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ABSTRACT
Background  Tumors can influence peripheral immune 
macroenvironment, thereby creating opportunities for 
non-invasive serum/plasma immunobiomarkers for 
immunostratification and immunotherapy designing. 
However, current approaches for immunobiomarkers’ 
detection are largely quantitative, which is unreliable 
for assessing functional peripheral immunodynamics 
of patients with cancer. Hence, we aimed to design a 
functional biomarker modality for capturing peripheral 
immune signaling in patients with cancer for reliable 
immunostratification.
Methods  We used a data-driven in silico framework, 
integrating existing tumor/blood bulk-RNAseq or single-
cell (sc)RNAseq datasets of patients with cancer, to inform 
the design of an innovative serum-screening modality, 
that is, serum-functional immunodynamic status (sFIS) 
assay. Next, we pursued proof-of-concept analyses via 
multiparametric serum profiling of patients with ovarian 
cancer (OV) with sFIS assay combined with Luminex 
(cytokines/soluble immune checkpoints), CA125-antigen 
detection, and whole-blood immune cell counts. Here, sFIS 
assay’s ability to determine survival benefit or malignancy 
risk was validated in a discovery (n=32) and/or validation 
(n=699) patient cohorts. Lastly, we used an orthotopic 
murine metastatic OV model, with anti-OV therapy 
selection via in silico drug–target screening and murine 
serum screening via sFIS assay, to assess suitable in vivo 
immunotherapy options.
Results  In silico data-driven framework predicted that 
peripheral immunodynamics of patients with cancer might 
be best captured via analyzing myeloid nuclear factor 
kappa-light-chain enhancer of activated B cells (NFκB) 
signaling and interferon-stimulated genes' (ISG) responses. 
This helped in conceptualization of an ‘in sitro’ (in vitro +in 
situ) sFIS assay, where human myeloid cells were exposed 
to patients’ serum in vitro, to assess serum-induced (si)-
NFκB or interferon (IFN)/ISG responses (as active signaling 
reporter activity) within them, thereby ‘mimicking’ 
patients’ in situ immunodynamic status. Multiparametric 
serum profiling of patients with OV established that 

sFIS assay can: decode peripheral immunology (by 
indicating higher enrichment of si-NFκB over si-IFN/
ISG responses), estimate survival trends (si-NFκB or si-
IFN/ISG responses associating with negative or positive 
prognosis, respectively), and coestimate malignancy risk 
(relative to benign/borderline ovarian lesions). Biologically, 
we documented dominance of pro-tumorigenic, myeloid 
si-NFκB responseHIGHsi-IFN/ISG responseLOW inflammation 
in periphery of patients with OV. Finally, in an orthotopic 
murine metastatic OV model, sFIS assay predicted the 
higher capacity of chemo-immunotherapy (paclitaxel–
carboplatin plus anti-TNF antibody combination) in 
achieving a pro-immunogenic peripheral milieu (si-IFN/ISG 
responseHIGHsi-NFκB responseLOW), which aligned with high 
antitumor efficacy.
Conclusions  We established sFIS assay as a novel 
biomarker resource for serum screening in patients with 
OV to evaluate peripheral immunodynamics, patient 
survival trends and malignancy risk, and to design 
preclinical chemo-immunotherapy strategies.

BACKGROUND
Tumor-level proteogenomic or cellular 
immunobiomarkers have been crucial for 
the recent progress in immuno-oncology.1–3 
However, such biomarkers are not necessarily 
robust at capturing the nature of systemic 
immune macroenvironment.4 5 This is essen-
tial because cancer is capable of restructuring 
the composition and functions of both local 
(tumor) as well as global (e.g., peripheral) 
immune processes that ultimately influence 
immunotherapy outcomes.5–7 Thus, charac-
terization of novel non-invasive biomarkers 
detectable in patient periphery (serum, 
plasma, or blood) is highly important.8–10 
Recently, several peripheral biomarkers like 
specific cytokines or chemokines, and/or 
immune cell-subsets have been assessed in 
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immuno-oncology.11 12 But this progress is still limited, as 
several of these biomarkers are either unreliable and/or 
their contextual functionalities are insufficiently known. 
For example, most cytokines/chemokines are not inde-
pendent prognostic biomarkers and tend to be unreliable 
for rapid screening.13 14 Although several multiplex tech-
niques are available for high-density cytokine or chemo-
kine screening, these advancements have not entirely 
overcome above immunological and clinical limitations.15

Multiplexed serum biomarker assays have a largely 
quantitative approach, which creates a hurdle in esti-
mating the patient serum’s immunome (i.e., a sum of 
all immunological functions), since such immunome 
mapping requires both quantitative and qualitative (func-
tional) assessments. However, the quantity of a particular 
cytokine is not linearly associated with its biological func-
tions.16 Moreover, patient serum tends to be a complex 
mixture of immunostimulatory, immunosuppressive 
and homeostatic cytokines/factors.17 Thus, factors with 
contradictory or complementary immune functions may 
simultaneously coexist in the serum. Accordingly, multi-
parametric detection of all these factors frequently ends 
up creating a problematic situation for serum immu-
nome mapping, that is, detection of contradictory (func-
tional or prognostic) trends for cytokines/factors, which 
eliminates concise immunological interpretations. While 
efforts are being made to overcome these limitations via 
application of advanced bioinformatics, such approaches 
tend to fail in predicting dynamic signaling-trajectories 
that distinguish cytokine responses.18

Currently in the field of immune biomarkers, reli-
able analysis of functional immunodynamics of patients’ 
serum is a poorly studied topic. Considering the high 
patient-to-patient immune variations, immunodynamic 
biomarkers are prerequisite for reliable immunostratifi-
cation and precision immunotherapy.15 To address this 
critical challenge, we conceptualized an innovative immu-
nodynamic biomarker assay whose design was guided by 
a patient data-driven framework. The overall objective of 
this in silico framework was to use advanced computational 
immunology to create tangible hypotheses in terms of 
best immune-signaling pathway(s), type of immune cell, 
and suitable cancer type to prioritize, for the designing 
and the validation of the assay. This in silico framework 
revealed that the top two inflammatory pathways most 
likely to be induced by the serum of patients with cancer 
were myeloid nuclear factor kappa-light-chain enhancer of 
activated B cells (NFκB) or myeloid interferon-stimulated 
response element (ISRE) signaling (involving activation 
of interferon-stimulated genes (ISGs)). Based on this, 
we strategized a ‘first-in-class’ serum-functional immuno-
dynamic status (sFIS) assay, wherein in vitro assessment 
of serum-induced (si)-NFκB and si-interferon (IFN) or 
ISG responses in human myeloid cells was supposed to 
‘mimic' in situ peripheral immune-status of the patients. 
Herein, we report sFIS assay’s efficient use in patients 
with ovarian cancer (OV) to decode complex periph-
eral immunodynamics, estimate survival trends, perform 

patient immunostratification, and coestimate malignancy 
risks. Finally, through preclinical experiments, we also 
demonstrate that the sFIS assay can help design novel 
chemo-immunotherapy regime. For complete details 
on our study design and workflow, please refer to online 
supplemental figure S1.

METHODS
Patient description and clinical analyses
Patients diagnosed with an ovarian mass were enrolled 
in two prospective studies (OV-IMM-2014 and TRANS-
IOTA) and in an umbrella trial between June 2014 and 
June 2019. For this study, sera from OV-IMM-2014/
umbrella trial were part of the ‘discovery cohort’, 
whereas sera from TRANS-IOTA were part of the ‘vali-
dation cohort’. OV-IMM-2014/umbrella patients were 
enrolled exclusively at University Hospitals (UZ) Leuven 
(Belgium). TRANS-IOTA was a European consortium 
study recruiting in Rome (Italy: Fondazione Policlinico 
Universitario Agostino Gemelli, Istituto di Ricovero e Cura 
a Carattere Scientifico), Prague (Czech Republic: Charles 
University), Genk (Belgium: Ziekenhuis Oost-Limburg), 
London (UK: Queen Charlotte’s and Chelsea Hospital, 
Imperial College), Milan (Italy: National Cancer Institute 
of Milan) and UZ Leuven (Belgium). OV-IMM-2014/
umbrella recruited only patients with primary invasive 
OV (see online supplemental table 1 for patient details), 
whereas TRANS-IOTA recruited patients with ovarian 
masses at diagnosis (see online supplemental table 2 for 
patient details). All patients underwent surgery. Based on 
subsequent histopathological examination, patients were 
categorized as having a benign cyst, a borderline tumor, an 
invasive OV, or a metastatic tumor to the ovary. Exclusion 
criteria for all studies included women with active therapy 
for non-OV at the point of inclusion, presence of immune 
disease, treatment with immunomodulators, pregnancy, 
age  <18 years, surgery of the suspected mass elsewhere 
before inclusion, and infectious serology (e.g., HIV and 
hepatitis B/C). Serum was obtained from all patients, as 
described previously.19 20 Analyses for serum-associated 
carbohydrate antigen 125 (CA125) and white blood cell 
counts (absolute counts for lymphocytes, monocytes, 
neutrophils, and platelets) were part of standard clinical 
analyses, and these data were retrieved from the hospital-
level patient files. Of note, in some cases due to practical 
(e.g., unavailability of data in the central hospital data-
base) or technical (e.g., not enough sample volumes for 
profiling or mismatched sampling timepoints) reasons, 
certain CA125 or white blood cell counts were not avail-
able for every sample.

Standardization of sFIS assay
THP1 dual cells (Invivogen) featuring the secreted 
luciferase reporter gene, under the control of an ISG54 
minimal promoter in conjunction with five IFN-stimulated 
response elements (ISREs, under zeocin antibiotic selec-
tion), and secreted embryonic alkaline phosphatase 
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(SEAP) reporter gene, driven by an IFN-β minimal 
promoter fused to five copies of the NFκB consensus tran-
scriptional response element and three copies of the c-Rel 
binding site (under blasticidin-antibiotic selection), were 
used. These cells were cultured at 37°C under 5% CO2 in 
RPMI-1640 containing 2 mM L-glutamine, 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 
100 units/mL penicillin, 100 µg/L streptomycin, 100 
µg/mL normocin and 10% heat-inactivated fetal bovine 
serum (FBS). For selection of dual reporter expressing 
cells, the cells were cultured with 10 µg/mL blasticidin 
and 100 µg/mL zeocin after two passages, after thawing. 
For standardization and validation exercises, these THP1 
cells were incubated for 48 h with lipopolysaccharide 
(LPS), 5′ppp-dsRNA, 2,3-cGAMP, IFN-α2b (Invivogen) or 
TNF, Trail, IFNβ/γ, interleukin (IL)-1β, IL-6, IL-10, IL-18 
(Peprotech) or recombinant versions of programmed 
cell death protein 1 (PD-1), PDL-1 and T-cell immuno-
globulin and mucin domain 3 (TIM3) (Biolegend). 
Luciferase activity was checked in media by adding 50 µL 
of Quanti-Luc (Invivogen) to 100 µL of (separately recov-
ered) THP1 media. Bioluminescence was examined for 
100 ms immediately after Quanti-Luc addition by micro-
plate reader (Biotek). SEAP activity was checked in media 
by adding 100 µL of Quanti-Blue (Invivogen) to 100 µL 
of (separately recovered) THP1 media. Absorbance was 
examined at an optical density of 655 nm, 4–8 h after 
Quanti-Blue addition by microplate reader (Biotek).

Human serum screening via sFIS assay
For human serum analysis, THP1 dual cells (Invivogen) 
were seeded in a 96-well plate at a density of 30 000 cells/
well in 100 µL media. After 24 h, THP1 cells were treated 
with 100 µL of normal human serum (pooled from several 
normal human individuals, Sigma-Aldrich) as baseline 
for our assay, or with patient serum for 24 h. As a positive 
control, THP1 cells were treated with 1000 ng/mL LPS. 
Luciferase (bioluminescence) or SEAP (colorimetric) 
activity in the media was assessed as described previously.

SUPPLEMENTARY METHODS
Please refer to the online supplemental methods docu-
ment for details on computational/bioinformatic anal-
yses, Luminex sera-analyses, OV mouse model, murine 
therapeutic treatment procedures, murine serum-
screening via sFIS assay and statistical analyses and data 
visualization.

RESULTS
Major peripheral immunobiomarkers in oncology 
predominantly engage NFκB or IFN/ISG responses
Cytokines induce an array of different downstream 
immune pathways, for example, NFκB response, 
IFN-induced ISG response, AP1 signaling, SMAD 
signaling, TRADD/FADD signaling, FOXO signaling 
or p38/ERK signaling.21–23 However, to design a precise 

serum-screening functional assay (online supplemental 
figure S1), we needed to focus on immune pathways 
dominantly engaged by majority of cytokines/immune 
factors in oncological context. To enable such consolida-
tion exercise in an unbiased manner, we pursued a two-
step bioinformatic process. In step 1, we delineated the 
most frequently screened peripheral (oncological) immu-
nobiomarkers using an automated MELODI literature-
mining algorithm that extracts potential gene/protein 
identities between any two (prespecified) biomedical 
concepts.24 Herein, MELODI was executed to identify the 
most frequently occurring genes/proteins extracted from 
PubMed literature (1950–2017) simultaneously relevant 
for two concepts, that is, ‘serum of patients with cancer’ 
and ‘immunological factors’ (defined using precise 
string of keywords; see online supplemental methods 
for details). This exercise identified 54 immunolog-
ical, inflammatory, and/or haematopoietic factors most 
frequently assessed as peripheral oncological biomarkers 
(online supplemental figure S2A). In step 2, we used 
these 54 major peripheral immunobiomarkers to iden-
tify the dominant downstream immune pathways and 
associated transcriptional programs. A computational 
analysis enriching for transcription factor (TF) targets via 
top three REACTOME biological pathways linked to the 
aforementioned 54 immunobiomarkers (co-delineated 
along with top hallmark gene sets to provide context) 
found that inflammation or effector immunity operating 
via either an NFκB response (NFκB/REL) or an IFN/
ISG response (ISRE-binding TFs, IRF and IRF1/8) were 
the most dominantly enriched downstream pathways/
TF classes (online supplemental figure S2B). Thus, the 
major oncological peripheral immunobiomarkers domi-
nantly engaged the NFκB or IFN/ISG responses.

Tumor and peripheral immune cells co-enrich differential 
NFκB or ISG response patterns
Tumors can, directly or indirectly, influence the differen-
tial enrichment of some peripheral cytokines.5 25 Hence, 
we interrogated: (1) does a co-enrichment exist for NFκB 
or ISG responses in immune cells across both tumor and 
periphery; and (2) which immune cells typically capture 
this co-enrichment (especially in periphery)? The former 
was vital to prove the suitability of a data-driven frame-
work reliant on the multiomics tumor datasets of patients 
with cancer, while the latter was central to delineate most 
suitable immune cell type. Both steps were necessary to 
reveal our assay’s target cancer type(s) and immune cell 
type.

To enable multiomics analyses, we used a validated 
genetic NFκB signaling signature26 and created a 
consensus genetic ISG response signature. The ISG 
response signature was a consensus between three vali-
dated genetic signatures induced downstream of IFN-α,27 
IFNβ28 or IFNγ.29 We prioritized a consensus signature 
because a computational analysis (driven by the Inter-
ferome database of curated experimental datasets30) 
investigating the overlaps of downstream genes/ISGs 
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regulated by all three IFN cytokine-types (I, II or III) 
showed that there was a considerably high sharing of ISGs 
induced downstream of all three IFN cytokine types, such 
that ≥85% ISGs (irrespective of which signature was used) 
were either overlapping between all three IFN cytokine 
types or between type I/II IFNs (online supplemental 
figure S3). Thus, to avoid unnecessary redundancy,31 we 
used a consensus ISG response signature.

Next, to assess the systemic inflammatory circuit on 
the level of NFκB or IFN/ISG responses, we analyzed an 
existing scRNAseq map that profiled tumor-infiltrating 
and (matched) blood-derived immune cells (procured 
from patients with renal cell or large cell neuroendocrine 
carcinoma),32 with the aforementioned NFκB or ISG 
response signatures (figure 1A,B). Across both blood and 
tumor immune cells, NFκB response signature was more 
strongly enriched than ISG response signature, such that 
myeloid cells particularly co-enriched these contrasting 
patterns in both tumors and blood (figure 1A,B and online 
supplemental figure S4A,B). Overall, NFκB response 
signature had the highest enrichment in blood myeloid 
cells (online supplemental figure S4A), while in tumors, 
only B cells, CD4+ T cells and Tregs had higher NFκB 
response signature than myeloid cells (online supple-
mental figure S4B). IFN/ISG response signature was 
relatively better enriched in T cells (online supplemental 
figure S4A,B). Nevertheless, for myeloid cells, it is neces-
sary to consider that NFκB (subset 3) and ISG (subset 4) 
response signatures were enriched in different subsets of 
blood myeloid cells (figure 1A,B) such that both in blood 
(online supplemental figure S4C) or tumor (online 
supplemental figure S4D) myeloid cells, there was nega-
tive/null correlation between NFκB and ISG response 
signature enrichment. Overall, this implied a differential 
co-enrichment of NFκB and IFN/ISG response circuits 
between the tumor and the periphery, particularly repre-
sented by myeloid cells in both compartments.

Tumoral immunodynamics of NFκB or ISG responses predict 
survival of patients with cancer
Based on the aforementioned observations, we used 
The Cancer Genome Atlas (TCGA) tumor datasets for 
creating a data-driven framework (essential for our 
assay’s designing) driven by the qualitative and prog-
nostic behavior of NFκB/ISG response patterns. Herein, 
we selected 12 TCGA datasets (spanning >5000 patients 
with cancer; see online supplemental methods for selec-
tion strategy) with diverse solid tumors typically showing 
either immunotherapy responsiveness (i.e., lung cancer 
(LUAD/LUSC), head and neck cancer (HNSC), bladder 
cancer, renal cell cancer, and liver cancer (LIHC)), or 
immunotherapy resistance (OV, endometrial cancer, 
sarcoma, breast cancer, pancreatic cancer, and cervical 
cancer (CESC)).33 34 Interestingly, nearly half of the 54 
major oncological (peripheral) immunobiomarkers 
were not sufficiently expressed in these 12 tumor types 
(online supplemental figure S5A). Moreover, the 25 
highly expressed immunobiomarkers did not create 

distinct clusters that could clearly differentiate immu-
notherapy responsive from non-responsive cancer types 
(online supplemental figure S5A). Also, these immuno-
biomarkers exhibited a variable cancer type-dependent 
prognostic impact on overall survival (OS) (online 
supplemental figure S5B).

Next, we attempted to understand whether the more 
simplified ‘dynamics’ of the binary NFκB/ISG responses 
may better summarize a general inflammatory status than 
the aforementioned heterogenous patterns. To address 
this, we first derived the median expression and median 
hazard ratios (HRs) for each of the 25 highly expressed 
immunobiomarkers across all 12 cancer types and 
applied dimensionality reduction (i.e., Principal compo-
nent analysis or PCA) (online supplemental figure S5 and 
figure  1C). This consolidated two distinct clusters, that 
is, a cluster of immunobiomarkers with negative prog-
nostic impact and those with positive prognostic impact 
(figure  1C). Next, we annotated the aforementioned 
genes as either NFκB target genes (NTGs)35 36 or ISGs 
based on available literature.30 This revealed that the nega-
tive prognostic cluster was associated with a disbalance in 
these modalities, favoring NFκB signaling (NTGs>ISGs); 
whereas positive prognostic cluster had a relatively better 
balance (NTGs≈ISGs) (figure  1C). Thus, a disbalance 
in tumoral immunodynamic signaling that favors NFκB 
responses predicted shortened patient survival, whereas 
more balanced signaling between ISG/NFκB responses 
predicted prolonged patient survival.

Ovarian tumor-linked myeloid milieu enriches for disbalanced 
NFκB/ISG responses
Next, we estimated the prognostic impact of tumoral 
NFκB/ISG response signatures on patient OS in the 
aforementioned 12 TCGA cancer types to delineate which 
cancer types might best capture the contrasting inter-
play between NFκB (negative prognostic) and IFN/ISG 
(positive prognostic) responses (figure  1D,E). Herein, 
predominantly CESC or OV exhibited (statistically signifi-
cant) contradictory prognostic impacts for NFκB and ISG 
response signatures (figure  1D,E). Similar trends were 
also observed for LIHC/HNSC. Herein for further inves-
tigation, we selected OV since it is associated with several 
clinically relevant diagnostic and prognostic peripheral 
biomarkers like CA125, HE4, or Ova1/Overa.37

Next, we explored whether the differential NFκB/
ISG response patterns observed in the aforementioned 
scRNAseq analyses were also applicable to OV, to ensure 
consistency in our data-driven framework. Henceforth, 
we pursued analyses of an existing scRNAseq dataset of 
a patient with OV (see online supplemental methods 
for selection strategy). Within OV tumor-derived cancer, 
immune and stromal cells (figure  1F),38 analyses for 
NFκB (figure  1G) or ISG (figure  1H) response signa-
tures showed that myeloid cells indeed enriched for 
higher NFκB response signature than the ISG response 
signature, with the NFκB response signature being more 
highly enriched in myeloid cells than other immune cells 
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Figure 1  Interrogation of the tumour derived bulk-RNAseq or tumour/blood single-cell (sc)-RNAseq data of patients with 
cancer. (A,B) The t-distributed stochastic neighbor embedding (tSNE) visualizations of indicated immune cell types, from 
scRNAseq data from patients with renal cell and large cell neuroendocrine carcinoma (n=4 patients in total) (derived from 
GSE139555) isolated from tumor tissue (A) or peripheral blood (B). These immune cells were further colored for NFκB and IFN/
ISG response gene-signature levels. Herein, the arrows highlight main immune populations with overlaps between tumor and 
blood for these signatures, and the circles indicate different myeloid cell subsets. (C) PCA analyses of median expression for 
each gene across cancer types (from online supplemental figure S5A) and median HR values (from online supplemental figure 
S5B). Venn diagram represents the portion of NFκB and ISGs in each cluster. (D,E) Visualization of the hazard ratio (HR) ±95% 
confidence interval (CI) for the impact of expression of NFκB signaling gene signature (D) or ISG signaling gene signature (E), 
for the indicated TCGA cancer datasets wherein the signature expression cut-off for binary (high vs low expression) patient 
stratification was based on best-performing threshold principle for OS of indicated TCGA patients with cancer (LIHC, n=371; 
PAAD, n=177; LUSC, n=501; LUAD, n=513; HNSC, n=500; CESC, n=304; BLCA, n=405; UCEC, n=543; OV, n=374; SARC, 
n=259; BRCA; n=1090; KIRC; n=530) (Mantel-Cox test, *p<0.05). (F–H) tSNE visualizations of indicated immune cell-types, 
from scRNAseq data from patients with OV (n=5 patients) (derived from GSE146026) isolated from tumor tissue. These immune 
cells were furthered colored for NFκB (G) and ISG signature expression levels (H). BLCA, bladder cancer; CESC, cervical 
cancer; HNSC, head and neck cancer; IFN, interferon; ISG, interferon-stimulated gene; KIRC, renal cell cancer; LIHC, liver 
cancer; LUSC, lung cancer; LUAD, lung adenocarcinoma; NFκB, nuclear factor kappa-light-chain enhancer of activated B cells; 
OS, overall survival; OV, ovarian cancer; PAAD, pancreatic cancer; SARC, sarcoma; BRCA, breast cancer;TCGA, The Cancer 
Genome Atlas; UCEC, endometrial cancer.
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(online supplemental figure S6A). Of note, while the 
ISG response signature was largely expressed by myeloid, 
endothelial or fibroblast cells, the primary source of IFN-
cytokine gene (IFNG) was T/NK cells (online supple-
mental figure S6B). Moreover, within the myeloid cells, 
there was negative/null correlation between NFκB versus 
ISG response signatures (online supplemental figure 
S6C). In line with this, we observed that indeed relatively 
non-associated myeloid cell subsets enriched for NFκB 
versus ISG response signatures (online supplemental 
figure S7A). Interestingly, a differential REACTOME 
pathway enrichment analysis between NFκB response 
signatureHIGH versus ISG response signatureHIGH myeloid 
cells (online supplemental figure S7B) showed that NFκB 
responseHIGHmyeloid cells enriched for anti-inflammatory 
or immuno-regulatory pathways (e.g., prostaglandin/
IL-10 signaling, and RUNX1/FOXO/CD163 pathways), 
whereas ISG responseHIGH myeloid cells enriched for pro-
inflammatory/immunogenic pathways (e.g., antiviral/
IFN signaling and antigen presentation). Altogether, 
this showed that OV myeloid compartment enriches for 
disbalanced NFκB and ISG response dynamics, wherein 
the former has anti-inflammatory/immunoregulatory 
associations, while the latter has pro-inflammatory/
immunogenic associations.

sFIS assay for testing the peripheral NFκB or IFN/ISG 
responses of patients with cancer
The aforementioned data-driven framework informed us 
that the dominant peripheral immunodynamics in OV 
might be best captured by human myeloid cell-associated 
NFκB or IFN/ISG responses. However, transcriptomic 
or proteomic analyses of these signaling pathways’ key 
components within circulating human myeloid cells 
would not be very throughput and may not capture the 
overall dynamism of these signaling modalities. To address 
this, we decided to investigate whether co-culturing 
human myeloid cells in the presence of serum samples 
from patients with OV and then assessing the myeloid 
cell’s NFκB or IFN/ISG signaling as cellular assay output 
may capture peripheral immunodynamics in OV, in a 
throughput and dynamic fashion. Hence, we conceptual-
ized an innovative in sitro sFIS assay for in vitro assessment 
of patient sera-induced si-NFκB and si-IFN/ISG response 
in human myeloid THP1 cells (figure 2A). This involved 
a 96-well plate-based throughput screening method using 
THP1 myeloid cell line stably expressing two inducible 
reporter constructs encoding for (1) a LUCIA luciferase 
gene (coding for a secreted form of coelenterazine-
using luciferase enzyme) under the direct control of an 
ISG54 minimal promoter linked to five copies of ISRE 
sequences; and (2) a SEAP reporter gene (coding for the 
SEAP enzyme, a placental alkaline phosphatase) under 
the control of an IFN-β minimal promoter linked to three 
copies of c-REL binding site and five copies of the NFκB 
consensus transcriptional response element (figure 2A). 
Once these THP1 reporter cells sense factors/cytokines 
that engage the NFκB and/or IFN/ISG responses, they 

should secrete extracellular SEAP/LUCIA that, in pres-
ence of proper substrates, create colorimetric (SEAP) or 
bioluminescent (LUCIA) readouts (figure 2A).

Accordingly, THP1 reporter cells exposed to pattern-
recognition receptor agonists like LPS (a TLR4 agonist), 
5′ppp-dsRNA bound to a transfection reagent LysoVec (a 
RIG-I agonist), or 2′3′-cGAMP (a STING agonist) differ-
entially stimulated the NFκB (figure 2B) and/or IFN/ISG 
(figure  2C) responses. Similarly, treatment with diverse 
human recombinant cytokines induced either NFκB 
response (like TNF or IL1β) (figure  2D) or IFN/ISG 
response (like IFN-β, IFN-α, or IFN-γ) (figure 2E). One 
of the emerging categories of serum immunobiomarkers 
in immuno-oncology is the soluble immune-checkpoint 
(e.g., TIM3 or PD-1/PD-L1).39 Hence, we exposed these 
reporter cells to human recombinant PD-1, TIM3, or 
PD-L1 proteins and observed that whereas they were in 
general incapable of substantially inducing either of the 
signaling programs, yet recombinant TIM3/PD-1 induced 
threshold levels of NFκB response (figure 2F,G). Thus, we 
hypothesized that a THP1 NFκB and IFN/ISG reporter 
myeloid cell-driven sFIS assay may sufficiently capture the 
downstream signaling impact of peripheral cytokines/
immune factors.

Peripheral immunobiomarkers hint toward disbalanced NFκB 
and IFN/ISG responses in patients with OV
To pursue a proof-of-concept for our sFIS assay approach, 
we aimed for a 'prospective retrospective' biomarker 
validation strategy,40 41 starting with a discovery cohort 
composed of clinical routine samples, that is, 98 archived 
serum specimens from randomly selected 32 patients 
with OV and random timepoints throughout the patient’s 
disease course at UZ Leuven, Belgium (hereafter referred 
to as the UZL-CSI OV cohort). For patient characteristics, 
see online supplemental table 1. The overall cumulative 
distribution of patient OS in the UZL-CSI OV cohort was 
not significantly different from the TCGA patients with 
OV, although median OS was moderately towards the 
lower side (online supplemental figure S8A), indicating 
that our cohort had more aggressive OV tumors. This 
point was better indicated by a comparison of tumor 
stages III/IV, wherein our cohort had far more patients 
with stage IV relative to stage III OV, as compared with 
the TCGA OV cohort (online supplemental figure S8B). 
Importantly though, for validating immunobiomarkers, 
the UZL-CSI cohort was highly suitable since it provided 
the necessary immunological dynamism, on account of 
being composed of a diversity of pretreatment and on/
post-treatment sera samples (with chemo/targeted/
immunotherapies) (online supplemental figure S8C). 
Moreover, we also had several patients for which multiple 
time-series samples were available (online supplemental 
figure S8D) combined with variable distribution of tumor 
burden, estimated via serum CA125 levels (online supple-
mental figure S8E). The UZL-CSI cohort was composed of 
all four pathological responses (pRs) to therapy (online 
supplemental figure S8F).
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To immunologically benchmark this UZL-CSI cohort, 
relative to our TCGA observations, we pursued a Luminex 
assay-based multiplex profiling of various serum immu-
nobiomarkers like NFκB target proteins (IL-10, IL-12p70, 

PGF, CCL2, CCL22, VEGF-A, CCL5, and MMP9), IFNs or 
ISGs-coded proteins (IFN-α, IFN-γ, CXCL10, and CCL11), 
and some pleiotropic factors (IL-6, latency-associated 
peptide/transforming growth factor-ß (LAP/TGF-β), 

Figure 2  Standardization of sFIS assay. (A) Overview of the sFIS assay. THP1-dual reporter cells containing a reporter for 
NFκB and IFN/ISG response (see the Methods section) were stimulated with human serum of a patient with cancer, healthy 
donor serum (baseline) or LPS (positive control) for 24 h. Subsequently, THP1 media were checked for LUCIA and SEAP activity. 
(B,C) Bar graph of THP1-dual reporter cells, exposed to indicated concentrations of different agonists, reporting NFκB (B) or 
IFN/ISG (C) responses at 48 h post-treatment (n=3, one-way analysis of variance with Fisher’s Least Significant Difference (LSD) 
test; *p<0.05). (D–G) Bar graph of THP1 dual reporter cells exposed to indicated concentrations of different cytokines (D,E) or 
soluble immune checkpoints (F,G) reporting NFκB (D,F) or IFN/ISG (E,G) responses at 48 h post-treatment (min–max normalized, 
n=4, Kruskal-Wallis test; *p<0.05). cGAMP, cyclic guanosine monophosphate–adenosine monophosphate; IFN, interferon; IL, 
interleukin; IRF, interferon regulatory factor; ISG, interferon-stimulated gene; ISRE, interferon-stimulated response element; LPS, 
lipopolysaccharide; NFκB, nuclear factor kappa-light-chain enhancer of activated B cells; PD-1, programmed cell death protein 
1; PDL-1, programmed cell death-ligand 1; PRR, pattern recognition receptor; TIM3, T-cell immunoglobulin and mucin domain 
3; TNF, tumor necrosis factor; TLR, toll-like receptor; TRAIL, TNF-related apoptosis-inducing ligand; SEAP, secreted embryonic 
alkaline phosphatase; sFIS, serumfunctional immunodynamic status; -STAT, signal transducer and activator of transcription.
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arginase), or soluble immune checkpoints (LAG3, IDO1, 
PD-L1, PD-1, and TIM3) (figure 3A). Serum-CA125 was 
also profiled to enable direct comparison with a clinical 
standard biomarker (figure 3A). This multiplexed analysis 
showed that sera of UZL-CSI patients with OV enriched 
for more NFκB-target proteins or pleiotropic factors, 
than IFNs/ISGs-coded proteins (figure 3A). Accordingly, 

a gene set enrichment analysis (GSEA)-based biolog-
ical pathway enrichment (REACTOME/Wikipathways) 
computed on the aforementioned concentrations showed 
a significant positive enrichment for innate immune 
response or myeloid inflammation and a significant 
negative enrichment for adaptive or lymphoid pathways 
(figure 3B). These observations indirectly hinted toward 

Figure 3  Immunological benchmarking and sFIS assay testing in discovery cohort of patients with OV. (A) Eligible serum 
samples from the UZL-CSI cohort were profiled for different immunological factors (n=74) and CA125 (n=95). Colors indicate 
association with categories mentioned in the legend. (B) REACTOME-Wikipathway GSEA based on concentrations of 
immunological biomarkers or CA125 (top 10 significance method). Violin plot (C) and sample-paired analysis (D) of UZL-CSI 
serum samples profiled for the si-NFκB or si-IFN/ISG response (n=96, Wilcoxon matched-pairs signed-rank test; *p<0.05). 
‘§’ depicts serum samples wherein the si-IFN/ISG response values exceeded the si-NFκB response values. (E) Heatmap 
representation of Pearson correlation matrix of si-NFκB and si-IFN/ISG response, CA125 and immunological factors profiled 
from the serum of the UZL-CSI OV dataset (n=74). (F,G) Network analyses of NFκB (F) or IFN/ISG (G) response activating 
transcription program. Genes in blue indicate immunologically relevant factors enumerated by the PID analyses. (H,I) Bar graph 
of THP1-dual reporter cells exposed to indicated concentrations of TGF-β reporting IFN/ISG (H) or NFκB (I) responses at 48 h 
post-treatment (n=3, one-way analysis of variance corrected for false discovery rate via Benjamini, Krieger and Yekutieli test; 
*p<0.05). CA125, carbohydrate antigen 125; GSEA, gene set enrichment analysis; IFN, interferon; ISG, interferon-stimulated 
gene; NFκB, nuclear factor kappa-light-chain enhancer of activated B cells; OV, ovarian cancer; PID, Pathway Interaction 
Database; sFIS, serum-functional immunodynamic status; si, serum-induced; UZL-CSI, UZ Leuven-Cell Stress Immunity cohort.
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a peripheral disbalance between NFκB target proteins 
and IFN/ISGs-related proteins in patients with OV.

sFIS assay captures peripheral disbalance in si-NFκB and si-
IFN/ISG responses
We wondered whether our sFIS assay can faithfully 
capture the serum immunodynamics partly hinted by the 
aforementioned cytokines/factors. Remarkably, serum 
derived from these UZL-CSI patients with OV indeed 
induced significantly higher NFκB responses in the THP1 
cells as compared with IFN/ISG responses (figure 3C). In 
fact, the median si-IFN/ISG responses were below our 
assay’s baseline (i.e., normal human serum pooled from 
several healthy donors), thereby suggesting a tendency 
of sera of patients with OV to downregulate IFN/ISG 
responses. In fact, there were only 11 serum specimens 
(out of 98) that induced a higher fold change of si-IFN/
ISG responses than si-NFκB responses (figure 3D). These 
initial observations clearly outlined that our sFIS assay 
can faithfully capture the functional immunodynamics in 
sera of patients with OV, thereby more directly empha-
sizing the predominance of non-immunogenic inflamma-
tion in OV.

si-NFκB response links to wound healing-like pro-metastatic 
signaling, while si-IFN/ISG response is proimmunogenic
Next, we wished to gain some biological insights via 
integrated correlative and systems biology analyses of 
si-NFκB or si-IFN/ISG responses and serum immuno-
biomarkers. A correlation matrix between the major 
serum immunobiomarkers (median concentration  >1 
pg/mL), CA125 and sFIS assay responses showed the 
existence of two major clusters (figure  3E): (1) a very 
low concentration (median ~8 pg/mL) but very highly 
correlated, IFNγ-centered immunosuppressive cluster 
(co-recruiting soluble PD-1/PDL1); and (2) a very 
high concentration (median ~7000 pg/mL) but some-
what loosely correlated cluster, wherein two sub-clusters 
were formed by si-NFκB response and soluble TIM3/
MMP9 or si-IFN/ISGs response and LAP/TGF-β. To 
further understand these co-clustering patterns, we 
carried out immunological functional network anal-
yses using genetic representatives. This revealed that 
the NFκB-relevant genes were associated with MMP9 
(but not TIM3) via anti-inflammatory or prometastatic 
signaling modules42 43 like wound healing facilitators 
(osteopontin-coding, SPP1 and integrinα M-coding 
(ITGAM))44 45 or protumorigenic lipid signaling (lyso-
phosphatidic acid receptors-coding (LPAR1-5))46 47 
(figure  3F). Interestingly, the IFN/ISG-relevant genes 
were associated with TGFB1 via proinflammatory factors 
like IL-27, IL-12, STAT3 and IRF1 (figure  3G). This 
implicated a contextual immunogenic role for TGF-β. 
In fact, it has been reported that high concentration of 
TGF-β can induce IFN/ISG responses.48 49 Intriguingly, 
we indeed saw that treatment of THP1-reporter cells 
with high concentrations of TGF-β (like concentrations 
recovered from OV-patients in UZL-CSI cohort) induced 

highly significant IFN/ISG (but not NFkB) responses 
(figure  3H,I), thereby suggesting a context-dependent 
pro-immunogenic role for TGF-β.

The aforementioned indications were further 
confirmed by correlation of these biomarkers with 
medium (progression-free survival (PFS)) or long-term 
(OS) survival of these patients with OV such that si-NFκB 
responses clustered with soluble-TIM3, IFNγ–PD-1–PDL1 
axis, and CA125 to predict shorter PFS/OS of patients 
with OV (figure 4A and online supplemental figure S9), 
whereas si-IFN/ISG responses clustered with LAP/TGF-β, 
CCL5, CCL22, and CCL11 to predict prolonged PFS/OS 
of patients with OV (figure 4A and online supplemental 
figure S9). Remarkably, an immune-amplitude analysis 
for si-NFκB or si-IFN/ISG responses showed that patients 
with OV with prolonged survival (PFS/OS) (figure 4B,C) 
and reduced serum-CA125 (figure  4D,E) had a more 
pro-immunogenic orientation between si-IFN/ISG 
and si-NFκB responses (i.e., si-IFN/ISG resp. > si NFκB 
resp.), whereas patients with a clear disbalanced orienta-
tion between these two inflammatory modules (si-NFκB 
resp. ≥ si-IFN/ISG resp.) had much shorter survival (espe-
cially OS) and mostly increased serum-CA125. Overall, 
this established that sFIS assay-derived si-NFκB or si-IFN/
ISG responses are robust at capturing the complex and 
multifactorial functional immune-signaling or prognostic 
modules in the periphery of patients with OV.

Peripheral myeloid, but not lymphoid, cells associate with si-
NFκB and si-IFN/ISG responses
The aforementioned observations suggested that si-NFκB 
or si-IFN/ISG responses are both linked to myeloid, 
rather than lymphoid, compartment. To confirm this, 
we correlated serum-CA125, si-NFκB, or si-IFN/ISG 
response and (sample-matched) absolute immune 
cell counts in the blood, for lymphocytes, monocytes/
myeloid cells, neutrophils, and platelets. Remarkably, 
serum-CA125 and si-NFκB and si-IFN/ISG responses 
collectively showed negative correlation with lymphocytes 
(figure 4F). On the level of myeloid cells, serum-CA125 
and si-NFκB responses positively correlated with mono-
cytic myeloid cells and neutrophils, whereas si-IFN/ISG 
responses preferred to positively correlate with monocytic 
myeloid cells and platelets (figure 4F). This implied the 
presence of a contradictory interplay between platelets 
and neutrophils. Herein, the disjointed trends for neutro-
phils or lymphocytes were intriguing since neutrophil-
to-lymphocyte (NLR) ratio is a well-established negative 
prognostic biomarker.5 Interestingly, specifically si-NFκB 
response (and to a certain extent, serum-CA125) posi-
tively correlated significantly to NLR (figure  4G,H), 
thereby reinforcing its negative prognostic role. However, 
si-IFN/ISG response failed to show correlation with NLR 
(figure 4I). Overall, this confirms that in OV, the periph-
eral immune macroenvironment exhibits disjointed 
myeloid and lymphoid crosstalk on the levels of si-NFκB 
or si-IFN/ISG responses.
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Figure 4  Immunological characteristics of si-NFκB/si-IFN/ISG responses and their prognostic impact on patients with OV. 
(A) PCA representation of Spearman’s correlation analyses between PFS or OS of patients with OV with si-NFκB and si-IFN/
ISG response, CA125 and immunological factors profiled from the serum of the UZL-CSI OV dataset (fold change to baseline/
healthy serum) (median value-based data integration for multiple serum samples per patient, n=32). (B–E) Cubic spline 
analyses of si-NFκB or si-IFN/ISG responses (B,C) or CA125 concentration (D,E) profiled from the serum of the UZL-CSI OV 
cohort dataset (median value-based data integration for multiple serum samples per patient; fold change to baseline/healthy 
serum) and distributed as per PFS (B,D) or OS values (C–E) (n=32). (F) Radar plot of Pearson correlation values of CA125 and 
si-NFκB and si-IFN/ISG response with blood cell counts (n=66). (G–I) Pearson correlation of CA125 (G), si-NFκB (fold change 
to baseline/healthy serum) (H) and si-IFN/ISG (fold change to baseline/healthy serum) (I) responses, to NLR (CA125, n=64; si-
NFκB/si-IFN/ISG response, n=65; *p<0.05). CA125, carbohydrate antigen 125; IFN, interferon; ISG, interferon-stimulated gene; 
NFκB, nuclear factor kappa-light-chain enhancer of activated B cells; NLR, neutrophil-to-lymphocyte ratio; OS, overall survival; 
OV, ovarian cancer; PFS, progression-free survival; si, serum-induced; UZL-CSI, UZ Leuven-Cell Stress Immunity cohort.
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si-NFκB or si-IFN/ISG responses associate with differential 
prognosis in OV
Next, we wanted to estimate the clinical biomarker associ-
ations of our sFIS assay readouts. First, we pursued differ-
ential tumor-level pR prediction for sFIS assay readouts 
relative to serum-CA125 (i.e., complete response (CR), 
partial response, stable disease, or progressive disease 
(PD)). Serum-CA125 was largely reduced in patients 
with OV showing CR, whereas it was strongly enriched in 
other pR subgroups, especially PD (online supplemental 
figure S10A). Accordingly, non-responder patients with 
OV (with PD) had significantly higher serum-CA125 than 
responder patients with OV (with CR) (online supple-
mental figure S10B). However, similar differentiating 
trends for pR were absent for sFIS assay readouts (online 
supplemental figure S10C–F).

Serum-CA125’s superiority in predicting differen-
tial pR is consistent with its clinical performance.25 50 
However, the inability of sFIS assay readouts to not reli-
ably predict pR is also in line with frequently published 
observations that most immunobiomarkers are better 
at predicting ‘long-term’ survival trends rather than 
‘short-term’ pR.51 52 Accordingly, the patients with OV 
with shorter PFS (<2 years) (figure 5A) or shorter OS 
(<3 years) (figure  5B) possessed serum that induced 
significantly higher NFκB responses, whereas patients 
with OV with longer PFS/OS (>2/3 years) (figure 5C,D) 
had higher si-IFN/ISG responses. Herein, heightened 
serum-CA125 partially indicated shorter PFS (figure 5E) 
but failed to predict differential OS (figure 5F). Accord-
ingly, si-NFκB response was significantly associated with 
reduced PFS/OS of patients with OV, whereas si-IFN/
ISG responses were only significantly associated with 
OS, while serum-CA125 could only partially predict 
differential PFS but not OS (online supplemental figure 
S11A,B). Interestingly, similar to serum-CA125, NLR 
also did not correlate with PFS/OS in a conclusively 
negative prognostic manner (online supplemental 
figure S11C,D).

These trends were also supported by univariate Kaplan-
Meier survival analysis of the PFS of patients with OV 
(figure 5G,H, and online supplemental figure S11E) or 
OS (figure  5I,J and online supplemental figure S11F), 
such that very high (>75th percentile cut-off) si-NFκB 
responses were associated with reduced survival, whereas 
very high si-IFN/ISG responses were associated with 
prolonged survival. These trends were largely substanti-
ated by multivariate Cox Proportional Hazards (CoxPh) 
modeling, correcting for age, tumor stage, or intra-sFIS 
assay variations (online supplemental figure S12), espe-
cially for OS (online supplemental figure S12D) and 
differential fold-change cut-off analyses (online supple-
mental figure S12B–F). Overall, this highlights the 
biomarker efficacy of our sFIS assay (which simultane-
ously integrates a negative and positive prognostic factor 
within a single modality) in predicting medium-term/
long-term survival of patients with OV.

si-NFκB responses predict malignancy risk in patients with 
OV
Finally, we wished to validate as well as extend our most 
reliable observations in a validation cohort. Serum-CA125 
is routinely used for OV diagnosis; however, there is ample 
room for co-diagnostic modalities. Since si-NFκB response 
exhibited reliable negative prognostic impact and associa-
tion with pro-metastatic wound healing-like signaling, we 
became curious about its co-diagnostic efficacy. Hence, 
we retrospectively analyzed serum samples from a large-
scale (699 patients), multicenter European consor-
tium biomarker study, TRANS-IOTA.19 53 TRANS-IOTA 
involved serum from patients recruited in Italy (Rome/
Milan), Czech Republic (Prague), Belgium (Genk/
Leuven), and UK (London). TRANS-IOTA consisted of 
serum collected at diagnosis from patients with benign 
ovarian lesions (n=404), borderline tumors (borderline 
OV, n=90), or invasive/metastatic tumors (malignant OV, 
n=205). Herein, PFS (but not OS) estimates were avail-
able for patients with malignant OV. For patient charac-
teristics, please see online supplemental table 2).

Largely irrespective of sub-histological categories, 
serum-CA125 showed the highest increase in patients with 
malignant OV (figure  6A). Similarly, although si-NFκB 
response was observed in patients with benign lesions/
borderline OV, it was more highly enriched in malignant 
OV (figure 6B). Overall, both serum-CA125 (figure 6C) 
and si-NFκB responses (figure 6D) significantly differen-
tiated malignant OV from benign lesions or borderline 
OV. In line with discovery cohort, si-NFκB responses 
consistently exceeded si-IFN/ISG responses irrespective 
of histopathological categories (figure  6B and online 
supplemental figure S13A–C). Within the malignant OV 
category, serum-CA125 was strongly proficient at distin-
guishing the different tumor stages, showing a consistent 
ascending trend from stage I to stage IV malignant OVs 
(online supplemental figure S14A). However, si-NFκB 
response was mainly able to distinguish the most aggressive 
stage IV from the least aggressive stage I (online supple-
mental figure S14B). Overall, in line with the aforemen-
tioned trends, very high-serum CA125 or si-NFκB response 
was associated with lower PFS in patients with malignant 
OV, with statistical significance achieved only by si-NFκB 
response (figure 6E,F). The si-IFN/ISG responses did not 
phenocopy above trends for si-NFκB response (online 
supplemental figure S15A) and, in line with our discovery 
cohort, si-IFN/ISG responses failed to predict differential 
PFS (online supplemental figure S15B). Taken together, 
these observations validate si-NFκB response as a negative 
prognostic biomarker, with putative co-diagnostic efficacy 
along with serum-CA125.

Peripheral immunodynamic status can guide chemo-
immunotherapy regime’s design
Patients with OV exhibiting a bad prognostic, si-NFκB 
responseHIGHsi-IFN/ISG responseLOW/NULL status, is 
consistent with OV’s immunoresistant nature. Hence, 
we wondered whether blunting si-NFκB response can 
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Figure 5  Prognostic impact of si-NFκB or si-IFN/ISG responses of patients with OV. (A–F) Violin plots of si-NFκB responses 
(A,B) or si-IFN/ISG responses (C,D) and CA125 concentration (E,F) (median value-based data integration for multiple serum 
samples per patient) profiled from the serum of the UZL-CSI OV cohort (fold change to baseline/healthy serum). These were 
subdivided as longer and shorter PFS (CA125, longer PFS n=5 vs shorter PFS n=26; si-NFκB or si-IFN/ISG resp., longer 
PFS n=5 vs shorter PFS n=27) (A,C,E) or OS (CA125, longer OS n=8 vs shorter OS n=23; si-NFκB or si-IFN/ISG resp., longer 
PFS n=9 vs shorter PFS n=23) (B,D,F) based on a cut-off of 2 years of PFS or 3 years of OS (Mann-Whitney test, two-tailed; 
*p<0.05). (g–j) KM plots of si-NFκB (G,I) or si-IFN/ISG (H,J) responses (median value-based data integration for multiple serum 
samples per patient) of the UZL-CSI OV cohort. Subdivision of PFS (G,H) or OS (I,J) as high or low were based on the 75th 
percentile cut-off (si-NFκB or si-IFN/ISG resp. vs PFS/OS, HIGH n=8 vs low n=24). The plots depict the HR ±95% CI (log-rank 
Mantel-Cox test, *p<0.05). CA125, carbohydrate antigen 125; IFN, interferon; ISG, interferon-stimulated gene; KM, Kaplan-
Meier; NFκB, nuclear factor kappa-light-chain enhancer of activated B cells; OS, overall survival; OV, ovarian cancer; PFS, 
progression-free survival; si, serum-induced; UZL-CSI, UZ Leuven-Cell Stress Immunity cohort.
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Figure 6  sFIS assay testing to estimate malignancy risk in a validation cohort of patients with ovarian cancer. (A,B) Heatmap 
representation of CA125 (A) or si-NFκB and si-IFN/ISG response (B) per histology category profiled from the serum of the 
TRANS-IOTA cohort (fold change to baseline/healthy serum, averaged values; for full patient details and numbers, see online 
supplemental table 2). ‘*’ indicates inclusion of patients with cysts at the ultrasound. (C,D) Violin plot of CA125 (C) or si-NFκB 
response (D) of patients with benign (CA125, n=302; si-NFκB response, n=404), borderline (CA125, n=85; si-NFκB response, 
n=90) and malignant (CA125, n=198; si-NFκB response, n=205) cancers, profiled from the serum of the TRANS-IOTA cohort 
(fold change to baseline/healthy serum, Kolmogorov-Smirnov test; *p<0.05). (E,F) Violin plot of PFS based on CA125 (low, n=42; 
high, n=14) (E) or si-NFκB response (low, n=41; high, n=15) (F) of patients with cancer (fold change to baseline/healthy serum) 
(Mann-Whitney test, *p<0.05). Subdivision of CA125 and si-NFκB (E,F) as high or low were based on the 75th percentile cut-
off. CA125, carbohydrate antigen 125; IFN, interferon; ISG, interferon-stimulated gene; NFκB, nuclear factor kappa-light-chain 
enhancer of activated B cells; PFS, progression free survival; si, serum-induced; sFIS, serum-functional immunodynamic status.
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be used as a guiding strategy for precision anti-OV 
immunotherapy. To address this, we pursued an in silico 
drug prediction relying on a computational algorithm 
exploiting biomedical literature-associated drug–gene 
relationships to predict drugs or drug–target’s associa-
tions to the NFκB response signature (figure 7A). These 
analyses enriched for anti-cytokine immunotherapies 
or inflammatory therapeutic targets, especially TNF 

inhibitory/blocking therapeutics like TNF-alpha inhibi-
tors or infliximab (an anti-TNF antibody (Ab)) (figure 7). 
This was concurrent with the observation that, among 
various cytokines we screened, TNF was predictably the 
most robust NFκB response inducer (figure 2D).

The notion of applying anti-cytokine immunothera-
pies like anti-TNF Ab is not new. While such anti-cytokine 
immunotherapies have shown preclinical success, they 

Figure 7  sFIS assay-based prediction of chemoimmunotherapy regime’s design and in vivo testing in murine metastatic 
ovarian cancer model. (A) In silico drug-prediction analyses based on the NFκB response signature (cut-offs: multiple 
adjustment test, Bonferroni; significance level, adjusted p value=0.01). Colors indicate overlapping genes between NFκB 
response signature and literature-associated drug–gene sets. (B) Overview of the tumor inoculation, serum collection, and 
therapeutic treatment schedules for the mice experiments. (C) si-IFN/ISG and si-NFκB response of J774 dual-reporter cell lines 
exposed to mouse serum obtained from day 49 as a ratio to day 13 (control, n=8; anti-TNF Ab, n=8; PARPi, n=7; PARPi and 
anti-TNF Ab, n=8; PTX-CBP, n=7; PTX-CBP and anti-TNF Ab, n=6). (D,E) Kaplan-Meier plots of overall survival (D) or survival 
while considering the first drainage of ascitic fluid (E) of metastatic ID8 tumor-bearing mice treated with different therapy 
regimes (control, n=8; anti-TNF Ab, n=8; PARPi, n=8; PARPi and anti-TNF Ab, n=8; PTX-CBP, n=7; PTX-CBP and anti-TNF Ab, 
n=7) (log-rank Mantel-Cox test; *p<0.05, **p<0.01). IFN, interferon; ISG, interferon-stimulated gene; NFκB, nuclear factor kappa-
light-chain enhancer of activated B cells; PARPi, PARP inhibitor; PTX-CBP, paclitaxel +carboplatin; sFIS, serum-functional 
immunodynamic status.
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have often failed in clinical trials.4 It has been proposed 
that their success might be contingent on biomarker-
driven application; however, such precision biomarkers 
are elusive.4 Therefore, we wondered whether si-NFκB 
response can better guide application of anti-TNF Ab 
in patients with OV. In fact, reanalyses of a small (only 
existing) human OV clinical trial administering inflix-
imab, wherein pretreatment/on-treatment transcrip-
tome for OV ascites was available,54 55 showed that TNF in 
OV ascites could not differentiate infliximab-responding 
versus non-responding patients (online supplemental 
figure S15C), while elevated NFκB response signature 
differentiated them relatively better (online supple-
mental figure S15D).

To validate this via sFIS assay, we used the murine ID8 
cell-based orthotopic model of metastatic OV56 since these 
metastatic ID8 tumor-bearing mice experience a latent 
spike in serum TNF levels (online supplemental figure 
S15E). Various studies have demonstrated antitumor and 
immunostimulatory impact of anti-OV therapies like pacl-
itaxel + carboplatin (PTX-CBP) and/or PARP inhibitors 
(PARPi),57 58 yet it is not clear which of these therapies 
might best potentiate the antitumor efficacy of anti-TNF 
Ab. Also, we were curious whether sFIS assay can predict 
the antitumor efficacy of the aforementioned therapeutics 
(alone or in combination with anti-TNF Ab). Hence, we 
treated the ID8 tumor-bearing mice with PTX-CBP, PARPi, 
or anti-TNF Ab, or combinations thereof (figure  7B). 
Initially, we collected the murine serum at baseline and 
during the aforementioned treatments (figure  7B) and 
screened the ability of these serum samples to induce 
si-NFκB or si-IFN/ISG responses in a murine version of 
our sFIS assay, that is, J774 murine myeloid cells stably 
expressing two inducible reporter constructs for NFκB or 
IFN/ISG response signaling. Interestingly, a ratio-metric 
analysis (on to pretreatment ratio) of murine sFIS assay 
derived si-NFκB or si-IFN/ISG responses showed that 
anti-TNF Ab exhibited threshold tendencies to reduce 
si-NFκB responses while marginally increasing si-IFN/ISG 
responses (figure 7C). Interestingly, combining anti-TNF 
Ab with PTX-CBP created a much better peripheral 
pro-immunogenic status (si-NFκB responseLOWsi-IFN/
ISG responseHIGH) than combining with PARPi (si-NFκB 
responseMEDsi-IFN/ISG responseLOW), or either therapy 
alone (figure 7C).

To understand whether sFIS assay can predict anti-
tumor efficacy in vivo, we estimated two long-term survival 
parameters, that is, OS and OS relative to first ascitic 
fluid’s drainage (OS-AFD). The long-term OS trends 
indeed followed the aforementioned sFIS assay predic-
tions, such that the ID8 tumor-bearing mice treated with 
PTX-CBP and anti-TNF Ab triple-combo had the longest 
OS (figure  7D) and OS-AFD (figure  7E). In fact, PTX-
CBP and anti-TNF Ab combo was the only condition that 
had significantly higher anti-OV efficacy than anti-TNF Ab 
alone (figure 7D,E), thereby highlighting the superiority 
of PTX-CBP (over PARPi) in unleashing anti-TNF Ab’s 
potential. Moreover, a ratio-metric analyses established 

that a peripheral si-IFN/ISG responseHIGHsi-NFκB 
responseLOW status positively correlated with prolonged 
OS (online supplemental figure S15F). In conclusion, 
the sFIS assay may help in designing anti-OV regimen, 
wherein si-IFN/ISG responseHIGHsi-NFkB responseLOW 
phenotype could guide selection of pro-immunogenic 
therapies.

DISCUSSION
Through a data-driven in silico framework driven by 
cancer patient's data, we conceptualized a first-in-
class, non-invasive, in sitro sFIS assay for capturing the 
si-NFκB or si-IFN/ISG responses of patients with OV. 
The sFIS assay was able to capture the peripheral immu-
nodynamics of patients with OV better than individual 
serum-linked cytokines, chemokines, or soluble immune 
checkpoints. Nevertheless, both approaches of serum 
screening altogether established that a hyperinflamma-
tory NFκB signaling dominates the periphery of patients 
with OV, with strong depletion of si-IFN/ISG responses. 
Herein, high si-NFκB response was associated with short-
ened PFS/OS, while si-IFN/ISG response was associated 
with prolonged OS. This culminated into a patient immu-
nostratification indicating low OS for OV patients with 
si-NFκB responseHIGHsi-IFN/ISG responseLOW status and 
high OS for those with si-NFκB responseLOWsi-IFN/ISG 
responseHIGH. Besides, the malignant/invasive nature 
of OV was distinguished by a serum-CA125HIGHsi-NFκB 
responseHIGHsi-IFN/ISG responseLOW status, such that 
si-NFκB response was highest in patients with invasive/
malignant ovarian lesions, as compared with benign or 
borderline lesions. This provides support to the notion 
that tumor aggression associates with systemic inflamma-
tory remodeling.6 Finally, we were also able to successfully 
use a murine version of our sFIS assay in preclinical settings 
of metastatic ID8 tumor model to predict and confirm the 
superior proficiency of chemo-immunotherapy regime 
of PTX-CBP and anti-TNF Ab in achieving a favorable 
peripheral si-NFκB responseLOWsi-IFN/ISG responseHIGH 
status and efficaciously controlling OV. Altogether these 
observations exemplify the multifaceted utility of the sFIS 
assay in copredicting malignancy risk, differential survival 
benefit and rationale designing of immunotherapeutic 
regimen.

The sFIS assay approach (along with multiplex cyto-
kine/immune-factor screening, blood immune cell 
counts, and computational immunology) also allowed us 
to gain some crucial insights into the peripheral immu-
nobiology of patients with OV. For instance, si-NFκB 
responses mainly aligned with wound healing-like pro-
metastatic signaling, while si-IFN/ISG responses positively 
correlated with serum-LAP/TGF-β (rather than serum 
IFN-α/γ or CXCL10). Herein, high serum-LAP/TGF-β 
levels were also associated with prolonged OS/PFS, such 
that high TGF-β concentrations directly induced IFN/
ISG responses, thereby revealing an unanticipated pro-
immunogenic activity for TGF-β.59 Remarkably, in the 

https://dx.doi.org/10.1136/jitc-2021-003609
https://dx.doi.org/10.1136/jitc-2021-003609
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murine metastatic ID8 tumor model, combining anti-TNF 
Ab with PTX-CBP chemotherapy unleashed si-IFN/ISG 
responses, thereby implying a role for pro-tumorigenic 
NFκB signaling in blunting IFN/ISG responses. Overall, 
this substantiates a disbalance between these two pathways 
as a major source of immune disparities in patients with 
OV. Since OV is a highly immunosuppressive and ICB-
resistant tumor,60 there is an urgent need to introduce 
novel anti-OV immunotherapies, possibly prioritized 
based on their ability to potentiate si-IFN/ISG responses 
while blunting si-NFκB responses. Thus, anti-OV ‘immu-
nogenic’ interventions61 guided by sFIS assay could be 
used to improve the outlook for patients with OV.

The sFIS assay also offers several practical advantages, 
for example, its 96-well plate-based throughput nature 
and reliance on non-invasive serum samples. Also, a 
major strength of our approach is that we could use 
publicly available OV multiomics data to predict periph-
eral immunodynamic status based on NFκB or IFN/ISG 
responses, which was largely confirmed via sFIS assay. This 
allows the usage of NFκB and ISG response genetic signa-
tures as companion transcriptomic biomarkers for tumor 
analyses that closely complement our sFIS assay. Finally, 
the possibility to guide or design chemo-immunotherapy 
regimen via sFIS assay, as implied by our in vivo exper-
iments, opens doors to many novel possibilities. Never-
theless, there are also some limitations of our study that 
require future attention; for example, a prospective, high-
powered, randomized clinical trial is necessary to fully 
validate the serum-driven prediction efficacy of the sFIS 
assay. We believe such a trial should include longitudinal 
serum sampling (i.e, pre-treatment and post-treatment) 
in a multiarm comparative treatment setting (e.g., immu-
notherapy vs chemotherapy). OV should be prioritized 
for such a trial based on the above data; however, based 
on TCGA analyses, CESC, HNSC or LIHC might also be 
good indications to test the contrasting impact of si-NFκB 
versus si-IFN/ISG responses with sFIS assay.

In conclusion, we believe that our sFIS assay may facil-
itate personalized patient monitoring, immunostratifi-
cation and immunotherapeutic decision-making. The 
differential si-NFκB or si-IFN/ISG response can shed 
light on how the peripheral immune responses are regu-
lated or dysregulated. Thus, our study serves as a proof 
of concept for further clinical development of peripheral 
immunodynamic biomarkers.
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