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Knockout of immunotherapy prognostic marker genes
eliminates the effect of the anti-PD-1 treatment

Naixue Yang"?®, Fansen Ji'??, Liging Cheng'**, Jingzhe Lu'?, Xiaofeng Sun'?, Xin Lin"**® and Xun Lan

1,3

The efficacy of immunotherapy is largely patient-specific due to heterogeneity in tumors. Combining statistic power from a variety
of immunotherapies across cancer types, we found four biological pathways significantly correlated with patient survival following
immunotherapy. The expression of immunotherapy prognostic marker genes (IPMGs) in these pathways can predict the patient
survival with high accuracy not only in the TCGA cohort (89.36%) but also in two other independent cohorts (80.91%), highlighting
that the activity of the IPMGs can reflect the sensitivity of the tumor immune microenvironment (TIME) to immunotherapies. Using
mouse models, we show that knockout of one of the IPMGs, MALTT, which is critical for the T-cell receptor signaling, can eliminate
the antitumor effect of anti-PD-1 treatment completely by impairing the activation of CD8" T cells. Notably, knockout of another
IPMG, CLEC4D, a C-type lectin receptor that expressed on myeloid cells, also reduced the effect of anti-PD-1 treatment potentially
through maintaining the immunosuppressive effects of myeloid cells. Our results suggest that priming TIME via activating the

IPMGs may increase the response rate and the effect of immune checkpoint blockers.
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INTRODUCTION

The immune system protects the host against tumorigenesis by
identifying and eliminating cancerous cells. Under the extreme
selective pressure from the host immune system, tumor cells
undergo rapid evolution and eventually escape immune surveil-
lance through different mechanisms'™. To sensitize the host
immune response against tumor cells, several immunotherapies
have been developed over the last three decades, including
cytokine therapies, vaccines, and cellular therapies such as
chimeric antigen receptor (CAR)-modified T-cell therapy and
adoptive cell transfer therapy®. Recently, immune checkpoint
blockade (ICB) therapies, such as CTLA-4 and PD-1, have achieved
unprecedented success in treating advanced melanoma, non-
small cell lung cancer, and many other cancer types>®. However,
effective responses were only observed in a small subset of
patients owing to a high rate of resistance to checkpoint inhibitors
among tumors’. The disparity in clinical outcomes highlights the
phenotypical and functional heterogeneity among different
tumors® and among their immune microenvironments’. Therefore,
to improve the efficacy of immunotherapies, it is imperative to
understand the underlying mechanisms of immunotherapy
resistance and to develop more reliable prognostic strategies.
Several features are employed by models predicting patient
responses to immunotherapy. For example, tumor mutational load
and neoantigen load in tumor cells correlate with prognostic
outcome for ICB'®"". In addition, many signaling pathways are
identified as predictive biomarkers for tumor sensitivity to ICB, e.g.,
chronic type | and type Il interferon (IFN) signaling’?, phosphatase
and tensin homolog (PTEN)-related oncogenic pathways'?, and
oxidative stress-related metabolic processes'®. Features of the
tumor immune microenvironment (TIME), such as the interaction
of nature killer-dendritic cell (DC) axis'>, the enrichment of CD8"
T cells, the presence of the galectin-9™ DC/DC-like macrophages,
and a high M1/M2 macrophage ratio'® were also reported to be

associated with the response to immunotherapy. Recently, a
computational method showed that the expression signatures of
T-cell dysfunction and exclusion predicted ICB response with high
accuracy'’.

However, previous efforts to identify effective prognostic
biomarkers for immunotherapies usually focus on only one type
of immunotherapy or limited to one type of cancer and suffer
from low statistical power, owing to the limited number of
patients involved in each of the studies. Here we sought to
increase the statistical power of detecting genes related to patient
survival by combining information from different studies involving
various immunotherapies. Despite targeting distinct immune
modulators, the common goal of the different immunotherapies
is to eliminate tumor cells indirectly by promoting immune
responses. Recently, single-cell RNA sequencing (RNA-seq) analysis
showed that tumor cells had a high degree of inter-tumor
heterogeneity; however, tumor-infiltrating immune cells were
clustered by cell types independent of samples and showed
highly homogeneous across cancer patients'®'®. Given the
invariant nature of immune cells among cancer patients and the
success of immunotherapies across cancer types with distinct
tissue origins®®, it is possible that the outcomes of treatments
depend largely on the sensitivity of the TIME to the therapeutic
stimulus and not the cancer type. Under the assumption that
immune responses are independent of the tissue of origin of the
tumor, we can pool patients receiving immunotherapies from
various sources to increase our chance of discovering predictive
pan-cancer biomarkers.

Here we aimed to identify a panel of genes to predict patient
survival after immunotherapy by integrating multi-dimensional
data of 33 cancer types characterized by The Cancer Genome
Atlas (TCGA) (Fig. 1a). To represent the functionality and activity of
the genes more accurately, we developed two strategies to adjust
the expression table composed of 11,069 pre-treatment tumor
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Mutation and leukocyte fraction correction. a The schematic workflow of our study. b Diagram of “mutation correction” that accounts

for the functional reduction of protein-coding genes caused by non-synonymous mutations. The gene in the example is more active in tumor
2 than in tumor 1, despite being more highly expressed in tumor 1 due to multiple non-synonymous mutations impairing the function of the
protein in tumor 1. ¢ Diagram of “leukocyte fraction correction” that removes the confounding effect of immune cell proportions on the
measuring activity of immune-related genes with RNA-seq. Although the same number of total transcripts of a gene are detected in the two
tumors, the gene is more actively transcribed on average in tumor 2 than in tumor 1 due to a smaller number of tumor-infiltrating immune

cells in tumor 2.

biopsy samples. One strategy is defined as “mutation correction,”
which measures the functional activity of a gene involved in
cancer progression by incorporating gene mutation information
and gene expression at mRNA level (Fig. 1b). The other strategy is
defined as “leukocyte fraction correction,” which uses the fraction
of immune cells to scale gene expression levels for a more precise
evaluation of the activity of immune-related genes (Fig. 1c). We
then applied survival analysis and pathway analysis to these two
adjusted expression tables separately, to find key pathways
associated with the survival of patients receiving immunothera-
pies. Utilizing immunotherapy prognostic marker genes (IPMGs) in
the identified pathways, we can predict the outcome of patients
treated with distinct immunotherapies in both the TCGA cohort
and two independent datasets with high accuracy, highlighting
that the state of TIME is associated with its sensitivity to various
therapies. Finally, we validated that two of the IPMGs, an essential
gene for T-cell receptor signaling (MALTT) and a myeloid cell
surface receptor (CLEC4D), are required in the response to
immunotherapy using mouse models.

RESULTS

Pathways associated with the clinical outcome of
immunotherapy

The definition of therapeutic responses to treatment differs
significantly among cancer types and various treatments. To
combine information from all 2836 patients whose clinical data
and RNA-seq were available in the TCGA cohort treated with
different therapies, we used patient survival as an unbiased
measure of the effectiveness of the treatments. Less than 2% of
the patients included in the TCGA cohort received
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immunotherapies such as cytokines, cancer vaccines, anti-CTLA-4
therapy, or other monoclonal antibodies. To overcome the limited
statistical power in identifying genes correlated with patient
survival after immunotherapy, we combined patient data across
cancer types and various immunotherapies under the assumption
that the immune system’s response to cancer immunotherapy is
largely determined by the sensitivity of TIME. We included 99
patients receiving immunotherapies across 12 cancer types,
considering the availability of transcriptomic data and clinical
information necessary to perform the downstream analysis
(Supplementary Data 1).

For every gene in the human genome, we first evaluated the
association between its expression in the tumors and the survival
of all the 2836 patients regardless of the treatment strategies.
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis showed that genes of which higher expression was
significantly associated with lower survival were enriched in a
variety of oncogenic signaling pathways, such as
phosphatidylinositol-3-kinase (PI3K)-Akt, mitogen-activated pro-
tein kinase, Ras signaling, and focal adhesion (Fig. 2a). The
expression of oncogenic signaling genes is indicative of tumor
characteristics such as cancer type, progression, stage, or
metastasis; therefore, it is usually associated with patient survival
regardless of the treatment strategies. Few pathways were
enriched for genes of which higher expression was associated
with improved survival of all patients (Fig. 2a). When applied the
same analysis on the 99 patients receiving immunotherapy, we
found that genes of which higher expression was significantly
associated with improved survival were mainly enriched in
immune-related pathways (Fig. 2b), suggesting that the survival
of these patients depends not only on the level of tumor
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Fig.2 Pathways of response to immunotherapy. a KEGG enrichment of genes of which higher expression were associated with lower (left)
or better (right) survival of all 2836 patients for which clinical information was available based on expression profile without any correction
(log-rank test, FDR adjusted p-value < 0.05). b KEGG enrichment of genes of which higher expression were associated with lower (left) or
better (right) survival of 99 patients receiving immunotherapy based on expression profile without any correction (log-rank test, FDR adjusted
p-value < 0.05). ¢, d Pathways associated with immunotherapy-specific responses based on “mutation correction” profile (c) and “leukocyte
fraction correction” profile (d). Only pathways with a statistically significant importance score after feature selection are shown here.

progression but also on the sensitivity of TIME to immunotherapy.
Immune-related pathways have a considerable impact on the
survival of patients receiving immunotherapy.

One caveat of using patient survival as an indicator for the
efficacy of immunotherapy is that it is confounded by tumor
characteristics that are generally correlated with patient survival
regardless of the treatment strategy. Immunotherapy-specific
pathways are more appropriate predictors for immunotherapy
efficacy and thus more desirable in the clinical setting. To
determine whether a pathway can serve as an immunotherapy-
specific predictor, we performed pre-ranked gene set enrichment
analysis (GSEA)?® on patients receiving immunotherapies con-
trolled against patients treated with non-immunotherapies. Pre-
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ranked GSEA analysis showed that 55 and 32 pathways were
significantly enriched after mutation correction (Fig. 2c) and
leukocyte fraction correction (Fig. 2d), respectively, whereas only
22 pathways were enriched without any correction of the gene
expression table (Supplementary Data 2). Reassuringly, analysis
with the two expression-correction strategies recovered pathways
known to be related to immunotherapies, such as T-cell receptor
and B-cell receptor pathways, whereas analysis without correction
showed no enrichment in the known immune-related pathways,
suggesting that both corrections significantly reduced the effect
of the confounders in the data as intended.

A majority of the immunotherapy-associated pathways we
identified were immune system-related and only a fraction of
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them were oncogenic signaling pathways (Supplementary Data 2),
suggesting that they are indeed immunotherapy-specific, i.e,, the
activities of the pathways have a stronger impact on immu-
notherapy beyond their general association with the character-
istics of the tumors. Interestingly, we observed enrichment in
pathways linked not only to the adaptive immune system but also
to the innate immune system, the function of which is not yet the
main focus of current immunotherapies.

The gene panel from the identified pathways can predict
patient survival after immunotherapy

Biomarkers currently used to screen patients for costly immu-
notherapies in the clinic are inadequate, leading to a low response
rate among patients receiving the treatments. We sought to test
whether the expression of immunotherapy-specific genes in pre-
treatment tumor biopsies can predict patient survival accurately
and whether these genes can serve as potential biomarkers for
clinical use. Requirements of a practical patient-screening
procedure include low cost and rapid assessment; therefore, we
first reduced the number of pathways needing to be tested, to
make an accurate prediction. To find the pathways with the
greatest bearing on predictive power, we performed feature
selection using the random survival forest (RSF)?! approach, which
gives priority to features in the survival analysis. After RSF ranking,
we chose 16 out of 55 pathways enriched after mutation
correction and 9 out of 32 pathways enriched after leukocyte
fraction correction based on feature importance (RSF variable
importance, p-value <0.05) (Supplementary Data 3). Four path-
ways consistently shown to be enriched after both corrections
were the T-cell receptor signaling pathway, the B-cell receptor
signaling pathway, the C-type lectin receptor (CLR) signaling
pathway, and the phosphatidylinositol signaling system. We
observed the same trend of enrichment in the quantile-quantile
plot (QQ plot) (Fig. 3a-d and Supplementary Fig. 1a-d), which
compares the association between gene expression and patient
survival after immunotherapy vs. non-immunotherapy.

The T-cell and B-cell receptor signaling pathways are well-
known to play a crucial role in tumor immunity?*** and their
regulation mechanisms in the tumor microenvironment have
been intensively investigated over the years?*?°, However, the
functions of the CLR signaling pathway and the phosphatidylino-
sitol signaling system in tumor immunity are not well understood.
The CLR signaling pathway is mainly involved in complement
activation, phagocytosis, and innate immunity®. By specifically
recognizing glycans, CLRs may participate in the direct interaction
between tumor cells and immune cells, and facilitate tumor
rejection””. The phosphatidylinositol signaling system is an
intricate network of kinases and phospholipid messengers that
tightly controls many cellular processes such as cell signaling and
metabolic regulation. The enzymes PI3K and PTEN, which regulate
phosphatidylinositol-3,4,5-trisphosphate play important roles in
cancer development?®,

Among genes in the four pathways, we identified 64 candidate
genes that were significantly related to patient survival (Supple-
mentary Data 4). We next examined whether expression levels of
the 64 IPMGs could predict the survival of patients after
immunotherapy. We used TCGA data as the discovery set to
build an elastic net logistic regression model and then tested the
accuracy of the model on the data of two independent cohorts of
patients who had received anti-PD-1 therapy’?°, to evaluate the
generalizability of the model. Cross-validation in the TCGA cohort
showed that the model taking the expression of the top 40 IPMGs
as input achieved the highest 88.91% accuracy and an area under
the receiver operating characteristic curve (AUC) of 89.36% in the
TCGA test data (sensitivity = 85.94%, specificity = 91.88%) (Sup-
plementary Fig. 1e). Surprisingly, even though no patient was
treated with anti-PD-1 in the TCGA discovery cohort, the model
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achieved a mean accuracy of 70.54% (sensitivity = 85.52%,
specificity = 55.56%) and an AUC of 80.91% (Fig. 3e) in the two
independent anti-PD-1 cohorts. Consistently, patients classified to
alive and deceased groups by the model displayed a significant
difference in survival (Fig. 3f). Furthermore, The IPMGs also
showed comparable results as other published biomarkers using
the biomarker evaluation module tool*® (Supplementary Fig.
2a-c). These results suggest that the expression of the 40 IPMGs
can serve as a set of pan-cancer prognostic biomarkers for
immunotherapies.

The expression of IPMGs can reflect the sensitivity of TIME to
immunotherapies

To assess whether the gene panel comprising the 40 IPMGs
reflects the state of TIME rather than the characteristics of specific
tumors, we performed a clustering analysis on 2836 patients that
have clinical information using the single-sample GSEA (ssGSEA)
score®'. A total of 2836 patients across 32 cancer types were
clustered into 3 groups comprising mixed cancer types (Fig. 4a).
Interestingly, among the three groups, patients receiving immu-
notherapy have distinct survival rates (Fig. 4b), whereas patients
receiving other treatments do not (Fig. 4c). Differential expression
analysis and GSEA revealed that many immune-related pathways,
such as antigen processing and presentation, and B-cell and T-cell
receptor signaling pathways are activated in the group of patients
with prolonged survival after immunotherapy (Supplementary
Data 5). These results suggest that these 40 IPMGs can classify
cancer patients into groups with distinct TIME (Fig. 4a—c and
Supplementary Figs. 3a-f and 4a-f), which may influence the
outcome of immunotherapy, but not other treatments.

Unlike the signature genes of tumor progression, in which
genetic alterations are usually positively selected during tumor
evolution, immune-related genes expressed in immune cells are
unlikely to accumulate somatic mutations due to the lack of
natural selection on the genetics level of immune cell during
tumorigenesis. Indeed, the selective pressure on mutations in the
vast majority of the IPMGs during tumor development, measured
by the ratio of substitution rate at non-synonymous site and
synonymous site (dN/dS), is similar to the average selective
pressure on all genes in the human genome (Fig. 4d). One
interesting exception is the well-known oncogene, KRAS, which
promotes the continuous proliferation of tumor cells after
acquiring a gain-of-function mutation. KRAS is also found to be
involved in tumor immunogenicity®?, suggesting that our method
can detect genes that have confounding effects on patient
survival, i.e, genes that are both oncogenic and are related to
tumor immune responses. Further dissection of confounded
functions of such genes may require the use of single-cell
technology to accurately measure the expression of these genes
in different types of cells residing in the tumor microenvironment.

Single-nucleotide polymorphism (SNP) sites were found to be
associated with the activity of the immune system in previous
studies. An SNP can affect the activation and development of
CD4" T cell®® and an analysis via genome-wide association studies
(GWASs) observed six SNPs in the human leukocyte antigen genes
linked with vaccine-specific antibody responses®*. Indeed, our
analysis also showed that seven SNP sites in gene-body and up-/
downstream 100 kb regions of four IPMGs (PPP3CB, ITPR1, PI4K2B,
and MTMRI1) were significantly linked to the survival of
immunotherapy-treated patients (Supplementary Fig. 5a and
Supplementary Data 6). These results suggest the genetic diversity
of the IPMGs in the population can partly explain the variation in
the sensitivity of TIME to immunotherapies.
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Fig. 3 The gene panel from four pathways predicts patient survival following immunotherapy. a-d Quantile-quantile plots showed that
the p-value distribution in the survival analysis of pathway genes in patients treated with immunotherapy (red line) was more significant than
that of patients treated with other therapies (green line). The 95th percentile of p-value from the survival analysis of random genome after
immunotherapy was plotted as the background control (blue line). e Performance of the logistic regression model built with the 40 IPMGs in
different cohorts. f Kaplan-Meier plot shows a significant difference in survival (the log-rank test, p-value < 0.05) between alive and deceased
groups predicted by the elastic net logistic regression model in the anti-PD-1 therapy-treated cohorts.

Knockout of MALT1 or CLEC4D eliminated the antitumor effect
of anti-PD-1 treatment in mouse models

The aforementioned computational analysis shows that the IPMGs
we identified can be used as biomarkers for predicting the patient
response to immunotherapy. To test whether these results reflect
a correlation or causation between the expression of the IPMGs
and patient survival (Fig. 4e, f), we used experimental models to
further explore the potential roles of the IPMGs in promoting
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immune clearance of tumor cells during immunotherapy treat-
ment. Specifically, we focused on two IPMGs as follows: (a) MALT1
represents well-established genes that are critical to receptor
signaling in the adaptive immune system and (b) CLEC4D
represents less understood genes that are mainly expressed on
myeloid cells of the innate immune system.

MALTI, also known as paracaspase, can form a complex with
CARMA1-BCL10 to mediate T Cell Receptor(TCR)-induced nuclear
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Fig. 4 IPMGs define the state of TIME across cancer types. a Clustering of patients based on the ssGSEA score of the top 40 IPMGs. A total of
2836 patients across 32 cancer types were clustered into three groups. b The survival of patients receiving immunotherapy differed significantly
in the three groups. ¢ No significant survival difference was observed among patient groups receiving non-immunotherapy. d The “dN/dS"
value of IPMGs in four pathways. Each boxplot represents the distribution of “dN/dS” values across all cancer types for a gene. The Y axis was log
transformed. Most of the IPMGs are not positively selected in cancer. e The expression level of MALTT was positively associated with the
improved survival of immunotherapy-treated patients based on mutation-corrected expression (the result of fraction-corrected expression was
showed in Supplementary Fig. 5d). f The expression level of CLEC4D was positively associated with the improved survival of immunotherapy-
treated patients based on mutation-corrected expression (the result of fraction-corrected expression was shown in Supplementary Fig. 5e).
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factor-kB (NF-kB) activation. Upon TCR engagement, its protease
activity can also be activated to cleave negative regulators, such as
A20 and CYLD, to amplify the NF-kB signaling®. Here we sought
to explore the role of MALTT in the antitumor immune response,
which has not yet been elucidated. First, we found Malt1 was
induced upon TCR stimulation in T cells (Fig. 5a), implying that the
Malt1 expression level is indicative of the status of T-cell
activation. Moreover, the in vivo tumor model showed that tumor
development was promoted in mice deficient in MALT1 (Malt1~/7)3®
with increased tumor weight at the end stage compared with
wild-type (WT) mice (Fig. 5b). Analysis of tumor-infiltrating
lymphocytes showed decreased CD8" T-cell infiltration and IFN-
y or Granzyme B production in Malt1™"~ mice (Fig. 5¢, d). PD-1,
which could be induced upon T-cell activation, nearly disappeared
in Malti-deficient CD8% T cells (Fig. 5e), suggesting defective
activation of T cells in mice lacking Malt1.

To further determine the cell type(s) in which Malt1 functions
during the antitumor immune response, we crossed Malt1™?
mice®’ with Lys-Cre or CD4-Cre mice, to specifically delete Malt1 in
macrophages or T cells, respectively. We found that tumor
development was enhanced in mice with a specific deletion of
Malt1 in T cells, but not in macrophages (Fig. 5f, g), similar to the
phenotype observed in Maltl germline knockout (KO) mice,
implying that Malt1 in T cells (Supplementary Fig. 5b) is critical in
antitumor immune response. As the survival analysis showed that
MALT1 expression level was positively associated with the
improved prognosis of patients after immunotherapy (Fig. 4e),
we treated tumor-bearing WT or Malt1™"~ mice with anti-PD-1 to
compare with IgG control. We found Malt1™~ mice failed to
respond to PD-1 blockade, whereas the therapy can decrease
tumor growth in WT mice (Fig. 5h). This finding was consistent
with the observation that Malt1-deficient CD8" T cells showed low
expression of PD-1 in the tumor microenvironment. Overall,
MALT1 is required for the activation and cytotoxic function of
T cells, and the effect of anti-PD-1 therapy is completely abolished
in the absence of MALTI.

Next, we chose to explore the function of CLEC4D (also called
Dectin-3, CLECSF8, or MCL), a CLR that is well-known to mediate
anti-fungal innate immune responses®®, which showed the same
positive effect on the immunotherapy outcome as MALT1 (Fig. 4f).
Consistent with our computational analysis, Clec4d ™~ mice®®
receiving anti-PD-1 treatment showed no significant reduction in
tumor burden compared with Clec4d™~ mice receiving IgG
control, whereas the treatment can inhibit tumor development
in groups of WT mice (Fig. 6a-c). To further investigate the
mechanism underlying the lack of response to anti-PD-1 therapy
in Clec4d™~ mice, we analyzed the characteristics of the tumor-
infiltrating myeloid cells for the reason that CLEC4D is mainly
expressed on myeloid cells (Supplementary Fig. 5¢). In responsive
WT mice, we observed that the percentage of myeloid-derived
suppressor cells (MDSCs) was markedly reduced (Fig. 6d). The MFls
of CD206% (the marker for pro-tumoral M2 macrophages)
expressed on both macrophages and MDSCs were also trending
down after anti-PD-1 treatment (Fig. 6e, f), consistent with the
view that anti-PD-1 therapy can relieve partial immunosuppres-
sion mediated by pro-tumoral M2 macrophages and MDSCs>94°,
In contrast, the percentage of MDSCs is not significantly reduced
in the Clec4d™~ mice after anti-PD-1 treatment and the MFls of
CD206" expressed on both macrophages and MDSCs were
increased (Fig. 6d-f). These results suggest that KO of Clec4d
limits the efficacy of anti-PD-1 treatment via maintaining the
myeloid-mediated immunosuppressive effect.

To further confirm the myeloid-mediated immunosuppression
in TIME, we performed RNA-seq experiments on mixed macro-
phages and MDSCs sorted from tumor tissues in WT and Clec4d 7~
mice with/without anti-PD-1 treatment. Our analysis showed that
signature of M2 macrophages was indeed significantly down-
regulated in WT mice upon anti-PD-1 treatment, but such

Published in partnership with The Hormel Institute, University of Minnesota

N Yang et al.

npj

signature was trending up, although not statistically significant
up in Clec4d™™ mice upon treatment (Fig. 6g-i). Similarly, two
separate sets of markers for MDSCs were both significantly
downregulated in WT mice upon anti-PD-1 treatment; however,
no significant difference is observed in Clec4d~'~ mice. Altogether,
these results suggest an essential role of CLEC4D for myeloid-
mediated immunosuppression in limiting the efficacy of anti-PD-1
therapy, highlighting the possibility of combinatory strategies by
stimulating CLEC4D together with anti-PD-1 treatment to improve
therapeutic efficiency.

DISCUSSION

Despite the rapid growth of multi-dimensional omic data derived
from tumor samples, the statistical power to identify prognostic
markers for cancer immunotherapies is often limited due to the
small sample sizes of the individual clinical studies. Under the
assumptions that diverse immunotherapies share the common
goal of reactivating the host immune system against tumor cells
and therefore their effect rely largely on the sensitivity of TIME and
not the tumor’s tissue of origin, we integrated multi-dimension
data from patients across all cancer types in TCGA, to identify
novel biological pathways associated with patient response to
immunotherapies. The degree of tumor malignancy and the
sensitivity of TIME are key factors impacting the survival outcomes
of immunotherapies. However, without controlling the general
characteristics of tumors, traditional analysis often detected
signatures involved in the transformative, proliferative, and
metastatic capabilities of tumors acquired during progression’.
By selecting pathways that have a stronger correlation with
patient survival after immunotherapy than after non-
immunotherapeutic treatment, we successfully discovered prog-
nostic genes and pathways that are immune-related and
specifically associated with the efficacy of immunotherapy. Using
the expression level of IPMGs as features, we clustered patients
across multiple cancer types into groups with distinct response
rates to immunotherapies and trained a logistic regression model
to predict patient survival. Notably, the prediction model achieved
high accuracy in patients treated with anti-PD-1 therapy in two
independent clinical studies, despite that the discovery data used
to train the model consists only patients receiving other types of
immunotherapy, suggesting that patients who respond to one
type of immunotherapy are likely to benefit from other types of
immunotherapies as well. The accurate cross-immunotherapy
prediction in pan-cancer analysis supports the assumption that
the sensitivity of TIME is likely to be one of the major determinants
of the efficacy of a variety of immunotherapies.

Expectedly, the majority of IPMGs positively correlated with
response to immunotherapy are pro-inflammatory cytokines (/L6
and IL1B), T-cell co-stimulators (ICOS, CD40LG, and CD28), and
positive regulators involved in promoting immune responses
against tumors (NFATC2, PRKCQ, and NCK1). It is likely to be that
TIME with higher levels of expression of such immune-stimulatory
genes is more readily activated after immunotherapy, resulting in
a better response. Interestingly, a small number of IPMGs have
been reported to suppress immune activation, such as /L70*" and
CYLD*, indicating that the therapeutic effect of immunotherapies
might be achieved by targeting pathways associated with these
immune-inhibitors, similar to the effect of the anti-PD-L1 inhibitors
to the PD-L1-positive tumors.

Tumor tissue is a mixture of many cell types, including not only
tumor cells but also cells residing in the tumor microenvironment,
such as various lymphocytes and stromal cells. Here we removed
the effect of leukocyte proportion on the expression of immune-
related genes and focused on the activity status of the genes. It
should be noted that the immune cell composition of the tumor
microenvironment can also serve as a prognostic marker for
immunotherapies***. With the rapid development of single-cell
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detected by WB or qPCR, respectively. b Tumor cells were inoculated subcutaneously in Malt1*’~ and Malt1~~ mice. Tumor growth was
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RNA-seq technology, dissecting the cell composition of the tumor
microenvironment has been made possible®. Studying the
expression of IPMGs in a variety of functional subpopulations at
a single-cell scale would greatly expand our understanding of the
mechanisms underlying their function in the immune response to
cancerous cells.

The role of adaptive immunity in antitumor response has been
substantiated in many studies. Recently, increasing evidence
supports that innate immunity also plays a significant role in
suppressing growth and progression of malignant tumors. One of
the best-studied effectors of innate immunosurveillance is the
natural killer (NK) cell. The production of IFN-y in NK cells induces
M1 macrophages, which can manifest the activity of cancer
immunoediting in the absence of adaptive immunity®®. In our
study, we found the CLR signaling pathway was linked to response
to immunotherapy. Previous research has generally focused on its

Published in partnership with The Hormel Institute, University of Minnesota

function in innate recognition of pathogen-associated molecular
patterns. One recent study showed that agonists or antagonists of
CLRs signaling are potential therapeutic reagents for cancer
immunotherapy?’. Here we validated CLEC4D, a member of the
CLR superfamily, was critical in mediating the immunosuppression
effect of myeloid cells and in tumor resistance to anti-PD-1
therapy. Our results suggest that these IPMGs are not merely
biomarkers and reactivating IPMGs in patients with suppressed
immune microenvironment may improve the response rate and
effect of immune checkpoint blockers.

METHODS
Molecular and clinical data

We downloaded the gene expression table of the tumor samples from
the TCGA cohort generated by the PanCancer Atlas Consortium
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(https://gdc.cancer.gov/about-data/publications/pancanatlas). A total of
11,069 samples comprising 33 diverse cancer types were included. We
replaced the missing values in the expression table with the average
expression of the gene in the other samples of the same cancer type. A
total of 20,256 genes remained after we excluded genes with expression
value <1 in all samples. Finally, the expression table was log, transformed,
followed by quantile normalization.

We downloaded mutation annotation files (MAFs) for TCGA patients
processed using the VarScan2 pipeline. The MAFs contain detailed
information about the locations and the variant types of somatic point
mutations in 9850 tumor samples across 33 cancer types.

Clinical record data were downloaded through the TCGA portal. Among
the 4298 samples with complete clinical information, we identified 218
patients who had been treated with immunotherapies (Supplementary
Data 1).

Mutation correction

To more accurately represent the functionality of genes in each sample, we
adjusted the expression table according to “mutation correction” strategy,
which considers the functional disruptions in protein-coding genes due to
non-synonymous mutations. Cancer cells accumulate thousands of
mutations during the process of tumorigenesis. The functions of the
genes driving cancer initiation, progression, and immune evasion are
frequently disrupted by non-synonymous mutations, which alter the
amino acid sequences of the encoded proteins. Therefore, when
investigating the function of cancer-related genes on their expression
levels, it is important to consider the consequences of non-synonymous
mutations. For example, tumors carrying disruptive mutations in the TP53
gene appear to have elevated mutation rates regardless of how high the
expression level of the gene*’. To characterize the protein function of
cancer-related genes more accurately, we developed “mutation correction”
strategy to account for the functional changes in protein-coding genes
caused by non-synonymous mutations (Fig. 1b). These detailed procedures
are illustrated in the following steps.

We downloaded TCGA MAFs processed by VarScan2 for all cancer types.
These files contain the mutation information for every mutation site in
each sample. We considered the six classes of base substitutions, C> A, C
>G,C>T, T>A T>C, T>G, and the immediate 5- and 3’-bases to each
mutated base*®. Considering the strand symmetry, each mutation site can
be assigned to 1 of 192 substitution categories. For each cancer type, we
calculated the frequency of each category based on the record of MAFs.
We divided the number of observed mutations of each substitution
category in a specific cancer type by the total number of mutations in all
192 categories, resulting in the background frequency of each substitution
category in a specific cancer type.

For each codon of a gene, there are nine possible substitution types
when only considering single-nucleotide mutations and each mutation can
be identified as non-synonymous or synonymous mutation according to
whether this mutation changed the amino acid. Here we denote the p,,
a€ll, 2..., 9] as the non-synonymous mutation category frequency, p’,
aell, 2..., 9] as the synonymous mutation category frequency. Then, we
summed all the non-synonymous conditions (n) and synonymous
conditions (s;) for the codon i of this gene (total k codons in the gene).
Finally, we summed up all the codons of the gene j and calculated the non-
synonymous mutation background (N;) and synonymous mutation back-
ground ().

n/-:za:pa(ae[hl---ﬁ]) Q)
sf:;p;(ae[hz,.-.ﬂ]) @
N=3 oG e 2, k) 3
S=> silie1,2,.. k) @

i

For each cancer type, we calculated the non-synonymous mutation
number C; and the synonymous mutation number C, which belong to the
single-nucleotide variation type for each mutated gene j. Then, the dN/dS
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metric was calculated as follows:
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To identify significantly mutated genes, we used the binomial test in
each cancer type individually, to identify genes significantly enriched with
non-synonymous mutations compared to the expected background
mutation rate. The observed values are the synonymous mutation number
and non-synonymous mutation number counted from MAFs, whereas the
expected values are the background synonymous mutation frequencies
and non-synonymous mutation frequencies from step 2. The final
significantly mutated gene list is the union of those genes whose dN/dS
values are >1 and the binomial test has a significant p-value (p-value <
0.05) in each cancer type. Conceivably, KEGG analysis showed that these
hyper-mutated genes were enriched in pathways related to oncogenic
signaling and tumor progression (Supplementary Fig. 6a).

We defined a protein activity score to correct the raw expression
profiles, to represent the functional activity of a protein more accurately.
Notably, the protein activity score was aimed to correct those significantly
mutated genes illustrated in step 2. We calculated a pan-cancer mutation
category frequency considering the imbalance in sample sizes for different
cancer types. We multiplied the initial frequency for each mutation
category in a certain cancer type with the corresponding sample number
and then summed them up, which was denoted as r;,. Then, we denoted
Tix as the number of non-synonymous mutations observed across all
cancer types for the codon k of gene j. For a significantly mutated gene, we
calculated an index /; for each of the mutated codons as follows:

e =7~ (6)

The index was then scaled to 0~ 1 for all mutated codons. Next, the
protein activity score for gene i of sample m was calculated by multiplying
the codon indexes as follows:

Sim = 1:[ lik @

Structural variations such as frameshifts or splicing-site mutations were
considered to have a loss-of-function effect and the score was assigned a
value of 0. Genes with no mutation observed were assigned a score of 1.
Finally, we multiplied the score with the expression value to get the
mutation-corrected expression table.

Leukocyte fraction correction

To more accurately represent the activity of genes in each sample, we
adjusted the expression table according to “leukocyte fraction correction”
strategy, which determines the activity of immune-related genes in tumor-
infiltrating leukocytes by removing the effect of leukocyte proportion on
gene expression. The tumor microenvironment consists of not only tumor
tissue but also normal tissue, stromal cells, and infiltrating lymphocytes,
the gene activities of which play a key role in the antitumor immune
response. Gene expression levels in TCGA cohort were measured by RNA-
seq of bulk tumor tissues from patients. To better characterize the activity
status of the immune-related genes in the tumor microenvironment, we
corrected the expression level of these genes by removing the
confounding effect of the infiltrating leukocyte fraction (Fig. 1¢), as follows.

The leukocyte fraction was assessed previously by identifying genomic
regions with differential DNA methylation between pure leukocyte cells and
normal tissue. The proportion of tumor cells in a tumor sample—tumor
purity—was inferred by ABSOLUTE®®, which takes advantage of the
frequency of somatic DNA alterations in the whole-genome sequencing data.

We define immune-related genes to be corrected as those with an
expression level that shows a positive correlation with leukocyte fraction
but negative correlation with tumor proportion across all tumor samples
(Pearson’s correlation). We identified 676 immune-related genes with a
correlation coefficient cutoff of 0.3. Gene ontology enrichment analysis
shows that the 676 genes were significantly overrepresented in immune-
related biological processes (Supplementary Fig. 6b).

To account for the heterogeneity of the leukocyte proportion between
different tumor samples, we calculated the activity of the immune-related
genes by dividing the gene expression value by the leukocyte fraction
(Fig. 1c).
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Survival analysis

We define the survival time of a patient as the time interval between the
date of receiving the immunotherapy and the date of the final follow-up.
Using a larger range of survival time might introduce more confounding
factors in our analysis, e.g., cancer-free patients may die because of natural
aging given a long period of time. Given that the majority of the patients
receiving immunotherapy are at a later stage of cancer development, we
chose to use 3 years as the upper limit of the survival analysis to limit the
effect of the confounders and to ensure that there is a sufficient number of
patients who survive to downstream analysis. After processing the survival
time, 99 out of the 218 patients received immunotherapy, for whom both
transcriptomic and clinical information were available. These patients are
across 12 cancer types and received the following types of immunothera-
pies: vaccines (BCG, AE-37, E-75, oncophage, and HSPPC-96), IFN-q,
proleukin, IFN-y, CTLA-4 inhibitor, and other monoclonal antibodies,
respectively. Furthermore, 2737 patients without immunotherapy treat-
ment were retained in our analysis using the same selection criteria
(Supplementary Data 1).

The association between gene expression and the survival of patients
was evaluated by the log-rank test. Our analysis involves patients of
diverse cancer types. If we simply pool patients together and divide them
into high-expression and low-expression groups, genes expressed
specifically in a certain cancer type may be significantly correlated with
patient survival, simply because the survival of patients with this cancer
type on average is higher or lower compared with other cancer types. To
reduce the confounding effect of cancer-specific genes and differences in
overall survival rates between cancer types, we selected the top (bottom)
30% of samples in each cancer type based on gene expression and then
merged the top (bottom) samples from all cancer types as the high-
expression (low-expression) group. Then, we compared the survival rates
of high-expression and low-expression groups by a one-tailed hypothesis
of the log-rank test, which means that we tested whether higher gene
expression associated significantly with better (Supplementary Fig. 6¢) or
lower (Supplementary Fig. 6d) survival of patients.

The above survival analysis was performed to rank genes from the whole
genome based on the log-rank test p-value for 99 patients receiving
immunotherapies. Two ranked gene lists were generated based on the first
hypothesis that higher expression can lead to better prognosis and the
second hypothesis that lower expression can lead to better prognosis.
Next, we performed the same analysis on 2737 patients not receiving
immunotherapy as a control.

Identification of pathways correlating with
immunotherapeutic responses

To find pathways that can potentially impact immunotherapy, we removed
the pathways related to the general cancer status, e.g., cancer initiation,
cancer types, or cancer stages. A total of 291 pathways from the KEGG
database remained after the removal of 37 pathways related to “cancer” or
“disease”. The ranked genome lists based on the statistical significance (the
log-rank test p-value) of survival analysis were used as input in pre-ranked
GSEA® to identify significant KEGG pathways involved in response to
immunotherapy.

To determine whether a pathway has a specific effect on patients’
response to immunotherapies or it may affect patient survival regardless of
the treatment, first we ranked all genes based on their significant level in
the survival analysis for patients receiving immunotherapies and then
calculated the p-value of pre-ranked GSEA for a specific pathway. If the p-
values of survival analysis of genes belonging to the pathway are
significantly skewed to small values according to the pre-ranked GSEA
analysis, the pathway is considered as a survival-related pathway. Next, we
randomly sampled the same number of patients treated with non-
immunotherapies and performed pre-ranked GSEA as we did for patients
receiving immunotherapies. For each pathway, we performed random
sampling 1000 times and generated the p-value distribution of 1000 pre-
ranked GSEA tests on patients receiving non-immunotherapies. If the p-
value for patients receiving immunotherapies is more significant than the
p-values for patients receiving non-immunotherapies, we considered the
pathway as having an immunotherapy-specific effect on patient survival.
Here we performed the analysis on each survival-related pathway. If a
pathway has a general effect on patients receiving non-immunotherapies,
it is unlikely to have less specific effect on patients receiving immunother-
apy. Thus, we only considered one tail, i.e., a pathway has a specific effect
on immunotherapy in addition to its general effect, and set the p-value
rank among 1000 p-values of permutations cutoff at the 95th percentile.
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We consider the analysis on different pathways independent as each
pathway is comparing to a background p-value distribution that is specific
to the pathway. We note that immunotherapy-specific pathways may also
have an effect on survival of patients treated with non-immunotherapies,
although the significance is less that on survival of patients receiving
immunotherapies. Pre-ranked GSEA was performed using by “fgsea” R
package®’.

Quantile-quantile plot

We validated the results of pre-ranked GSEA by the “QQ plot,” a method
used to determine whether a pathway is more significant in patients
receiving immunotherapy than patients not receiving immunotherapy.
From the comparison of the GSEA results of identified pathways between
patients receiving and not receiving immunotherapy, we could conclude
that these pathways are more significantly enriched in the patients
receiving immunotherapy. The QQ plot provides a stricter method to
visualize this relationship.

First, we performed survival analysis for patients receiving immunother-
apy, then we calculated a p-value (log-rank test) for each gene in the whole
genome as “P-value list A”. Second, we performed the same survival
analysis for patients not receiving immunotherapy for 1000 times; for each
time, we randomly picked the same patient number as patients receiving
immunotherapy and then we calculated 1000 p-values for each gene in
whole the genome, and nominated this P-value matrix as “P-value matrix
B". In our analysis, we compared the trend of significance among the three
groups of p-value for each pathway found in our study. When we sought to
study a pathway that contained 50 genes, the first group of 50 p-values
was derived from “P-value list A”, which showed 50 p-values for these 50
genes; the second group of 50 p-values was derived from “P-value list A",
which showed the 95th quantile of randomly selected 50 p-values from “P-
value list A” 1000 times; and the third group of p-values was derived from
“P-value matrix B”, which showed the 95th quantile of these 50 genes
based on randomly selected patients not receiving immunotherapy for
1000 times. The first group indicated the trend of significance of the genes
on specific pathways in patients receiving immunotherapy, the second
group indicated the trend of significance of whole-genome level in
patients receiving immunotherapy, and the third group indicated the
trend of significance of whole-genome level in patients not receiving
immunotherapy. We set two criteria to decide whether a pathway is
significantly enriched in patients receiving immunotherapy: the survival
significance level of genes of patients accepting immunotherapy on this
pathway (the first group) should be higher than the whole genome of
patients receiving immunotherapy (the second group); the other should be
higher than that of patients not accepting immunotherapy (the third
group).

Feature selection to prioritize pathways and IPMGs

Fifty-five (32) pathways specifically correlated with immunotherapeutic
responses were identified based on the mutation (leukocyte fraction)
correction profile. To prioritize these pathways, we performed the RFS
method®' using “ranger” R package®?, a nonparametric and nonlinear
approach for the analysis of right-censored survival data that has been
used in several risk models and determined to be superior to the
traditional Cox proportional model. Each pathway can be scored in each
patient receiving immunotherapy by ssGSEA®'. Then, we used the ssGSEA
score as the predictor and the survival time (scaled within 1 year) with the
final status of patients as response variables, to rank pathways by the
feature importance of the RSF output. After feature selection, significant
pathways were shown according to their variable importance p-values.
Then, we intersected significant pathways obtained from two correction
methods to find pathways significantly related to survival and then we
identified genes showing a strong connection to patient survival from
these pathways as IPMGs. These genes were also prioritized by RSF.

The predictive model of patient response to immunotherapy

To examine whether the expression level of candidate genes from the
immunotherapy-specific pathways can predict the survival of patients after
immunotherapy, we performed elastic net logistic regression to predict the
survival status (alive or deceased) of patients using “glmnet” packages in
R>. In addition to the TCGA cohort, we downloaded three additional
published cohorts with transcriptome and clinical records of immunother-
apy as independent datasets to build prediction model: cohort 1 from
Hugo et al.” and cohort 2 from Riaz et al.?°.
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The prediction model (logistic regression) is a binary classifier system to
predict the survival status (alive or deceased) of patients at one time point.
We found that few patients in other independent cohorts survived over 3
years and most of them were dead within 2 years. Thus, we decided that
the survival time in our prediction model is scaled to 1 year, to maintain a
balanced classification of the living status. Finally, we counted the number
of patients with transcriptome and clinical records within 1-year survival:
127 from TCGA (alive, n = 104; deceased, n = 23), 24 from cohort 1 (alive,
n=16; deceased, n=8), and 32 from cohort 2 (alive, n =31; deceased,
n=1). The mRNA expression level is given by fragments per kilobase of
transcript per million mapped reads in all samples.

We built different prediction models by selecting the expression of
different number IPMGs prioritized by RSF as features: all 64, top 50, top 40,
top 30, top 20, and top 10 genes (Supplementary Fig. 1e). For each model,
the TCGA data were divided into discovery and validation sets (2/3 and 1/3
of samples). However, there were imbalanced classification problems both
in the training and validation set. The Synthetic Minority Oversampling
Technique®®, a very popular method to fight imbalanced classification
problems by oversampling new samples of the minority class or
undersampling samples of majority class using the nearest neighbors,
was used to solve the problem that there were more living patients than
deceased patients in the training set by “DMwR" R package. We solved the
same problem in the validation set by artificially creating a balanced set.
We randomly selected the same number of living patients as deceased
patients, then these selected living patients and fixed deceased patients
were merged into a validation set. We generated 1000 such validation sets
by randomly selecting living patients and got the average performance of
1000 tests as the final performance of a model.

The above cross-validation in the TCGA cohort showed the top 40 IPMGs
achieved the best performance. To test the generalizability of their
predictive value, we used the TCGA cohort as training data, and cohort 1
and cohort 2 as an independent validation set to build the model. The
imbalanced classification problems were solved, as above. The AUC was
used to assess the performance of the prediction model.

Clustering analysis of patients exhibiting different immune
state

We used the expression of IPMGs that were used in the predictive model
to cluster the 2836 patients: 99 immunotherapy-treated and 2737 non-
immunotherapy-treated. We ranked the patients based on ssGSEA scores®'
calculated based on the expression of the 40 IPMGs. The boundary of
sSGSEA scores between groups were set to ensure immunotherapy-treated
patients were equally split up into groups. Here, all patients were classified
into three groups and each group contained 33 immunotherapy-treated
patients (Fig. 4a). We performed the same analysis for two and four groups
(Supplementary Figs. 3a-c and 3d-f). Then, we compared the 3-year
survival differences of patients receiving immunotherapy among the
groups. To test whether the patient groupings are based on patient
response to immunotherapy and not merely on the overall survival of the
patients, we randomly selected the same number of patients that were
treated with other non-immunotherapy in each group to perform survival
analysis as a control. We repeated this process 5000 times and compared
how many times the survival differences of patients under non-
immunotherapy are smaller than those under immunotherapy. We showed
the median p-value of survival differences of 5000 permutations in the
survival plot (Fig. 4c).

To demonstrate the robustness of the clustering result, we used another
method, hierarchical clustering, to separate the 2836 patients into two
groups (Supplementary Fig. 4a) or four groups (Supplementary Fig. 4d).
Reassuringly, in both cases, we observed more significant survival
differences among groups in immunotherapy-treated patients (Supple-
mentary Fig. 4b, e) than in non-immunotherapy-treated patients
(Supplementary Fig. 4c, f).

A total of 2836 patients across 32 cancer types were clustered into
groups with distinct survival rates after immunotherapy in the clustering
analysis. The next question we wanted to explore further was what factors
contribute to the different response status in different groups. Thus, we
performed the one-tailed differential expression analysis (Mann-Whitney
U-test) for all genes in genome and performed pre-ranked GSEA®'. The
ranked genes, of which high expression associated with prolonged
survival, were significantly enriched in many immune-related pathways,
whereas those genes of which high expression associated with the worst
survival outcomes were enriched in few basic pathways (Supplementary
Data 5).
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Genome-wide association studies

To discover SNPs that are associated with response to immunotherapy,
we obtained genotype data from TCGA Affymetrix SNP Array 6.0
containing 103 immunotherapy-treated tumor samples. For the top 40
candidate genes, a total of 3956 SNPs was identified in the gene-body
and 100 kb surrounding region. After removing SNPs with minor allele
frequency <5%, the remaining 3050 SNPs were used for genome-wide
association analysis (GWAS) using the R package “rrBLUP">°. This analysis
examines the relationship between the SNP genotype and the patient
phenotype (1-year survival status). To adjust the p-value of the analysis,
the genotype of each SNP was shuffled 1000 times and the 95th
percentile ranking among the shuffled test P-value was used as a cutoff.
Then, 122 SNPs that significantly correlated with patient survival were
identified (p-value < 0.05, cutoff < 0.05).

To estimate the association between SNPs and gene expression, we
calculated the Pearson’s correlation between the expression of candidate
gene and each SNP’s genotype near the gene. In this step, the cutoff of the
Pearson’s p-value was obtained based on 1000 permutations of the
genotype data. Finally, 7 of 122 SNPs were significantly associated with the
expression of four candidate genes (Pearson'’s correlation coefficient > 0.2;
p < 0.05; cutoff < 0.05) (Supplementary Data 6).

RNA-seq analysis

Macrophages and MDSCs were sorted from relative mouse tumor (WT
mice received IgG: n=6; WT mice received anti-PD-1: n=6; KO mice
received IgG: n = 3; KO mice received anti-PD-1: n = 4) and then mixed for
sequencing. The reads were aligned using HISAT2 (version 2.1.0)*° and
quantified using htseq-count (version 0.11.2)*’. Then, transcripts-per-
millions (TPMs) were transformed by quantile-normalized in WT or KO
group. Expression signature score was defined as the average normalized
TPM of the signature genes. MDSCs signature genes were from previous
studies (h)°®°” and CellMarker database (i)*°.

Stimulation of Pan T cells

WT Pan T cells were isolated according to the manufacturer’s protocol for
the EasySeP Mouse CD90.2 Pos Slctn Kit Il (Stemcell) and the isolated cells
were stimulated by plate-coated a-CD3/28 (5 pg/ml) at indicated time
points. The cells were collected for either western blotting or quantitative
PCR (gPCR) to detect Malt1 protein or mRNA level. Cells were lysed in lysis
buffer (150 mM NaCl, 50 mM HEPES pH 7.4, 1 mM EDTA, 1% Nonidet P-40,
and protease inhibitors) and total lysates were subjected to SDS-PAGE
(sodium dodecyl sulphate-polyacrylamide gel electrophoresis) followed by
blotting with indicated antibodies Malt1 (Santa Cruz), Tubulin (Santa Cruz),
and secondary antibody (Easybio). Total RNA was extracted by Trizol
(Invitrogen) and ¢cDNA was synthesized using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher). Quantitative reverse-transcription PCR
using 2x SYBR Green PCR Master Mix (Genestar) was performed on the ABI
7500 Real-Time PCR system (Applied Biosystems). Results were obtained
using the 224 method (Malt? gPCR primer forward: 5-CACAGAACTG
AGCGACTTCCT-3’; reverse: 5'-CAGCCAACACTGCCTTGGA-3/).

Tumor model

Cancer cell line E.G7-OVA was kindly provided by Dr. Chen Dong Lab
(Tsinghua University, Beijing, China). Aliquots of 2 x 10° E.G7-OVA tumor
cells were inoculated subcutaneously into the shaved flank of each mouse.
Tumor growth was monitored every other day or 3 days using calipers and
tumor sizes were calculated using the following formula: length/2 x width/
2 x . For isolation of tumor-infiltrated lymphocytes, tumors were digested
with T mg/ml Type 2 collagenase (Worthington) in the presence of 10 U/ml
DNase | for 1h at 37°C prior to centrifuge on a 40% and 70%
discontinuous Percoll gradient (GE Healthcare). The isolated cells were
incubated with antibodies as follows: Fixable Viability Dye eFluor 506
(cat#65-0866-18), APC-eFluor780 anti-CD45.2 (clone 104, cat#47-0454080),
FITC anti-CD45 (clone 30-F11, cat#11-0451-82), APC-eFluor780 a-CD8
(clone 53-6.7, cat#47-0081-82), eFluor 450 anti-CD279 (PD-1) (clone J43,
cat#48-9985-82), PE a-Granzyme B (clone NGZB, cat#48-8898-82), and
PerCP-Cyanine5.5 anti-CD11b (clone M1/70, Cat#45-0112-82) were pur-
chased from eBioscience. APC a-IFN-y (clone XMG1.2, cat#505810) and
BV421 anti-CD206 (clone C068C2, cat#141717) were purchased from
Biolegend. FITC a-Ly6G (clone 1A8, cat#551460) and Alexa Flour700 a-Ly6C
(clone AL-21, cat#561237) were purchased from BD Biosciences. The stock
solutions of antibodies were diluted at 1:400. For cytokine staining, cells
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were stimulated with 50 ng/ml PMA (Sigma) and 500 ng/ml lonomycin
(Sigma) in the presence of GolgiStop (BD Biosciences) for 5 h at 37 °C and
stained for cell surface markers followed by fixation/permeabilization and
intracellular cytokine staining (BD Biosciences). Samples were analyzed by
LSR Fortessa cytometers (BD Biosciences) and the resulting data were
analyzed by FlowJo software. To test the effect of PD-1 blockade, 100 ug
anti-PD-1 (J43, Bioxcell, Cat#BE0033) antibody were injected intraperito-
neally every other day from Day 15 in Malt1 KO mice, whereas in Clec4d KO
mice, anti-PD-1 treatment was started from Day 9.

Ethics approval

The mouse experiments were conducted following the institutional
guidelines and were approved by the Institutional Animal Care and Use
Committees at Tsinghua University. The transcriptomic and clinical data of
patients in the study were publicly available from the TCGA project. This
study did not involve any human participants.

Reporting summary

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

DATA AVAILABILITY

The data generated and analyzed during this study are described in the following
data record: https://doi.org/10.6084/m9.figshare.14034656°'. The RNA sequencing
data are openly available in the Gene Expression Omnibus (GEO) repository via the
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Seq_RNASeqV2-v2.geneExp.tsv.gz”, “TCGA_pancancer.FractionCorrection_logqg.exp.
txt.gz", and “TCGA_pancancer.MutationCorrection_logqg.exp.txt.gz".

CODE AVAILABILITY

Data analysis pipelines were described in detail in “Methods”. In our analysis,
statistical methods and data processing were performed by built-in R functions in R
version 3.5.1 (https://www.R-project.org/). All R packages used were described in
“Methods”.

Received: 27 October 2020; Accepted: 5 April 2021;
Published online: 07 May 2021

REFERENCES

1. Dunn, G. P, Bruce, A. T, lkeda, H., Old, L. J. & Schreiber, R. D. Cancer immunoediting:
from immunosurveillance to tumor escape. Nat. Immunol. 3, 991-998 (2002).

2. Dunn, G. P, Old, L. J. & Schreiber, R. D. The immunobiology of cancer immuno-
surveillance and immunoediting. Immunity 21, 137-148 (2004).

3. Swann, J. B. & Smyth, M. J. Immune surveillance of tumors. J. Clin. Invest. 117,
1137-1146 (2007).

4. Kirkwood, J. M. et al. Immunotherapy of cancer in 2012. CA Cancer J. Clin. 62,
309-335 (2012).

5. Leach, D. R, Krummel, M. F. & Allison, J. P. Enhancement of antitumor immunity
by CTLA-4 blockade. Science 271, 1734-1736 (1996).

6. Ribas, A. & Wolchok, J. D. Cancer immunotherapy using checkpoint blockade.
Science 359, 1350-1355 (2018).

7. Hugo, W. et al. Genomic and transcriptomic features of response to anti-PD-1
therapy in metastatic melanoma. Cell 165, 35-44 (2016).

8. Meacham, C. E. & Morrison, S. J. Tumour heterogeneity and cancer cell plasticity.
Nature 501, 328-337 (2013).

9. Shiao, S. L., Ganesan, A. P, Rugo, H. S. & Coussens, L. M. Immune micro-
environments in solid tumors: new targets for therapy. Genes Dev. 25, 2559-2572
(2011).

10. Anagnostou, V. et al. Multimodal genomic features predict outcome of immune
checkpoint blockade in non-small-cell lung cancer. Nat. Cancer 1, 99-111 (2020).

Published in partnership with The Hormel Institute, University of Minnesota

N Yang et al.

np)j

11. Van Allen, E. M. et al. Genomic correlates of response to CTLA-4 blockade in
metastatic melanoma. Science 350, 207-211 (2015).

12. Benci, J. L. et al. Tumor interferon signaling regulates a multigenic resistance
program to immune checkpoint blockade. Cell 167, 1540-1554. e12 (2016).

13. Peng, W. et al. Loss of PTEN promotes resistance to T cell-mediated immu-
notherapy. Cancer Discov. 6, 202-216 (2016).

14. Maj, T. et al. Oxidative stress controls regulatory T cell apoptosis and suppressor
activity and PD-L1-blockade resistance in tumor. Nat. Immunol. 18, 1332-1341
(2017).

15. Barry, K. C. et al. A natural killer-dendritic cell axis defines checkpoint
therapy-responsive tumor microenvironments. Nat. Med. 24, 1178 (2018).

16. Melief, S. M. et al. Long-term survival and clinical benefit from adoptive T-cell
transfer in stage IV melanoma patients is determined by a four-parameter tumor
immune signature. Cancer Immunol. Res. 5, 170-179 (2017).

17. Jiang, P. et al. Signatures of T cell dysfunction and exclusion predict cancer
immunotherapy response. Nat. Med. 24, 1550 (2018).

18. Jerby-Arnon, L. et al. A cancer cell program promotes T cell exclusion and
resistance to checkpoint blockade. Cell 175, 984-997. e24 (2018).

19. Tirosh, I. et al. Dissecting the multicellular ecosystem of metastatic melanoma by
single-cell RNA-seq. Science 352, 189-196 (2016).

20. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc. Natl Acad. Sci.
USA 102, 15545-15550 (2005).

21. Ishwaran, H. Kogalur, U. B., Blackstone, E. H. & Lauer, M. S. Random survival
forests. Ann. Appl. Stat. 2, 841-860 (2008).

22. Schmitt, T. M., Ragnarsson, G. B. & Greenberg, P. D. T cell receptor gene therapy
for cancer. Hum. Gene Ther. 20, 1240-1248 (2009).

23. Tsou, P., Katayama, H., Ostrin, E. J. & Hanash, S. M. The emerging role of B cells in
tumor immunity. Cancer Res. 76, 5597-5601 (2016).

24. Joyce, J. A. & Fearon, D. T. T cell exclusion, immune privilege, and the tumor
microenvironment. Science 348, 74-80 (2015).

25. Olkhanud, P. B. et al. Tumor-evoked regulatory B cells promote breast cancer
metastasis by converting resting CD4+ T cells to T-regulatory cells. Cancer Res.
71, 3505-3515 (2011).

26. Weis, W. |, Taylor, M. E. & Drickamer, K. The C-type lectin superfamily in the
immune system. Immunol. Rev. 163, 19-34 (1998).

27. Yan, H., Kamiya, T., Suabjakyong, P. & Tsuji, N. M. Targeting C-type lectin receptors
for cancer immunity. Front. Immunol. 6, 408 (2015).

28. Bunney, T. D. & Katan, M. Phosphoinositide signalling in cancer: beyond PI3K and
PTEN. Nat. Rev. Cancer 10, 342-352 (2010).

29. Riaz, N. et al. Tumor and microenvironment evolution during immunotherapy
with Nivolumab. Cell 171, 934-949. e15 (2017).

30. Fu, J. et al. Large-scale public data reuse to model immunotherapy response and
resistance. Genome Med. 12, 21 (2020).

31. Hanzelmann, S., Castelo, R. & Guinney, J. GSVA: gene set variation analysis for
microarray and RNA-Seq data. BMC Bioinformatics 14, 7 (2013).

32. Tran, E. et al. Immunogenicity of somatic mutations in human gastrointestinal
cancers. Science 350, 1387-1390 (2015).

33. Ye, C. J. et al. Intersection of population variation and autoimmunity genetics in
human T cell activation. Science 345, 1254665 (2014).

34. Ovsyannikova, I. G, Salk, H. M., Larrabee, B. R., Pankratz, V. S. & Poland, G. A.
Single-nucleotide polymorphism associations in common with immune
responses to measles and rubella vaccines. Immunogenetics 66, 663-669
(2014).

35. Coornaert, B. et al. T cell antigen receptor stimulation induces MALT1
paracaspase-mediated cleavage of the NF-kB inhibitor A20. Nat. Immunol. 9,
263-271 (2008).

36. Ruefli-Brasse, A. A, French, D. M. & Dixit, V. M. Regulation of NF-kappaB-
dependent lymphocyte activation and development by paracaspase. Science 302,
1581-1584 (2003).

37. Cheng, L., Deng, N., Yang, N, Zhao, X. & Lin, X. Malt1 protease is critical in
maintaining function of regulatory T cells and may be a therapeutic target for
antitumor immunity. J. Immunol. 202, 3008-3019 (2019).

38. Zhu, L-L. et al. C-type lectin receptors Dectin-3 and Dectin-2 form a hetero-
dimeric pattern-recognition receptor for host defense against fungal infection.
Immunity 39, 324-334 (2013).

39. Dhupkar, P., Gordon, N., Stewart, J. & Kleinerman, E. S. Anti-PD-1 therapy redirects
macrophages from an M2 to an M1 phenotype inducing regression of OS lung
metastases. Cancer Med. 7, 2654-2664 (2018).

40. Weber, R. et al. Myeloid-derived suppressor cells hinder the anti-cancer activity of
immune checkpoint inhibitors. Front. Imnmunol. 9, 1310 (2018).

41. Brooks, D. G. et al. IL-10 and PD-L1 operate through distinct pathways to suppress
T-cell activity during persistent viral infection. Proc. Natl Acad. Sci. USA 105,
20428-20433 (2008).

npj Precision Oncology (2021) 37

13


https://doi.org/10.6084/m9.figshare.14034656
https://identifiers.org/geo:GSE158056
https://www.R-project.org/

np)

N Yang et al.

14

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Jono, H. et al. NF-kB is essential for induction of CYLD, the negative regulator of
NF-kB eveidence fora novel inducible auoregulatory feedback pathway. J. Biol.
Chem. 279, 36171-36174 (2004).

Charoentong, P. et al. Pan-cancer immunogenomic analyses reveal genotype-
immunophenotype relationships and predictors of response to checkpoint
blockade. Cell Rep. 18, 248-262 (2017).

Li, B. et al. Comprehensive analyses of tumor immunity: implications for cancer
immunotherapy. Genome Biol. 17, 174 (2016).

Azizi, E. et al. Single-cell map of diverse immune phenotypes in the breast tumor
microenvironment. Cell 174, 1293-1308 (2018). e36.

O'Sullivan, T. et al. Cancer immunoediting by the innate immune system in the
absence of adaptive immunity. J. Exp. Med. 209, 1869-1882 (2012).

Oren, M. & Rotter, V. Mutant p53 gain-of-function in cancer. Cold Spring Harb.
Perspect. Biol. 2, 2001107 (2010).

Alexandrov, L. B. et al. Signatures of mutational processes in human cancer.
Nature 500, 415-421 (2013).

Thorsson, V. et al. The immune landscape of cancer. Immunity 48, 812-830
(2018). e14.

Carter, S. L. et al. Absolute quantification of somatic DNA alterations in human
cancer. Nat. Biotechnol. 30, 413-421 (2012).

Sergushichev, A. An algorithm for fast preranked gene set enrichment analysis
using cumulative statistic calculation. Preprint at bioRxiv https://doi.org/10.1101/
060012 (2016).

Wright, M. N. & Ziegler, A. ranger: A fast implementation of random forests for
high dimensional data in C++ and R. J. Stat. Softw. 77 (2017).

Friedman, J., Hastie, T. & Tibshirani, R. Regularization paths for generalized linear
models via coordinate descent. J. Stat. Softw. 33, 1-22 (2010).

Chawla, N. V., Bowyer, K. W,, Hall, L. O. & Kegelmeyer, W. P. SMOTE: synthetic
minority over-sampling technique. J. Artif. Intell. Res. 16, 321-357 (2002).
Endelman, J. B. Ridge regression and other kernels for genomic selection with R
package rrBLUP. https://doi.org/10.3835/plantgenome2011.08.0024 (2011).

Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced aligner with low
memory requirements. Nat. Methods 12, 357-360 (2015).

Anders, S., Pyl, P. T. & Huber, W. HTSeq—a Python framework to work with high-
throughput sequencing data. Bioinformatics 31, 166-169 (2015).

Condamine, T. et al. Lectin-type oxidized LDL receptor-1 distinguishes population
of human polymorphonuclear myeloid-derived suppressor cells in cancer
patients. Sci. Immunol. 1, aaf8943 (2016).

Zhao, F. et al. ST00A9 a new marker for monocytic human myeloidderived
suppressor cells. Immunology 136, 176-183 (2012).

Zhang, X. et al. CellMarker: a manually curated resource of cell markers in human
and mouse. Nucleic Acids Res. 47, D721-D728 (2019).

Yang, N. et al. Metadata record for the manuscript: Knockout of immunotherapy
prognostic marker genes eliminates the effect of the anti-PD-1 treatment. fig-
share https://doi.org/10.6084/m9.figshare.14034656 (2021).

Gene Expression Omnibus, https:/identifiers.org/geo:GSE158056 (2021).

npj Precision Oncology (2021) 37

ACKNOWLEDGEMENTS

We are grateful to the High-Performance Computation Platforms of Tsinghua
University for providing computation resources and we thank all members of the Lan
lab for discussion.

AUTHOR CONTRIBUTIONS

X. Lan and X. Lin contributed to the study design. N.Y., F.J,, and J.L. contributed to
data analysis and figure construction. L.C. and X.S. contributed to laboratory
experiments. N.Y. wrote and edited the paper. X. Lan contributed to supervision and
reviewed the paper. All authors read and approved the final manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541698-021-00175-2.

Correspondence and requests for materials should be addressed to X. Lin or X. Lan
Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Published in partnership with The Hormel Institute, University of Minnesota


https://doi.org/10.1101/060012
https://doi.org/10.1101/060012
https://doi.org/10.3835/plantgenome2011.08.0024
https://doi.org/10.6084/m9.figshare.14034656
https://identifiers.org/geo:GSE158056
https://doi.org/10.1038/s41698-021-00175-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Knockout of immunotherapy prognostic marker genes eliminates the effect of the anti-PD-1 treatment
	Introduction
	Results
	Pathways associated with the clinical outcome of immunotherapy
	The gene panel from the identified pathways can predict patient survival after immunotherapy
	The expression of IPMGs can reflect the sensitivity of TIME to immunotherapies
	Knockout of MALT1 or CLEC4D eliminated the antitumor effect of anti-PD-1 treatment in mouse models

	Discussion
	Methods
	Molecular and clinical data
	Mutation correction
	Leukocyte fraction correction
	Survival analysis
	Identification of pathways correlating with immunotherapeutic responses
	Quantile&#x02013;nobreakquantile plot
	Feature selection to prioritize pathways and IPMGs
	The predictive model of patient response to immunotherapy
	Clustering analysis of patients exhibiting different immune state
	Genome-wide association studies
	RNA-seq analysis
	Stimulation of Pan T�cells
	Tumor model
	Ethics approval
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




