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ABSTRACT
Cancer cells favor the generation of myeloid cells with immunosuppressive and inflammatory features, 
including myeloid-derived suppressor cells (MDSCs), which support tumor progression. The anti- 
apoptotic molecule, cellular FLICE (FADD-like interleukin-1β-converting enzyme)-inhibitory protein 
(c-FLIP), which acts as an important modulator of caspase-8, is required for the development and function 
of monocytic (M)-MDSCs. Here, we assessed the effect of immune checkpoint inhibitor (ICI) therapy on 
systemic immunological landscape, including FLIP-expressing MDSCs, in non-small cell lung cancer 
(NSCLC) patients. Longitudinal changes in peripheral immunological parameters were correlated with 
patients’ outcome. In detail, 34 NSCLC patients were enrolled and classified as progressors (P) or non- 
progressors (NP), according to the RECIST evaluation. We demonstrated a reduction in pro-inflammatory 
cytokines such as IL-8, IL-6, and IL-1β in only NP patients after ICI treatment. Moreover, using t-distributed 
stochastic neighbor embedding (t-SNE) and cluster analysis, we characterized in NP patients a significant 
increase in the amount of lymphocytes and a slight contraction of myeloid cells such as neutrophils and 
monocytes. Despite this moderate ICI-associated alteration in myeloid cells, we identified a distinctive 
reduction of c-FLIP expression in M-MDSCs from NP patients concurrently with the first clinical evaluation 
(T1), even though NP and P patients showed the same level of expression at baseline (T0). In agreement 
with the c-FLIP expression, monocytes isolated from both P and NP patients displayed similar immuno-
suppressive functions at T0; however, this pro-tumor activity was negatively influenced at T1 in the NP 
patient cohort exclusively. Hence, ICI therapy can mitigate systemic inflammation and impair MDSC- 
dependent immunosuppression.
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Introduction

Lung cancer is the leading cause of cancer-related mortality 
worldwide and is responsible for more than 1.7 million deaths 
per year (http://gco.iarc.fr). Although histopathological fea-
tures remain the standard basis for diagnosis, recent advances 
in next-generation sequencing and high-throughput analyses 
revealed a multifaceted tumor framework based on the intrin-
sic properties of both cancer cells, such as genetic mutations 
and genomic heterogeneity,1–3 and cancer cell-extrinsic fea-
tures, such as immune cells located in the tumor microenvir-
onment (TME), which influence tumorigenesis, tumor 
progression, and response to therapy.4–6 Therefore, non-small 
cell lung cancer (NSCLC) is recognized as a heterogeneous set 
of diseases that can benefit from innovative approaches, such 
as targeted therapies7–9 and immunotherapy.10–13

The discovery of programmed cell death 1 (PD-1)/PD-1 
ligand 1 (PD-L1) immune checkpoint inhibitors (ICI) marks 
the beginning of a new era in the treatment of NSCLC.14 

A pioneering study demonstrated the efficacy and durable 
response of immunotherapy for the treatment of advanced 
NSCLC, also suggesting a correlation between PD-L1 expres-
sion on tumor cells and objective response.15 Currently, immu-
notherapy as a single agent or in combination with 
chemotherapy is the standard first-line approach in patients 
with non-oncogene-addicted stage IV NSCLC.11 Despite 
reproducible positive results, only a minority (<20%) of the 
patients show long-term benefit from ICI immunotherapy and 
most will progress at any time during treatment; furthermore, 
a non-negligible proportion of patients receiving ICI do not 
respond to treatment despite high PD-L1 expression. Several 
mechanisms of resistance to ICIs have been described, includ-
ing changes in the cell composition of the TME and immune 
response.16–18 Therefore, new predictive biomarkers for immu-
notherapy resistance are important to maximize therapeutic 
effectiveness and test new treatment options, including com-
bined strategies.

Tumor-promoting inflammation and evasion of immune 
destruction are now recognized hallmarks of cancer.19,20 

Cancer cells impair the immune response by altering physio-
logical systems such as myelopoiesis to expand cell subsets with 
pro-tumoral features, such as myeloid-derived suppressor cells 
(MDSCs).21–23 MDSCs are a heterogeneous population of bone 
marrow-derived cells containing a mixture of mature myeloid 
cells and precursors of monocytes and granulocytes that share 
common suppressive activity in relation to both innate and 
adaptive immunity.24,25 MDSCs employ different mechanisms 
to restrain the anti-tumor immune response, including the 
release of anti-inflammatory cytokines [interleukin (IL)-10 
and transforming growth factor (TGF)β], consumption of 
nutrients in the environment by the over-expression of meta-
bolism-associated enzymes (arginase 1 (Arg1), inducible nitric 
oxide synthase (iNOS/NOS2), and indoleamine 2,3-dioxygen-
ase 1 (IDO1)), production of both reactive oxygen species 
(ROS) and reactive nitrogen species (RNS), and the expression 
of tolerogenic molecules (PD-L1).26–29 Furthermore, MDSCs 
contribute to non-immunologic aspects of tumor biology, 
including angiogenesis and metastasis.23,30 The clinical signifi-
cance of MDSCs has been validated by numerous studies, 

highlighting the correlation between circulating and intra- 
tumoral MDSC frequencies with tumor stage progression and 
treatment resistance.31–34 The anti-apoptotic molecule, cellular 
FLICE (FADD-like IL-1β-converting enzyme)-inhibitory pro-
tein (c-FLIP), was proposed as a driver for the development of 
monocytic (M)-MDSCs in preclinical cancer models.35 We 
demonstrated that c-FLIP directly regulates the tolerogenic 
properties of human monocytes, in part through activation of 
the canonical nuclear factor-κB (NF-κB) signaling pathway; 
furthermore, the presence of immunosuppressive c-FLIP- 
overexpressing PD-L1+CD14+ cells in combination with high 
levels of serum IL-6 was an independent, negative prognostic 
factor for both overall survival (OS) and disease-free survival 
(DFS) in patients with pancreatic ductal adenocarcinoma 
(PDAC).36 Consistent with the immune regulatory properties, 
c-FLIP-expressing monocytes isolated from coronavirus dis-
ease (COVID)-19 patients displayed immunosuppressive func-
tions and released high amounts of pro-inflammatory 
cytokines through the activation of an aberrant FLIP- 
dependent signal transducer and activator of transcription 3 
(STAT3) pathway,37 which controls several MDSC 
functions.38,39 Collectively, these data emphasize c-FLIP con-
tribution in reprogramming monocytes into MDSCs under 
different pathological settings, including cancer.

In this longitudinal prospective circumscribed study, we 
sought to investigate the effect of ICI on circulating immuno-
logical landscape, including inflammation-associated soluble 
factors as well as the immunosuppressive properties of FLIP- 
expressing M-MDSCs.

Patients and methods

Patients and study approval

Patients with advanced NSCLC treated with ICIs (pembrolizu-
mab, nivolumab, and atezolizumab) as first or second-line 
treatment were prospectively enrolled between January 2019 
and September 2020 at the Oncology Unit of the University 
Hospital of Verona. We retrospectively defined as: progressor 
(P) those patients who experienced a disease progression 
within 6 months from the first ICI administration after at 
least 6 weeks of treatment, and non-progressor (NP) those 
patients who experienced progressive disease during treatment 
after at least 6 months of clinical/radiological benefit.40,41 

Blood samples were collected from patients at baseline (before 
starting ICIs, defined as T0) and after 6 weeks (defined as T1). 
All the patients provided written informed consent before 
sampling and for the use of their clinical and biological data. 
This study was approved by the local Ethical Committee (Prot. 
1839 CESC; P.I. Silvia Sartoris) and conducted according to the 
Declaration of Helsinki and Good Clinical Practice.

Flow cytometry of immune subsets

Whole blood samples (100 μl/tube) were stained for cell- 
surface markers detection with anti-human HLA-DR-PE, 
CD14-ECD, CD38-PE-Cy5, CD45-Al700, CD3-A750, CD16- 
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V450, CD4-V500, CD57-FITC, CD8-PE-Cy7, CD14-APC, 
CD19-V500, all from Beckman Coulter Life Sciences (Brea, 
CA, USA). Samples were stained by using IMMUNOPREP 
Reagent kit (Beckman Coulter Life Sciences, Brea, CA, USA) 
and Workstation PrepPlus 2 (Beckman Coulter Life Sciences, 
Brea, CA, USA) according to manufacturer’s instructions. 1 ×  
106 PBMCs were incubated with FcReceptor Blocking reagent 
(Miltenyi Biotec, Bologna, Italy) and stained with anti-human 
CD14-APCH7, CD16-FITC, HLA-DR-PE-Cy7, and LIVE/ 
DEAD™ Fixable Aqua Dead Cell Stain (eBioscience, Thermo 
Fisher Scientific, Waltham, MA, USA). Samples were fixed and 
permeabilized with Foxp3/Transcription Factor Staining 
Buffer Set (eBioscience, Thermo Fisher Scientific, Waltham, 
MA, USA) and incubated with anti-FLIP antibody (D5J1E, Cell 
Signaling Technologies, Danvers, MA, USA) and PE-F(ab’)2 
Donkey anti-Rabbit IgG (BD Biosciences, San Jose, CA, USA). 
Samples were acquired with FACS Canto II (BD Biosciences, 
San Jose, CA, USA) and Navios EX (Beckman Coulter Life 
Sciences, Brea, CA, USA), and analyzed by using FlowJo soft-
ware (Tree Star, Inc. Ashland, OR, USA) and Navios EX 
Software (Beckman Coulter Life Sciences, Brea, CA, USA), 
respectively. Circulating cell count (cells/μl) of specific subsets 
was obtained by transforming the proportion obtained by flow 
cytometry data using the white blood cell (WBC) count tested 
on the same blood samples.

Detection of cytokines

Circulating cytokines in NSCLC patient-derived frozen plasma 
samples were assessed by automated immunoassay workflow. 
In detail, IL-1β, IL-8, TNF-α, and IL-6 were quantified by Ella™ 
technology (Bio-Techne, Minneapolis, MN, USA). GM-CSF, 
IFN-γ, IL-12p70, IL-13, IL-18, IL-2, IL-5, IL-10, IL-17A, IL-27, 
IL-1α, IL-15, IL-1RA, IL-7, CCL11, CXCL1, CXCL10, CCL2, 
CCL3, CCL4, CCL5, and SDF-1a were detected by Luminex 
Performance Assay 3-plex Kit (R&D System Minneapolis, MN, 
USA) according to manufacturer’s instructions. TNF-β, IL-31, 
IFN-α, IL-21, IL-22, IL-23, IL-9, and IL-4 levels were evaluated 
with the same technology but their concentration resulted 
below the detection limit for many patients and were conse-
quently excluded from the analysis. Reference cytokine ranges 
were obtained from the literature.42–51

Cell isolation and culture

Peripheral blood mononuclear cells (PBMCs) were isolated 
from NSCLC patient-derived blood samples by Ficoll-Hypaque 
(GE Healthcare, Uppsala, Sweden) gradient centrifugation. 
PBMCs from healthy donors (HDs) were isolated from leuko-
cyte-enriched buffy coats from healthy volunteers (Transfusion 
Center, University and Hospital Trust of Verona, Verona, Italy) 
by using the same methods. CD14+ monocytes were isolated by 
immunomagnetic sorting (Miltenyi Biotec, Bologna, Italy) 
according to the manufacturer’s instructions and after checking 
their purity by flow cytometry they were cryopreserved in 
liquid-phase nitrogen. PBMCs from HDs were stained with 1  
μM of CellTrace Violet (eBioscience, Thermo Fisher Scientific, 
Waltham, MA, USA) in PBS by 5 min incubation at 37°C, 
protected from light. Labeled PBMCs were stimulated with 0.6  

μg/mL anti-CD3 and 5 μg/mL anti-CD28 (OKT-3 and CD28.2 
clone, respectively – both from eBioscience, Thermo Fisher 
Scientific, Waltham, MA, USA) for 4 days and co-cultured 
with thawed, NSCLC patient-derived CD14+ cells at 3:1 ratio 
(CD14+ cells: PBMCs). Cell cultures were incubated at 37°C and 
8% CO2 in l-arginine-free-RPMI (Biochrom AG, Berlin, 
Germany), supplemented with 2 mM L-glutamine (Euroclone, 
Milano, Italy), 150 μM l-arginine (Sigma-Aldrich, St Louis, MO, 
USA), 10% FBS (Superior, Merck, Darmstadt, Germany), 10 U/ 
ml penicillin and streptomycin (Euroclone, Milano, Italy), and 
0.1 mM HEPES (Euroclone, Milano, Italy). At the end of the co- 
culture, cells were stained with PE-Cy7 conjugated anti-CD3 
(eBioscence, Thermo Fisher Scientific) and acquired with 
a FACSCanto II (BD, Franklin Lakes, NJ, USA) using 
TruCountTM tubes (BD, Franklin Lakes, NJ, USA) in order to 
determine the absolute cell number of CellTrace+CD3+ cells in 
the samples as indicated in.52 Data were analyzed using FlowJo 
software (Treestar Inc.).

Statistics and bioinformatics analysis

t-SNE and clustering analysis were performed on flow cytome-
try data related to whole-blood immunophenotyping. Following 
doublet discrimination and debris exclusion based on light 
scattering characteristics, cell events of each sample were saved 
into Flow Cytometry Standard (FCS) files and imported into R/ 
Bioconductor platform using the ‘flowCore’ package (https:// 
www.bioconductor.org/packages/release/bioc/html/flowCore. 
html). Each matrix was down sampled to 5 × 103 events per 
sample to have a more efficient computation and then indivi-
dually compensated and transformed using the Logicle 
transformation53. Next, for both P and NP patients, all the 
samples at each time point were concatenated in a single matrix. 
Fast interpolation-based t-SNE54 was used to visualize flow 
cytometry data into a low-dimensional space. FlowSOM meta-
clustering was performed on each matrix using the CATALYST 
package (https://github.com/HelenaLC/CATALYS) using 
default parameters. Cell type annotation was performed by 
looking at specific parameters (FSC-A, SSC-A, HLA-DR, 
CD45, CD3, CD4, CD14, CD16). Cell type quantities were 
reported as percentages of the total amount of cells using pie 
charts. Survival analyses were performed using ‘kmTCGA’ 
(https://rtcga.github.io/RTCGA/index.html) and ‘survminer’ 
(https://github.com/kassambara/survminer) packages. Logrank 
test was used to compare survival curves considering a p-value 
<.05 statistically significant. Figures were generated using the 
R packages ‘CATALYST’, ‘ggpubr’ (https://cran.r-project.org/ 
web/packages/ggpubr/index.html), ‘flowCore’, and ‘ggplot2’ 
(https://ggplot2.tidyverse.org). The Mann-Whitney and 
Student’s t-test (paired or unpaired) were used to compare 
independently or not data obtained from P and NP patients. 
Pearson’s correlation coefficient was used to measure the statis-
tical relationship between c-FLIP expression in circulating 
CD14+ cells and their immunosuppressive potential.

Results

Overall, 34 patients with advanced NSCLC who were treated 
with ICIs met the criteria for the final analysis. The clinical and 
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biological characteristics are summarized in Table 1. 
According to RECIST evaluation [PD: progressive disease, 
SD: stable disease, PR: partial response], we classified patients 
as progressors (P) or non-progressors (NP) (Figure 1a).

ICI immunotherapy affects the blood immune landscape in 
non-progressor NSCLC patients

As expected, P patients had a significantly lower survival prob-
ability compared to NP patients (Figure 1a and Supplementary 
Figure S1a). Several studies have reported that the lung 
immune prognostic index (LIPI) score is one of the most 
promising and reliable tools for predicting ICI resistance in 
lung cancer patients.55 In agreement with these premises, 
NSCLC patients enrolled in this study with either “good” (0, 
green line) or “intermediate” (1, yellow line) LIPI score showed 
a significantly higher survival probability compared to patients 
identified with a “poor” LIPI score (2, purple line) at baseline 
(T0), regardless of whether they belonged to the P or NP group 
of patients (Figure 1b). All four patients showing the highest 
LIPI scores (purple line) were included in the P patient sub-
group at T1, suggesting that they did not respond to ICI 
immunotherapy. Collectively, these results confirmed LIPI as 
a predictive score for ICI treatment in patients with NSCLC 
(Figure 1b).

The LIPI score considers the neutrophil/leukocytes- 
neutrophil (NLR) ratio and lactate dehydrogenase (LDH) 
plasma levels. We speculated that a deeper analysis of circulat-
ing immune soluble factors and cell subsets could provide 
additional candidates for predicting ICI efficacy in NSCLC 
patients. Indeed, neutrophils were significantly higher in 

patients showing a “poor” LIPI score (Figure 1c and 
Supplementary Figure S1b); among lymphocyte subsets, 
only natural killer (NK) cell count significantly diverged 
in this patient subgroup compared to patients character-
ized with either a “good” or an “intermediate” LIPI score 
(Figure 1c and Supplementary Figure S1b). In addition to 
the LIPI score, we also assessed other potential para-
meters, such as NLR, neutrophil-to-T lymphocytes 
(NTR), platelets-to-lymphocytes (PLR), neutrophils-to- 
CD4+ T cells, monocytes-to-lymphocytes (MLR), and 
monocyte-to-T lymphocyte (MTR) ratios; however, none 
of them at baseline were able to predict ICI response 
(Supplementary Figure S1c). Nevertheless, we detected 
a significant reduction in some of these parameters only 
in NP patients as a possible consequence of immunother-
apy response, thus indicating the ability of PD-1/PD-L1 
blockade not only to influence T cell effectiveness but also 
to alleviate systemic inflammation.

To investigate further the effects of ICI treatment, we quanti-
fied different pro-inflammatory cytokines in plasma samples 
before (T0) and after (T1) ICI immunotherapy. In the timeframe 
from T0 to T1, PD-1/PD-L1 inhibition significantly restrained 
the plasma levels of IL-6, IL-8, C–C chemokine ligand 4, IL-7, 
and IL-1β in NP patients, associating ICI responsiveness to 
a contraction in systemic inflammation (Figure 2). Other inflam-
mation-associated cytokines, such as IL-8 and IL-1β, increased 
in P patients over time. Their plasma levels at T1 were higher 
than those detected in NP patients (Figure 2). Interestingly, IL-2 
remained higher in NP patients at both observational time 
points (Figure 2). Collectively, only in NP patients the ICI- 
based immunotherapy promoted a time-dependent mitigation 

Table 1. Patients’ clinico-pathological characteristics at baseline.

Characteristics
Patients 

N = 34%)
NP 

N = 16%)
P 

N = 18%)

Gender
Male 23 (67.6) 12 (75.0) 11 (61.1)
Female 11 (32.4) 4 (25.0) 7 (38.9)

Age years, median (range) 72 (44–84) 72.5 (58–82) 72 (44–84)
ECOG performance status

0 14 (41.2) 8 (5.0) 6 (33.3)
1 17 (5.0) 7 (43.8) 10 (55.6)
2 3 (8.8) 1 (6.2) 2 (11.1)

Smoker
Never 7 (2.6) 1 (6.2) 6 (33.3)
Former 20 (58.8) 11 (68.8) 9 (5.0)
Current 7 (2.6) 4 (25) 3 (16.7)

Histology
Adenocarcinoma 25 (73.5) 11 (68.8) 14 (77.8)
Squamous Carcinoma 9 (26.5) 5 (31.3) 4 (22.2)

EGFR Status
Mutated 1 (2.9) 0 (.0) 1 (5.6)
Wild Type 33 (97.1) 16 (1.0) 17 (94.4)

PDL1%
<1% 3 (8.8) 1 (6.2) 2 (11.1)
≥1%-<50% 15 (44.1) 5 (31.3) 10 (55.6)
≥50% 16 (47.1) 10 (62.5) 6 (33.3)

Immunotherapy Agent
Pembrolizumab 16 (47.1) 10 (62.5) 6 (33.3)
Nivolumab 14 (41.2) 4 (25.0) 10 (55.6)
Atezolizumab 4 (11.7) 2 (12.5) 2 (11.1)

Line of immunotherapy
First 16 (47.1) 10 (62.5) 6 (33.3)
Second 18 (52.9) 6 (37.5) 12 (66.7)

Abbreviations: N: number; NP: non progressor; P: Progressor; ECOG: Eastern Cooperative Oncology 
Group; EGFR: epidermal growth factor receptor; PD-L1: programmed death-ligand 1.
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of several pro-inflammatory mediators whose basal levels were 
not predictive of response to immunotherapy.

We then assessed the impact of ICI therapy on circulating 
immune cell populations. T-distributed stochastic neighbor 
embedding (t-SNE) and clustering analysis of peripheral 
blood revealed an increased proportion of T (from 13% to 
16%), B (from 1% to 3%), and NK (from 4% to 5%) lympho-
cytes, with a concomitant decrease in neutrophils (from 68% to 
62%) in NP patients after ICI treatment (Figure 3a upper panel 
and Supplementary Figure S2a). This unbiased analysis did not 
show any clear alteration of circulating populations in 
P patients, except for a weak increase in monocytes (from 9% 
to 10%) (Figure 3a lower panel and Supplementary Figure S2b). 
Through flow cytometry analysis, we confirmed an ICI- 
dependent increase in lymphocyte count in NP patients 
(Figure 3b). NK cells were higher in NP patients than in 
P patients, both before and after ICI treatment (Figure 3b). 
Similarly, CD8+CD4+ T cells increased only in the NP patient 
subgroup after ICI immunotherapy (Supplementary Figure 
S1b and Supplementary Figure S3a). Conversely, monocyte 
count significantly discriminated NP patients from P patients 
at the baseline (Figure 3b). To evaluate whether PD-1/PD-L1 

inhibition could influence the monocyte compartment, we 
assessed the levels of three major monocyte populations: classic 
(CM, CD14+CD16− cells), non-classic (NCM, CD14dimCD16+ 

cells), and intermediate (IM, CD14+CD16+ cells) monocytes 
(Supplementary Figure S3b). Only the NCM count was signif-
icantly higher in NP patients than in P patients at T1, whereas, 
an increasing trend was detected for the other two monocytic 
subsets in NP patients at T0 (Supplementary Figure S3c). These 
data indicate that ICI therapy can reprogram systemic immu-
nity by increasing lymphocyte frequency and altering myeloid 
cell composition.

ICI immunotherapy modifies immune-suppressive features 
of circulating M-MDSCs

One of the critical inducers of primary and secondary resis-
tance to ICI therapy is the accumulation of several uncon-
ventional myeloid cell subsets with pro-tumoral functions 
defined by MDSCs.56 Therefore, we assessed the ability of 
PD-1/PD-L1 inhibition to affect the immunosuppressive 
functions of M-MDSCs identified as FLIP-overexpressing 

Figure 1. Clinical stratification of enrolled NSCLC patients and their immunological status before ICI immunotherapy. (a) Best response to immunotherapy for 
target lesions by patient, based on the maximal percentage of tumor reduction, and the correspondent classification according to RECIST (Response Evaluation Criteria 
in Solid Tumors) 1.1. Two patients were not evaluable. PD: progressive disease, SD: stable disease, PR: partial response. (b) Kaplan – Meier curves (left) reporting the 
overall survival (OS, calculated from the date of start of ICI-treatment) of NSCLC patients (n = 28) stratified by lung immune prognostic index (LIPI) score at baseline as 
good (0, green), intermediate (1, yellow) and poor (2, purple). The overall log-rank test p = .0047. Bonferroni corrected LIPI 1 vs LIPI 0 p = 0.48, LIPI 1 vs LIPI 2 p = 0.72, 
LIPI 0 vs LIPI 2 p = .0147). Graph bar (right) reported NSCLC patient’s fractions with 0 (green), 1 (yellow), or 2 (purple) LIPI score in non-progressor (NP) and progressor (P) 
NSCLC patients (n = 28). The p-value (logrank test) was calculated to test differences among the three groups. (C) Box plots showing, at baseline, circulating neutrophils, 
NK cells, B cells, T cells, CD4+, and CD8+ T cells count in NSCLC patients (n = 28), classified by LIPI score (0 green, 1 yellow, 2 purple). Mann-Whitney or Student’s t-test. 
*p < .05, **p < .01.
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CD14+ cells. At baseline, NSCLC-derived CD14+ cells 
showed higher c-FLIP expression than healthy donors 
(HDs) (Figure 4a and Supplementary Figure S4a), which is 
in agreement with our previous report on PDAC patients.36 

To further investigate FLIP in myeloid cells, we performed 
a t-SNE analysis of flow cytometry data from both P and NP 
patients, revealing a higher expression of c-FLIP in 
CD14+CD16−HLA-DRlow cells that resemble a conventional 
subgroup of M-MDSCs39 (Supplementary Figure S4b and 
Supplementary Figure S4c). We defined that c-FLIP mediates 
the acquisition of immunosuppressive features in 
monocytes.36 Accordingly, we observed a direct correlation 
between c-FLIP expression in CD14+ cells isolated from 
patients before ICI treatment and their ability to suppress 
the in vitro proliferation of activated CD3+ T lymphocytes 
(Figure 4b). FLIP expression in circulating M-MDSCs at T0 
was similar in both P and NP patients, whereas after ICI 
treatment, a strong reduction in FLIP expression was 
detected only in the NP patient cohort (Figure 4c and 
Supplementary Figure S4a). However, this reduction did 
not involve specific conventional monocyte subsets 
(Supplementary Figure S4d). Furthermore, monocytes iso-
lated from NP patients lost partially their ability to inhibit 
T-cell proliferation (Figure 4d). Notably, in vitro immuno-
suppressive activity was tested simultaneously by co- 
culturing thawed CD14+ cells isolated from patients at both 
T0 and T1 with the same in vitro activated allogeneic T cells, 
isolated from buffy coat, to standardize functional evalua-
tion. Collectively, our data highlight that ICI therapy affects 

M-MDSC-dependent immunosuppressive activity probably 
due to the decrease of c-FLIP expression.

Discussion

MDSCs share morphological features and common lineage 
markers with conventional monocytes and granulocytes; how-
ever, they have tolerogenic and pro-tumoral properties.24,56,57 

Since phenotypical analysis is not a conclusive to identify 
MDSCs, a position manuscript of the research community 
defined the evaluation of suppressive activity and the identifi-
cation of critical transcription factors and regulators as man-
datory aspects that must be tested to support the MDSC 
definition.22 Following these recommendations, in 2019, our 
group published a case report of an NSCLC patient treated 
with durvalumab as maintenance therapy after chemotherapy 
and radiotherapy, which showed a decrease in MDSCs after 
two administrations of anti-PD-L1 antibody. The therapeutic 
impact of durvalumab was thus associated with precise func-
tional impairment of MDSCs.58 Howeverto date, there are 
limited and controversial preclinical and clinical data regard-
ing the effect of ICI on MDSC frequency and function.32

To our knowledge, this is the first prospective immune mon-
itoring study to evaluate the effects of ICI therapy on modulating 
MDSC-associated immunosuppression and inflammation. Our 
findings indicate that immunotherapy treatment leads to 
a contraction of circulating factors such as CCL4, IL-1β, IL-6, IL- 
7, and IL-8 in the NP patient cohort exclusively. All these soluble 
factors were identified as potential targets to improve immu-
notherapy effectiveness,59–62 highlighting how the repression of 

Figure 2. Effect of ICI immunotherapy on inflammation-associated cytokines in NSCLC patients. (a) CCL4. GM-CSF, IL-1β, IL-2, IL-6, IL-7, IL-8, IL-10, TNF-α levels in plasma 
samples isolated from progressor (red) and non-progressor (green) NSCLC patients before (T0) and after (T1) ICI treatment (n = 34). The reference range of healthy 
subjects is reported with the light gray boxes. The data are shown as the mean ± SEM. Mann-Whitney and Wilcoxon test *p <.05, **p <.01. Stars and lines related to 
statistical analyses are indicated in: red for comparison between T0 and T1 in Progressor (P) patients; green for comparison between T0 and T1 in Non-Progressor (NP) 
patients; black for comparison between P and NP patients at either T0 (left) or T1 (right), respectively.
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these pro-inflammatory cytokines is essential to trigger 
a successful anti-tumor immune response. In particular, IL-8 
appears to play a critical role on defining ICI effectiveness in our 
patient cohort since in the time window between T0 and T1 it was 
significantly decreased in plasma of NP patients while significantly 
deepening in P patients. On the other hand, high levels of GM- 
CSF, IL-2, IL-10 and TNFα, before ICI treatment were able to 
define NP patients and, therefore, they may be served as potential 
predictive biomarkers for response to immunotherapy. Certainly, 
it is mandatory to validate all these parameters using independent 
and large patient cohorts, as well as testing these parameters in 
different cancers. Despite the limited number of patients tested in 
this work, our findings revealed that P patients never showed ICI- 
dependent alterations in tested circulating factors, except for IL-8, 
suggesting that, probably, these patients are immune 

unresponsive. A deeper analysis on the cell source of these inflam-
mation-associated mediators is worthy of future studies with the 
aim to develop both innovative therapeutic approaches and more 
efficient tools for early diagnosis of resistance to therapy.

We previously reported that c-FLIP-expressing myeloid cells 
released several inflammation-associated molecules such IL-6 
and TNF-α by a “steered” NF-κB activation, which also resulted 
in enhanced STAT3-signaling activation.36,37 Furthermore, 
c-FLIP promotes the acquisition of immunosuppression- 
associated features that can explain the inhibition of T cell 
activation and proliferation, i.e., receptor–ligand interactions 
(i.e., PD-L1 axis), metabolic pathways (i.e., IDO1-dependent 
tryptophan metabolism pathway), and production of cytokines 
(i.e., IL-6).36 Thus, we exploited c-FLIP detection to monitor 
changes in MDSCs by immunotherapy. In line with our 

Figure 3. Effect of ICI immunotherapy on circulating immunological profile in NSCLC patients. (a) t-distributed stochastic neighbor embedding (t-SNE) analysis on flow 
cytometry events following debris and doublet exclusion in non-progressor (NP) and progressor (P) patients before (T0) and after (T1) ICI treatment (T0-P and -NPn = 15, 
T1-P n = 9, T1-NPn = 15). Pie charts representing cell population proportions derived from clustering and t-SNE analysis for each group and time point. (b) Monocytes, 
PMNs, lymphocytes, T, B, and NK cell count in progressor (P, red) and non-progressor (NP, green) NSCLC patients before (T0) and after (T1) ICI treatment (n = 34). Mann– 
Whitney test. The data are shown as the mean ± SEM. *p < .05. Stars and lines related to statistical analyses are indicated in: red for comparison between T0 and T1 in 
Progressor (P) patients; green for comparison between T0 and T1 in Non-Progressor (NP) patients; black for comparison between P and NP patients at either T0 (left) or 
T1 (right), respectively.
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previous findings in the context of both PDAC36 and COVID- 
1937 patients, we found high level of c-FLIP expression in 
NSCLC patient-derived monocytes before immunotherapy 
treatment. Moreover, the immunosuppressive functions of 
monocytes isolated from patients with NSCLC directly corre-
lated with the expression of c-FLIP. It is important to highlight 
that c-FLIP expression by t-SNE analysis was preferentially 
restricted to a classical monocyte subset characterized as 
CD14+HLA-DRlow cells, which identify a specific MDSC sub-
group (also defined as MDSC4), which can discriminate PDAC 
patients with metastatic disease.39 ICI treatment potentially 
reduced c-FLIP expression in circulating monocytes and also 
their inhibitory properties only in NP patients. Coupled with 

FLIP expression of this pro-tumor cell subset, NP patients 
showed a significant increase in circulating lymphocytes, espe-
cially NK cells and CD8+CD4+ T cells. Recently, an enrichment 
in CD4+CD8+ T cells among patients who ultimately responded 
to ICI has been reported.63 Notably, double-positive T cells were 
characterized by potent tumor major histocompatibility com-
plex (MHC)-dependent reactivity, suggesting a critical role of 
these cells in specific ICI-induced effector lymphocytes.63

The clinical accomplishment of cancer immunotherapy has 
paved the way for a more comprehensive view of cancer, high-
lighting the critical role of immune cells with immunosuppressive 
functions such as MDSCs. T cell functions can be intrinsically 
affected by the engagement of inhibitory receptors, as well as by 

Figure 4. Effect of ICI immunotherapy on immunosuppressive features of M-MDSCs in NSCLC patients. (a) c-FLIP expression evaluated by FACS analysis and reported as 
mean fluorescence intensity (MFI), FMO (fluorescence minus one) corrected, in circulating CD14+ cells from healthy donors (HD) and NSCLC patients. Mann–Whitney 
test. (b) Circulating CD14+ cells isolated from NSCLC patients before ICI treatment were co-cultured with HD-derived, α-CD3 and α-CD28 activated PBMCs in order to 
evaluate their immunosuppressive ability. The percentage of CellTrace+CD3+ T lymphocytes cell count deriving from immunosuppression assays was correlated with 
CD14+ c-FLIP expression evaluated as FMO corrected MFI. Pearson r correlation. (c) FMO corrected c-FLIP MFI of CD14+ cells in progressor (P, green) and non-progressor 
(NP, red) patients before (T0) and after (T1) ICI treatment (T0-P n = 16, T1-P n = 10, T0-NPn = 15, T1-NPn = 14). Mann-Whitney and Wilcoxon test. (d) Representative 
proliferation peaks of CellTrace+CD3+ T lymphocytes following the co-culture with circulating CD14+ cells isolated from progressor (red) and non-progressor (green) 
NSCLC patients before (T0) and after (T1) ICI treatment (left) (A: Activated control, R: resting control). Percentage of CellTrace+CD3+ T lymphocytes cell count following 
the co-culture with circulating CD14+ cells isolated from progressor (red) and non-progressor (green) NSCLC patients before (T0) and after (T1) ICI treatment (T0-P n = 8, 
T1-P n = 9, T0-NPn = 12, T1-NPn = 12) (right). All values are normalized on activated T cells in the absence of myeloid cells. Mann-Whitney and Wilcoxon test. The data 
are shown as the mean ± SEM. *p < .05, ****p < .0001. Stars and lines related to statistical analyses are indicated in green or red if they referred to non-progressor or 
progressor patients, respectively.
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nutrient and growth factor competition with several cell subsets in 
the TME, including immunosuppressive myeloid cells. Therefore, 
targeting these immune inhibitory cell subsets is a potential ther-
apeutic strategy to enhance cancer immunotherapy. For instance, 
targeting the macrophage scavenger receptor MARCO or its 
induction through blockade of IL37 receptor has been demon-
strated to be an efficient approach to reprogram suppressive 
TME-infiltrating macrophages in NSCLC immune landscape 
and to restore T-cell and NK-cell antitumor activities.64 Other 
potential therapeutic strategies to limit immunosuppressive mye-
loid cells are metabolic pathways such as kynurenines derived 
from the IDO1-associated pathway,65,66 degradation of arginine, 
and generation of RNS,67,68 components of the adenosine 
pathway,69 and glutamine metabolism pathway.70 Interestingly, 
some of these targets, such as IDO1 and ARG1, can also be 
targeted by both active71,72 and passive73 immunotherapies. 
Finally, aiming at inflammatory mediators, such as IL-6, might 
be an effective strategy to enforce and boost anti-tumor, ICI- 
induced immunity by decreasing MDSCs and macrophages 
within the tumor mass.60 However, a complete deactivation or 
elimination of myeloid cells is still a challenging approach because 
of the inherent plasticity of these elements, which can alter both 
their phenotype and functions during cancer progression, and, 
overall, are influenced in an organ-specific manner. Nonetheless, 
this is viewed by many as the next step in cancer immunotherapy 
development.

Despite reproducible positive results, only a minority (<20%) 
of the patients show long-term benefit from ICI immunotherapy 
and most will progress at any time during treatment; furthermore, 
a non-negligible proportion of patients receiving ICI do not 
respond to treatment despite high PD-L1 expression. Current 
biomarkers for predicting the response to ICI therapy are usually 
based on biopsies taken from solid tumors, including the PD-L1 
status. These biomarkers require invasive techniques that pose 
significant challenges that can be overcome using liquid biopsies 
to analyze circulating immune parameters. Our study suggests 
new potential and more advantageous targets, including mono-
cyte and NK count, as well as inflammation-associated soluble 
mediators such as TNF-α, GM-CSF, and IL-2. Furthermore, we 
described a rapid variation of additional immunological features 
following immunotherapy only in NP patients, including c-FLIP 
expression in monocytes, CD4+CD8+ T and NK lymphocyte 
counts, and inflammatory cytokines, such as IL-6. Recently, 
blood-based proteomic screening revealed a predictive signature 
able to stratify NP and P patients, in which IL-6, neutrophil- 
related proteins, janus kinase-STAT, and NF-κB signaling path-
ways were identified as key players in promoting resistance to 
ICI.74 Our study had several limitations. First, the enrolled patient 
cohort was small for biomarker discovery and required validation 
in an independent cohort. Second, the cohort included patients 
who were treated with different ICIs. Third, flow cytometry 
analysis was based on a limited number of phenotypic markers, 
precluding the identification of T cell functional stage and the 
enumeration of other leukocyte subsets, such as dendritic cells, 
T regulatory cells, and T helper subsets, as well as the detection of 
c-FLIP in other circulating leukocytes. Fourth, alterations in the 
gene signature of c-FLIP-overexpressing cells induced by ICI were 
not evaluated.

In conclusion, our study indicates that the clinical impact of ICI 
promotes a modulation of the immune landscape by limiting 
systemic inflammation and controlling MDSC-dependent 
immunosuppression.
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