 4, 710–727.e1–e5, October 13, 2023 e4



ll
OPEN ACCESS Clinical and Translational Article
impact of tumor type, sequencing technology and normalization method on the

source of moderate to high heterogeneity.66 Potential publication bias was per-

formed using the funnel plot and the Egger test. No statistically significant publica-

tion bias was observed (data not shown). All analyses were performed on the R plat-

form (version 3.6.3). When needed p values were corrected for multiple testing using

the Benjamini-Hochberg (False Discovery Rate, FDR) method. Associations were

deemed statistically significant for p values and/or FDR lower or equal to 0.05.
e5 Med 4, 710–727.e1–e5, October 13, 2023
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