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Hampe, Rébé, Limagne, Lagrange, Herreros,
Lecuelle, Mananet, Ilie, Rageot, Boidot,
Goussot, Comte, Jacob, Beltjens, Bergeron,
Charon-Barra, Arnould, Derangère, Ladoire,
Truntzer and Ghiringhelli. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Case Report

PUBLISHED 07 August 2024

DOI 10.3389/fimmu.2024.1437961
Case report: Immune
response characterization of a
pseudoprogression in a PD-L1-
negative, TMB-low, KEAP1/STK11
co-mutated metastatic NSCLC
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Anthony Comte2, Pierre Jacob1,2,3,4, Françoise Beltjens2,
Anthony Bergeron2, Céline Charon-Barra2, Laurent Arnould2,
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and François Ghiringhelli 1,2,3,4
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Immune Response in Cancers (TIRECS), Centre de Recherche INSERM LNC-UMR1231, Dijon, France,
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A patient with a PD-L1-negative, TMB-low, KEAP1/STK11 co-mutated metastatic

non-small cell lung cancer (NSCLC) experienced amultisite radiological progression

at 3 months after initiation of chemoimmunotherapy as first-line treatment for

metastatic disease. After the radiological progression, while she was not undergoing

treatment, the patient had spontaneous lesions shrinkage and further achieved a

prolonged complete response. Genomic and transcriptomic data collected at

baseline and at the time of pseudoprogression allowed us to biologically

characterize this rare response pattern. We observed the presence of a tumor-

specific T-cell response against tumor-specific neoantigens (TNAs). Endogenous

retroviruses (ERVs) expression following chemoimmunotherapy was also observed,

concurrent with biological features of an anti-viral-like innate immune response

with type I IFN signaling and production of CXCR3-associated chemokines. This is

the first biological characterization of a NSCLC pseudoprogression under

chemoimmunotherapy followed by a prolonged complete response in a PD-L1-

negative, TMB-low, KEAP1/STK11 co-mutated NSCLC. These clinical and biological

data underline that even patients with multiple factors of resistance to immune

checkpoint inhibitors could trigger a tumor-specific immune response to tumor

neoantigen, leading to complete eradication of the tumor and probably a vaccinal

immune response.
KEYWORDS
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GRAPHICAL ABSTRACT
Introduction

Pseudoprogression may be defined as a Response Criteria in

Solid Tumors (RECIST)-defined response that occurred after

RECIST-defined progression with a decrease in the sum of the

longest diameter of the target lesions from the time of

determination of disease progression rather than from baseline

(1–3). In non-small cell lung cancer (NSCLC), pseudoprogression

under immunotherapy monotherapy remains a rare event that does

not exceed 7% (2). The artificial increase in tumor burden may be

related to a transient immune-cell infiltrate in the tumor bed.
Frontiers in Immunology 02
Combining an immune checkpoint inhibitor (ICI) with cytotoxic

chemotherapies may reduce the rate of pseudoprogression.

Nevertheless, the biological insights that occurred behind this

atypical pattern response have not been revealed.

This case presentation characterizes innate and adaptive

immune mechanisms that arise in a patient with a PD-L1-

negative, TMB-low (4), and KEAP1/STK11 co-mutated metastatic

NSCLC. These data demonstrate the appearance of a tumor-specific

T-cell response against tumor-specific neoantigens (TNAs) with the

stigma of an anti-viral immune response against endogenous

retroviruses (ERVs), associated with a durable complete response.
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Results

Case description

A 54-year-old smoker woman has been diagnosed with lung

adenocarcinoma of the lower left lobe, discovered in the context of a

chronic cough, with no metastatic spreading (Supplementary

Figure 1), in March 2022. The disease was negative for PD-L1

and CD8 staining. Whole exome sequencing (WES) identified a

KEAP1/STK11 co-mutation with loss of function for both genes, a

MAP2K1 activation, and an ARID2 loss of function, as well as a low

tumor mutational burden (TMB) with no actionable mutation (4.4

mut/Mb) (Supplementary Table 1). She underwent a lower left

lobectomy with lymph node dissection that allowed the removal of

an invasive lung adenocarcinoma with negative margins and no

involved lymph nodes (0+/7); the disease stage was IIIA

(pT4N0M0). The patient then received adjuvant chemotherapy

comprising four cycles of cisplatin and navelbin which ended in

September 2022. She remained disease-free until December 2022,

when a computed-tomography (CT) scan identified an

asymptomatic metastatic relapse with the apparition of multiple

nodular lesions in both lungs, with no spreading out of the lungs

(Figures 1, 2A–D).

According to current guidelines, she received the first-line

standard of care in this setting, which consisted of carboplatin,

pemetrexed, and pembrolizumab. At the first tumor response

evaluation after four cycles of chemoimmunotherapy in March

2023, while the patient has no performance status alteration, a CT

scan showed a multisite progression with an unequivocal increase of

target lesions (+ 68.7% according to the Response Evaluation

Criteria in Solid Tumors, version 1.1), and non-target lesions

associated with the apparition of new lesions in both lungs

(Figures 2A, B; Supplementary Table 2). The treatment was

stopped, a progressive lesion was biopsied, and it confirmed the

presence of the patient’s lung adenocarcinoma. Consequently, she

was screened for a clinical trial that combined immunotherapy and
Frontiers in Immunology 03
stereotactic body radiation therapy (SBRT) (NCT05259319) (5) in

the second-line setting. The CT scan performed before patient

enrollment showed that progressive lesions had spontaneously

shrunk within a few weeks. Thus, the patient was not included in

the study and received no further treatment. A complete response

was later achieved and maintained while she was not undergoing

treatment for 4 months (Figures 2C, D). In January 2024, the

complete response was still ongoing.
Analysis of the in situ immune response
and genomic evolution before and
after chemoimmunotherapy

On post-chemoimmunotherapy biopsies, the PD-L1 score has

increased from 0 to 20%, along with a CD8 staining switch from

moderate to intense (Figures 2E, F). RNAseq was used to analyze

the immune context. MCP-counter (6) and Kassandra (7) software

showed an enrichment of the adaptive immune cells after

chemoimmunotherapy with increased expression of genes related

to lymphocytes, T cells, CD8 T cells, CD4 T cells, and T helpers, but

also with T regulators (Tregs) (Supplementary Figures 2A, B). We

observed a decrease in TMB with no subclonal evolution (2.76 mut/

Mb), suggesting that the tumor clone lost antigens following

immune pressure (Supplementary Table 1). These findings

suggest that the rapid, multisite, radiological progression was

related to a pseudoprogression due to a massive infiltration of

immune cells in lung metastatic lesions.
Analysis of tumor-neoantigen-specific
immune responses

Based on the two WES analyses performed at diagnosis and at

the time of pseudoprogression, the HLA class I neoantigen

prediction pipeline [pVAC-Seq (8)] was applied to predict
FIGURE 1

Case report timeline. aPD1, anti-Programmed cell Death 1; C, cycle; CP, carboplatin; CT, chemotherapy; CR, complete response, PD, progressive
disease; PEM, pemetrexed; PR, partial response.
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putative CD8-restricted neoantigens. Among these tumor-specific

neoantigens, four were present only at baseline before surgery

(LMWDKEAGL, HLISVLQSI, ALSQNHKLNK, YTLDLTAAL),

two were present only after chemoimmunotherapy (RLRAGRLLL,

FMGVIMFI), and two were found both at baseline and after

chemoimmunotherapy (KLVPGPPAL, RLRRRESLLR)

(Supplementary Table 3). The peptides were engineered, and an
Frontiers in Immunology 04
interferon (IFN)-g ELISPOT assay was used to determine the

magnitude of the neoantigen-specific T-cell response. There was

heterogeneity in the magnitude of the response; the peptide that

triggered the deepest T-cell response was RLRRRESLLR

(Figure 3A). This peptide sequence belongs to the LINC03040

gene (long intergenic non-protein-coding RNA 3040), located on

chromosome 6 (6p21.1). In humans, LINC03040 is more expressed
A B D

E F

C

FIGURE 2

Thoracic CT scan imaging of the tumor response and immunohistochemistry analyses at different time points. (A) December 2022 at diagnosis of
the metastatic disease with a metastatic spreading in both lungs. (B) March 2023 at the time of pseudoprogression after completion of 4 cycles of
carboplatin-pemetrexed-pembrolizumab in the first-line setting of metastatic disease. (C) April 2023, four weeks after chemoimmunotherapy
discontinuation, a thoracic CT scan was performed for radiotherapy preparation as part of the clinical trial in the second-line setting, in which the
patient has been enrolled (NCT03431948). Lesions shrank spontaneously. (D) September 2023, six months after treatment discontinuation, a
thoracic CT scan showed a prolonged complete response. (E) PD-L1 and CD8 staining on tumor biopsies at baseline (March 2022). (F) PD-L1 and
CD8 staining on tumor biopsies at the time of pseudoprogression (March 2023).
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FIGURE 3

Analysis of tumor-neoantigen-specific immune response. (A) From a blood and tumor sample, exome sequencing was performed, and, using
bioinformatics analysis, neopeptides found only in the tumor were identified. These peptides were synthesized, and the specific T response against
these peptides was tested using blood and tumor samples to analyze the appearance of the specific anti-tumor response. Representative picture of
ex vivo IFN-g ELISpot using PBMCs takenat the time of pseudoprogression. Dot plot representing the number of IFN-g spots for each condition
(negative control, peptide pool, single peptide 1–8, and positive control (CEF pool)) in PBMCs at the time of pseudoprogression. Each number
corresponds to the tested neoantigen. CEF, peptides from cytomegalovirus. Epstein–Barr virus and influenza virus, and pool corresponds to the pool
of tested neoantigens. Dots represent technical replicates. Data are the mean ± s.d. (B) Correlation between the magnitude of the specific T
response against neopeptides and the expression of genes coding for these neopeptides. Spearman correlation (R2=0.52, p-value=0.2). (C)
Differential expression of adaptive immune response genes at baseline and at the pseudoprogression. Genes are expressed in counts, and counts
were normalized with the ratio of initial counts divided by the median of household gene counts. (D) Differential expression of endogenous
retroviruses (ERVs) between baseline and the pseudoprogression. Genes are expressed in counts, and counts were normalized with the ratio of initial
counts divided by the median of household gene counts. (E) Differential expression of genes coding for double-stranded RNA (dsRNA) sensors
between baseline and the pseudoprogression. Genes are expressed in counts, and counts were normalized with the ratio of initial counts divided by
the median of household gene counts. (F) Differential expression of genes coding for proteins involved in RNA-sensing signaling between baseline
and pseudoprogression. Genes are expressed in counts, and counts were normalized with the ratio of initial counts divided by the median of
household gene counts. (G) Differential expression of genes coding for key regulators of type I IFN signaling between baseline and
pseudoprogression. Genes are expressed in counts, and counts were normalized with the ratio of initial counts divided by the median of household
gene counts. (H) Differential expression of genes coding for CCL5 and CXCR3-associated chemokines between baseline and pseudoprogression.
Genes are expressed in counts, and counts were normalized with the ratio of initial counts divided by the median of household gene counts.
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in the lungs than in any other organ (9). Upon RNAseq, we

observed a strong increase in expression of this gene in

comparison to other genes related to neopeptides in the sample

taken after chemoimmunotherapy (Supplementary Figures 3A, B).

However, the number of neopeptide-derived gene counts after

pseudogrogression was not correlated with the magnitude of

response observed in ELISPOT (Spearman correlation, R2 = 0.52,

p-value=0.2 Figure 3B). RNAseq analyses also revealed an

expression increase of HLA class I (HLA-A, -B, and -C)

transporters associated with antigen processing (TAP-1, TAP-2)

and TAP-binding protein genes (Figure 3C). These findings

confirmed that a tumor-neoantigen-specific T-cell response

occurred at the time of pseudoprogression.
Analysis of ERVs expression and innate
immune response

Endogenous retroviruses (ERVs) are highly expressed in various

cancer types and are associated with an increased innate immune

response (10). We have demonstrated that high MER4 ERV

expression predicts better outcomes in patients treated with

immune checkpoint inhibitor (ICI) for NSCLC (11). We observed

an increase in MER4 ERVs expression at the time of

pseudoprogression. MER4_6p12.1 and MER4_6p22.3c were the

most transcribed among several MER4 ERVs (Figure 3D). The

HLA class I neoantigen prediction pipeline was applied to predict

putative CD8-restricted neoantigens of these ERVs, but no ERV-

specific antigen was detected. Nevertheless, RNAseq showed

increased expression of double-stranded RNA (dsRNA) sensors

such as TLR3, RIG-I and MDA5 (IFIH1) (Figure 3E). Genes coding

for proteins involved in RNA-sensing signaling were also

upregulated, particularly IRF1, IRF9, and NLRC5 (Figure 3F).

The key regulators of type I IFNs signaling, STAT1 and STAT2,

were strongly induced at the time of pseudoprogression

(Figure 3G). Interferon-stimulated genes (ISGs) were further

upregulated along with chemokine synthesis, particularly CCL5,

CXCL9, and CXCL10. (Figure 3H; Supplementary Figure 4). Thus,

we observed an increase in the expression of MER4 ERVs at the

time of pseudoprogression, which was concurrent with biological

features of an anti-viral-like innate immune response with type I

IFNs signaling and CXCR3-associated chemokines release.
Discussion

To our knowledge, we report the first case of a pseudoprogression

with durable complete response that occurred spontaneously after an

unequivocal progression under a standard chemoimmunotherapy

regimen in a patient with a PD-L1-negative, TMB-low, KEAP1/

STK11 co-mutated NSCLC. The clinical presentation showed a

rapid, multisite, unequivocal progression without performance

status alteration at the first CT scan. The pseudoprogression was

concomitant from a biological point of view as a switch from a cold to

a hot tumor phenotype with CD8 T-cell recruitment. Moreover, we

demonstrate a specific T-cell response against CD8-restricted
Frontiers in Immunology 06
neoantigens, associated with ERV expression and the biological

features of an anti-viral-like innate immune response.

Although the treatment could have been pursued according to the

iRECIST guidelines (12), given the very low rate of pseudoprogression

observed under chemoimmunotherapy, the treatment was suspended.

The combination of ICI with cytotoxic chemotherapies, which

produce immediate tumor shrinkage, reduces the rate of

pseudoprogression. In the Keynote-189 trial, 8.8% of patients had

immediate progressive disease at the first tumor evaluation (13).

Pathologic andmolecular features also tend to make this patient a less

suitable candidate for immunotherapy. Nevertheless, the first-line

platinum, pemetrexed, and pembrolizumab combination improves

survival in PD-L1-negative disease (14). Recent studies have

investigated KEAP1 and STK11 mutations according to KRAS

status and suggested that poor outcomes with immunotherapy are

mostly found in the KEAP1/KRAS and STK11/KRAS co-mutated

populations but not in the KRAS wild-type. STK11 loss has been

described as a predictive biomarker of early ICI failure when given as

a monotherapy but not when combined with chemotherapy (15). The

patient presented a MAP2K1 mutation with possible activation. This

is a rare (< 2% of NSCLC patients) (16–18) but detrimental mutation

since it is associated with a shorter survival (18).

We identified eight CD8-restricted tumor-specific neoantigens

present either at diagnosis, at the time of pseudoprogression, or

both. The desperation of some TNAs concurrent with

pseudoprogression suggests clearance of one or more tumor

clones expressing these HLA class I neo-epitopes. TNAs may also

be produced after chemotherapy exposition. We previously

demonstrated that the platinum and pemetrexed combination is

able to cause tumor immunogenic cell death (ICD) in a cold murine

lung cancer model (19). Consistently, IHC analysis performed on

progressive lesions under chemoimmunotherapy identified a

massive increase in CD8 staining.

While MER4 ERVs expression has not led to an adaptive

immune response since MER4 is not presented as an antigen by

HLA class I, we observed stigmas of an antiviral-like innate immune

response. RNAseq showed an enrichment of the antiviral immune

signaling cascade, from RNA sensing to CXCR3-associated

chemokines production. While ERVs expression is mostly

silenced through epigenetic control in tissues, ERVs transcription

is increased in several cancer types (10). Converging data suggest

that ERV expression in tumors may promote an immune response,

therefore increasing the ICI benefit (20, 21).

Together, these clinical and biological data underline that even

patients with multiple factors of resistance to ICI could trigger a

tumor-specific immune response to tumor neoantigens, leading to

complete eradication of the tumor, and probably induce a vaccinal

immune response against the tumor.
Patient perspective

From the patient perspective, performance status was not

altered at the time of pseudoprogression. Today, the patient has a

good quality of life. The only sequellar toxicity is hypothyroidism,

induced by immunotherapy and treated with thyroxine.
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Materials and methods

Tumor response assessment

Tumor assessments were based on investigator-reported

measurements and were performed according to RECIST

version 1.1.
PBMC isolation

After blood sampling in EDTA tubes, PBMCs were isolated

from the whole blood by density gradient centrifugation

(Lymphocyte Separation Medium, CMSMSL0101, Eurobio) with

SepMate tubes (85460, STEMCELL Technologies). Whole blood

was transferred into Sep-Mate tubes at a rate of 17 ml of whole

blood per tube and then centrifuged at 1,200g for 10 min with an

acceleration of 5 and the brake off. After removing as much plasma

as possible, the phase containing the enriched PBMCs could be

recovered. After washing with 45 ml of PBS, centrifugation of 300g

for 7 min was carried out, and the PBMC pellet was resuspended in

5 ml of PBS 1× for counting. Then, a final wash with 10 ml of PBS

1× was performed before cryopreservation, which consisted of

freezing at a rate of 8.10 (6) cells per cryotube in a solution of

50% FBS, 40% RPMI and 10% DMSO until further use.
DNA and RNA extraction

After the evaluation of the tumor cell content in FFPE tumor

specimens by a pathologist, samples were macro-dissected to obtain

at least 80% tumor cell content for nucleic acid extraction. DNA was

isolated from tumor tissue using the Maxwell 16 FFPE Plus LEV

DNA Purification Kit (Promega). DNA from whole blood (germline

DNA) was isolated using the Maxwell 16 Blood DNA Purification

Kit (Promega) following the manufacturer’s instructions. The

quantity of extracted genomic DNA was assessed by a

fluorometric method with a Qubit device. RNA was extracted

using the Maxwell RSC RNA FFPE Kit (Promega) according to

the manufacturer’s protocol. DNA and RNA quality and quantity

were assessed by spectrophotometry with absorbance at 230 nm,

260 nm and 280 nm. Tumor purity was reported in a table for each

exome and RNA-seq data where information was available
Whole-exome capture and sequencing

Two hundred nanograms of genomic DNA was used for library

preparation, using the Agilent SureSelectXT Reagent Kit. The

totality of the enriched library was used in the hybridization and

captured with SureSelect All Exon v5 or v6 (Agilent) baits. After

hybridization, the captured libraries were purified according to the

manufacturer’s recommendations and amplified by polymerase

chain reaction (12 cycles). Normalized libraries were pooled, and

DNA was sequenced on an Illumina NextSeq 500 device using 2×

111-base pair (bp) paired-end reads and multiplexed.
Frontiers in Immunology 07
RNA-seq

RNA depleted of ribosomal RNA was used for the library

preparation with a NEBNext Ultra II RNA Directional Library

Prep Kit for Illumina according to the manufacturer’s instructions

(New England Biolabs). RNA-seq was performed on a NextSeq 500

device (Illumina). The libraries were sequenced with 76-bp paired-

end reads.
Immunohistology procedure

Biopsies were collected before at baseline and at the time of

Pseudoprogression, and were fixed after collection in

paraformaldehyde and embedded in paraffin by the pathology

laboratory. Four-micron slices were cut from FFPE tumor samples.

The tissues embedded in paraffin were cut on a Leica rotary

microtome (RM2145). For CD8 and PD-L1 staining, slides were

deparaffinized and stained using a PT link (Agilent) and an

Autostainer 48 (Agilent). In brief, slides were deparaffinized using

a pH 9 buffer for 25 min at 95°C. After cooling, slides were washed in

wash buffer (Agilent) twice for 5 min. Peroxydase blocking was

performed with peroxydase blocking reagent (SM801, Agilent).

Then, anti-human CD8 (1:100, clone C8/144B, M7103, Agilent) or

anti-human PD-L1 (1/200, clone QR1, C-P0001–01, Diagomics) was

added for 30 min at room temperature. EnVision FLEX HRP

polymers (SM802, Agilent) were added for 15 min at room

temperature after two washing steps. DAB (SM803, Agilent) was

then added to samples for 2 min. After two new washing steps, slides

were finally incubated with hematoxylin (SM806, Agilent) for 20min

and permanently mounted using a Leica automated coverslipper.

Once stained and permanently mounted, slides were digitalized with

NanoZoomer HT2.0 (Hamamatsu) at ×20 magnification to generate

a whole slide imaging (WSI) file in.ndpi format.
ELISpot assay

Circulating tumor-specific T cell responses were assessed by IFN-

g ELISpot after short-term in vitro stimulation of PBMCs with the

eight engineered neopeptides. The eight neopeptides have been

identified from patient exome analysis and expressed

predominantly in the somatic exome (fold change (FC) in favor of

tumor and median MT 50% inhibitory concentration (IC50) < 50).

All synthetic peptides (>90% purity) were purchased from JPT

Peptide Technologies GmbH. A mixture of peptides referred to as

CEF, derived from influenza virus, Epstein–Barr virus and

cytomegalovirus (Cellular Technology), was used to evaluate

antiviral recall responses. In brief, the frozen PBMCs were thawed

and cultured with tumor-derived peptides (5 mg ml−1). The culture

was carried out in a 24-well plate (4 × 106 cells per well) in RPMI 5%

human serum. IL-7 (5 ng ml−1, 200–07, PeproTech) and IL-2 (20 UI

ml−1, 202-IL-010, Novartis) were added on days 1 and 3, respectively.

On day 7 of cell culture, the presence of antigen-specific T cells was

measured by IFN-g ELISpot assay according to the manufacturer’s

instructions. In brief, lymphocytes from in vitro stimulation (105 per
frontiersin.org
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well) were incubated for 18 h at 37°C in an ELISpot plate pre-coated

with anti-human IFN-g monoclonal antibody, with or without

peptide mixtures in X-VIVO 15 medium (BE04–418, Ozyme).

Cells were cultured with medium alone and phorbol 12-myristate

13-acetate (1 ng ml−1, P8139, Sigma-Aldrich)/ionomycin (10 mmol

L−1, I3909, Sigma-Aldrich) as negative and positive controls,

respectively. The IFN-g spots were revealed following the

manufacturer’s instructions (Diaclone). The number of specific T

cells expressed as DIFN-g spots per 105 cells was calculated after

background value substraction (medium). Spot-forming cells were

counted using the CTL Immunospot system (Cellular Technology).

Responses were considered positive when the IFN-g spots number

was greater than 10 and greater than twice the background (22).
Whole-exome sequencing data analysis

Reads in the FASTQ format were aligned to the reference human

genome GRCh37 using the Burrows–Wheeler aligner (BWA version

0.7.17). Local realignment was performed using the Genome Analysis

Toolkit (GATK version 4.1.3.0). Duplicate reads were removed using

Picard version 2.5. In case of matched tumor-normal samples,

somatic single-nucleotide variants (SNVs) were identified using a

validated pipeline that integrated mutation calls from three different

mutation callers. SNVs were called with VarScan (version 2.4.3) (23)

and Mutect (version 1.1.7) (24) and insertion/deletions (indels) were

called with VarScan and Strelka (version 2.9.2) (25)

TMB was calculated using the number of significant SNVs (with

untranslated transcribed regions, synonyms, introns and intergenic

SNVs filtered out) divided by the number of megabases covered at a

defined level. To identify tumor-specific mutant peptides, pVAC-

Seq (personalized Variant Antigens by Cancer Sequencing) was

used (pVACtools version 1.5.4) (26). pVAC-Seq is based on HLA

typing obtained by HLAminer (27). The MSI score was computed

using MSIsensor (28). The HRD score was obtained through the

scarHRD pipeline (29).
RNA-seq data analysis

Raw FASTQ data were pseudo-aligned, and gene counts as well

as transcripts per kilobase million (TPM) were quantified using

Kallisto software (30). Kallisto transcript index used as reference

was built from merged human cDNA and ncDNA files from the

GRCh37 assembly Ensembl. Gene-level count and transcripts

matrices were then created with the DESeq2 R package (31) (R-

4.2.2, October, 2022). Low-count genes were pre-filtered by

removing genes with too few reads. Based on the gene expression

matrix of samples and gene sets of each signature of interest (KEGG

pathways), signature scores were calculated using single-sample

gene set enrichment analysis (ssGSEA) in the GSVA package (32).

Tumor microenvironment (TME)-associated transcriptomic

elements were quantified using MCP-counter and Kassandra,

following respective guidelines. The MCP-counter method allows

the robust quantification of the absolute abundance of eight

immune and two stromal cell populations. Kassandra uses a tree
Frontiers in Immunology 08
machine learning algorithm for the deconvolution of cell

proportions in tissue on different hierarchical levels.

For comparison of genes or ERV expression between baseline

and pseudoprogression samples, raw counts were normalized by

dividing them by the median of housekeeping gene counts.
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