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Figure 2. Heatmap of normalized data. Unsupervised clustering of PBMCs and Tempus samples resulted in
a perfect clustering based on the sample type.

Table 2. Comparison of cell scores between peripheral blood mononuclear cells (PBMCs) and Tempus

samples
Cell type Score PBMCs, Score Tempus, Adjusted P
median (IQR) median (IQR)

NK CD56dim cells® 5.71(5.25-6.27) 5.61(5.26-6.10) 0.633
Cytotoxic cells 9.54(9.27-9.86) 9.14 (8.39-9.44) 0.024
Dendritic cells® 3.54(3.34-3.89) 4.65 (4.14-5.06) <0.001
Regulatory T cells 5.08 (4.65-5.75) 5.06 (4.74-5.50) 0.675
CD45+ cells 10.69 (10.48-11.14) 13.26 (12.93-13.71) <0.001
Macrophages 9.10 (8.58-9.43) 8.53(8.34-8.70) 0.009
Tcells 8.11(7.97-8.76) 7.95(7.55-8.41) 0.136
Mast cells 4.47 (4.16-5.18) 5.81(5.51-6.05) <0.001
Neutrophils 11.85(11.12-12.46) 14.38 (12.82-15.09) <0.001
Natural killer cells 6.52 (6.30-7.34) 7.28 (6.79-7.44) 0.022
Exhausted CD8+ cells 6.40 (6.02-6.61) 6.36 (6.13-6.71) 0.633
B cells 7.72(7.11-8.33) 6.64 (6.37-6.92) <0.001
Th1 cells 8.05 (7.64-8.48) 8.19(7.81-5.78) 0.548
CD8+T cells 7.96 (7.34-8.40) 6.55(6.12-7.07) <0.001

Data are presented as log2 values. P-values are calculated with Mann-Whitney U tests and adjusted with Benjamin-Hoch-
berg procedure. IQR = interquartile range, Th = T-helper. °Defining genes were not detected in (all) PBMC samples.

of the genes showed an insufficient median gene count below the threshold. For mast

cells, one out of two defining genes was not detected in PBMC samples, while detect-

able in Tempus samples.
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Figure 3. Relative expression of pathway scores between PBMCs and Tempus RNA. Six pathways (Antigen
Processing, B cell functions, Cell Cycle, Cytotoxicity, NK cell functions, and Senesence) are upregulated in
PBMC samples compared to Tempus samples. All other pathways (22) are upregulated in Tempus, reflecting
the higher expression of detected genes in Tempus samples compared to PBMCs.
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Figure 4. Relative expression of cell types between PBMCs and Tempus RNA. Dendritic cells, CD45+ cells,
mast cells, neutrophils, and natural killer (NK) cells show higher scores in Tempus samples. Cytotoxic cells,
macrophages, B cells and CD8+ T cells were detected at a higher level in PBMCs.

In 8/24 samples more cell types were overexpressed in Tempus. In 16/24 samples more
cell types were overexpressed in PBMCs (Supplementary Figure 1).
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Table 3. Pros and cons of using RNA from PBMCs or Tempus using NanoString Immunology gene expres-
sion analysis.

Pros PBMC RNA

Enriched RNA from mononuclear cells

Cons PBMC RNA

At least 4 mL of whole blood necessary

Relatively long hands-on time for cell extraction until freezing of cells

Important immunology related genes might not be detected due to the source of RNA (not mononuclear cells)
Variability of isolation methods in different laboratories

Pros Tempus RNA

Only 3 mL of whole blood necessary, which can be used for multiple RNA extractions. On average, only 800 uL
of stabilized whole blood (=267 uL of whole blood + 533 pL of stabilizing reagent) is needed per extraction.
No cell extraction. Therefore, no hands- on time needed to process the samples.

RNA preservation with stabilizing reagent

RNA from all blood components and free RNA are included.

Higher number of genes detected

Higher average gene count

Cons Tempus RNA

Relatively expensive collection tubes (€7.06/tube)
Dilution of immune cells and their RNA by stabilizing reagent
Multiple RNA isolations might be necessary to reach the desired concentration of RNA

DISCUSSION

The aim of this study was to determine the most reliable method of RNA blood cell
extraction for monitoring of the immune system by immune-related gene expression
analysis. Although both RNA preservation methods resulted in good quality and quan-
tity of RNA, gene expression profiles revealed a significant variation between PBMCs and
Tempus samples. Nevertheless, gene expression profiles of both sample types showed
promising results with a sufficient number of detected genes. To our knowledge, this is
the first study to compare gene expression profiles of RNA isolated from PBMCs and RNA
isolated from whole blood stabilizing tubes using NanoString technology.

The use of an RNA stabilizing reagent preserves gene activity and enables detection of a
higher number of immune-related genes from whole blood samples compared to PBMC
RNA. A total of 127 genes was detected exclusively in Tempus samples, while only six
genes were detected exclusively in PBMC samples. Overall, average gene counts were
51% higher in Tempus samples compared to PBMCs. Higher gene counts enable a more
reliable and comprehensive analysis, because the genes are certainly above the thresh-
old. Using an RNA stabilizing reagent ensures that RNA from all sources is preserved,
including RNA from all blood components and secreted RNA that is washed away when
purifying PBMCs from EDTA tubes. For example, granulocytes are preserved in Tempus
tubes, therefore the genes that define them showed higher counts in Tempus compared
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to PBMCs (Table 2). In addition, the time consumed between drawing blood samples
from patients, isolation of PBMCs, and storage at -80°C is significantly longer (1-3 hours)
than drawing blood in Tempus tubes that do not need any processing before storage.
During blood processing and PBMC isolation, RNA is exposed to various enzymes result-
ing in RNA degradation, affecting the most vulnerable and low abundant dendritic cells
first."” As a result, not only genes from non-mononuclear cells, but also genes associated
with mononuclear cells, for example dendritic cells and natural killer cells, were mea-
sured at higher counts in Tempus samples compared to PBMCs. We hypothesized that
enrichment of mononuclear cells in PBMCs would lead to detection of genes expressed
by mononuclear cells at a higher level. However, in this study only a minority of genes
was expressed at a higher level in PBMCs. On the other hand, blood collected in Tempus
tubes is diluted with a stabilizing reagent, which might cause lower gene expression
results, hence the relative higher counts of 157 genes in PBMCs compared to Tempus
samples.

Unsupervised clustering showed perfect clustering of PBMC and Tempus samples,
highlighting that the RNA preservation method should be chosen carefully when profil-
ing RNA of blood samples. Therefore, measuring the gene expression profiles of RNA
samples isolated from various blood tubes or sources in one experiment is not recom-
mended. Although PBMCs and whole blood stored in Tempus tubes showed similar
gene expression profiles, absolute gene expression levels did significantly differ, which
was also visualized by clustering of samples by the type of RNA source. Similar results
were found by Rollins et al. using Affymetrix arrays.'®

As a consequence of the detection and gene count variation between PBMCs and Tem-
pus samples, unsupervised clustering based on the pathway scores showed a perfect
separation between the samples. Most pathways were upregulated in Tempus tubes
compared to PBMCs, which is explained by the higher cell counts of all defined path-
ways. The average count of genes would not affect the pathway scores when samples
of the same RNA source will be used in one experiment. The higher gene counts and
therefore the scores of pathways are influenced by preservation of RNA with the sta-
bilizing reagent. In addition, some pathway scores are based on genes that were not
detected in PBMC samples. For example, the CT Antigen pathway is defined by twelve
genes, of which only one gene was detected in the majority of PBMC samples. However,
all twelve genes were detected in Tempus samples, resulting in a higher score of the
CT Antigen pathway in Tempus tubes. Another example is the Complement pathway,
which is defined by fifteen genes. All fifteen were detected in Tempus samples, while
only twelve genes were detected in PBMCs samples, which reflects the higher score
for Complement pathway in Tempus samples. At least the CT Antigen pathway should
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be excluded from analysis in experiments when PBMC samples are used, because it is
impossible to determine if the genes are not present or if they are under the detection
limit. As another example, nine genes (out of eleven) defined as the TLR pathway were
detected in all PBMC and Tempus samples, which should be sufficient to accurately
score the pathway.

Granulocytes (neutrophils, mast cells) were not the only cells upregulated in Tempus
tubes, but also mononuclear cells (e.g. dendritic cells), for which was enriched in PBMC
samples. However, dendritic cell genes were all under the detection limit in PBMC sam-
ples. For mast cells only one out of two genes could be detected in PBMCs. In order to
detect genes defining dendritic cells or mast cells, an RNA stabilizing reagent is needed
to preserve the activity of these genes. Dendritic cells are known to represent only a
very small percentage of the total blood cell count in the circulation.* 7 Their genes are
vulnerable and could probably therefore not be detected in PBMCs. The definition of
cells in nSolver software is limited by the number of genes used to define the cells. T
helper 1 (Th1), requlatory T cells, and CD45+ cells are all based on the expression of one
gene, therefore, the scores of these cell types needs to be confirmed. The other types of
cells that were defined using multiple genes are more reliable (Supplementary Table 2).
Quiality controlling the data used in cell type definition and pathway scoring is extremely
important in any experiment using NanoString technology. The fact that CD45+ cells are
detected at a higher cell count in Tempus compared to PBMCs, even though in Tempus
relatively less CD45+ cells are present and thus less RNA expression of the CD45 gene
PTPRC is present, confirms our conclusion that RNA is preserved better in Tempus.

Besides the better RNA preservation, there are additional advantages of using stabilized
whole blood samples, among which is the possibility to detect non-mononuclear cells.
The immune system is not dependent on mononuclear cells alone, and other cells, such
as granulocytes, are extremely important to investigate. The quantity and function of
immune cells, including mononuclear cells, often depends on the presence and interac-
tion with other types ofimmune cells. However, there are advantages and disadvantages
for both sources of RNA for measuring immune-related gene expression. Collecting
whole blood in RNA stabilizing tubes is convenient and does not require extra process-
ing before storage. PBMC extraction from EDTA tubes, however, is a time-consuming
method (+1 hour when using LeucoSep tubes for easy separation of PBMCs), and isola-
tion protocols vary between researchers and laboratories. To reach sufficient expression
data, PBMCs isolation from at least 4 mL of whole blood is necessary for RNA extraction.
In Tempus tubes, extra RNA extractions using a higher amount, of input material (800 pL
instead of 400 pL) was in this experiment necessary in 10/24 samples to reach sufficient
RNA yields to perform multiplex measurements. However, this resulted in a maximum
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of 400 pL undiluted whole blood used. An overview of pros and cons are summarized
in Table 3. Whether the type of RNA preservation tube (e.g. Tempus versus PAXgene)
affects RNA quality and expression is not clear yet. There is evidence that differences
between these tubes have influence on absolute gene expression levels, but this effect

might be overcome by modification of the isolation protocol.* "

Although not included in this experiment, differences in measured gene expression
between RNA sources are probably not limited to NanoString technologies, but should
also be considered in other types of gene expression analysis.

In conclusion, RNA isolated from PBMCs extracted from EDTA tubes and RNA isolated
from Tempus tubes resulted in good RNA quality and quantity that enabled gene ex-
pression profiling with NanoString technology. Gene expression data were mostly
affected by the RNA preservation method. Although profiling immune-related genes
using RNA isolated from PBMCs provided sufficient gene counts and measurements, us-
ing RNA from stabilized whole blood, in this case collected in Tempus tubes, resulted in
higher gene counts and thus more comprehensive measurements. Therefore, we do not
recommend combining various sample types within the same experiment. In particular,
certain cell types and pathways (dendritic cells, and Complement pathway) cannot be
reliably measured when using PBMC samples.
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SUPPLEMENTARY FILES

Supplementary Table 1. Housekeeping genes selected for normalization, with their average expression
and variance.

Gene Mean expression (Log2) Variance (Log2)
TBP 7.91 0.03
EIF2B4 7.70 0.03
PRPF38A 9.01 0.03
HDAC3 7.78 0.04
ABCF1 7.93 0.09
MRPS5 8.82 0.09
SF3A3 843 0.15
DNAJC14 6.59 0.12
EDC3 7.57 0.18
SDHA 7.76 0.15
coG7 7.24 0.16
ERCC3 6.84 0.17
TLK2 8.28 0.16
CNOT4 7.81 0.14
NOL7 8.20 0.09
DHX16 7.16 0.13
AGK 6.74 0.1
DDX50 7.39 0.13
HPRT1 8.26 0.11
ZC3H14 6.95 0.12
PPIA 7.34 0.23
SAP130 7.77 0.09
NUBP1 5.87 0.16
AMMECR1L 7.10 0.15
ZNF346 5.79 0.16
TUBB 8.86 0.23
FCF1 9.41 0.23
ZKSCAN5 4.94 0.22
TMUB2 8.13 0.24
ZNF143 8.26 0.28
TRIM39 6.40 0.30
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Supplementary Table 2. Genes used to define cell types.

Cell type Definition genes P
NK CD56dim cells IL21R, KIR3DL2, KIR3DL1 (discarded), KIR_Inhibiting_ 0.63
Subgroup_2 (discarded)

Cytotoxic cells GZMB, PRF1, KLRK1, GZMH, KLRB1, KLRD1, GNLY, GZMA, CTSW 0
Dendritic cells CD209, HSD11B1, CCL13 0.04
Regulatory T cells FOXP3 NA
CD45+ cells PTPRC NA
Macrophages CD163, CD68, CD84 (discarded) 0.40
Tcells CD3G, SH2D1A, CD6, CD3D, CD3E 0
Mast cells TPSAB1, MS4A2 0.29
Neutrophils CSF3R, S100A12 0.02
Natural killer cells XCL2, NCR1 0.50
Exhausted CD8+ cells CD244, EOMES, LAG3 (discarded) 0.60
B cells BLK, CD19, MS4A1, TNFRSF17 (discarded) 0.02
Th1 cells TBX21 NA
CD8+T cells CD8A, CD8B 0.01

The P-value is calculated as the proportion (out of 1000 random gene sets) of gene sets that shows a better correlation
than the gene sets defined by NanoString. NA = not applicable.
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Supplementary Figure 1. Amount of detected genes, and overexpressed pathways and cell types for all
samples individually. In most samples, Tempus provides more detected genes and more genes that are

exclusively detected compared to PBMCs. In all samples, more pathways are overexpressed in Tempus com-
pared to PBMCs. Only in 8/24 samples more cell scores are overexpressed in Tempus compared to PBMCs.
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ABSTRACT

Background Biomarkers predicting treatment response may be used to stratify patients
with pancreatic ductal adenocarcinoma (PDAC) for available therapies. The aim of this
study was to evaluate the predictive value of circulating cytokines for FOLFIRINOX
response and their association with overall survival (OS).

Methods Serum samples were collected before start and after the first cycle of FOL-
FIRINOX from patients with PDAC (n=83) of all disease stages. Overall, 34 circulating
cytokines were analyzed with a multiplex immunoassay. In addition, changes in periph-
eral blood immune cell counts were determined by flow cytometry to correlate with
differences in cytokine levels. Chemotherapy response was determined by CT scans with
the RECIST 1.1 criteria, as disease control (n=64) or progressive disease (n=19) within
eight cycles of FOLFIRINOX.

Results Patients with high serum IL-1RA concentrations after one cycle of chemother-
apy were less likely to have tumor progression during FOLFIRINOX (OR 0.25, P=0.040).
Increase of circulating IL-1RA concentrations correlated with increase of total, classical,
and non-classical monocytes, and dendritic cells. After adjustment for chemotherapy
response outcome and baseline CA19-9 level, serum concentrations of IL-7 (HR 2.14,
P=0.010), IL-18 (HR 2.00, P=0.020), and MIP-1f (HR 0.51, P=0.025) after one cycle of
FOLFIRINOX were correlated with OS.

Conclusions Circulating IL-1RA, IL-7, IL-18, and MIP-13 concentrations are predictive
and prognostic biomarkers for FOLFIRINOX response in PDAC patients, suggesting an
important role for specific immune cells in chemotherapy response and PDAC progres-
sion. Cytokine-based treatment might improve patient outcome and should be evalu-
ated in future studies.
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INTRODUCTION

FOLFIRINOX is a combined chemotherapy regime, including fluorouracil, leucovorin,
irinotecan and oxaliplatin. It is currently the standard first-line treatment for locally
advanced (LAPC) and metastatic pancreatic ductal adenocarcinoma (PDAC). Although
the survival of patients with PDAC has improved with the implementation of this
chemotherapy combination, the overall prognosis remains poor. Patients with LAPC
have a median overall survival (OS) of approximately two years,' whereas metastatic
disease patients a median OS of 11 months after FOLFIRINOX treatment.” Meanwhile,
60-70% of these patients will experience FOLFIRINOX-induced toxicity,'? affecting their
quality of life. Therefore, biomarkers with the ability to predict treatment response are
urgently needed to personalize treatment and to avoid unnecessary toxicity.* Patients
not responding to FOLFIRINOX might benefit from other types of chemotherapy, such
as gemcitabine with nab-paclitaxel.

Cancer cells display pro-inflammatory properties, inducing a tumor-promoting
environment.’ Although PDAC is thought to be a ‘cold’ tumor, indicating the lack of
active immune cells infiltrating the tumor,® systemic immune responses are present.
Several systemic inflammation markers, such as the systemic immune-inflammation
index,” neutrophil-to-lymphocyte ratio,? or Glasgow prognostic score’ are of prognostic
significance and alterations can be detected even prior to PDAC diagnosis.'

The stromal microenvironment of PDAC is a complex structure of extracellular matrix, fi-
broblasts, and inflammatory cells." These inflammatory cells produce a variety of growth
factors, cytokines, and chemokines.'"'? Cytokines are signaling molecules that play an
important role in the interaction and function of cells. Cytokines are mainly produced
by immune cells, but also normal epithelial cells, stromal cells, fibroblasts, and cancer
cells can produce both pro-inflammatory and anti-inflammatory cytokines.® High levels
of circulating immunosuppressive, tumor-promoting cytokines, such as transforming
growth factor-beta (TGF-f), interleukin (IL)-1p, IL-6, IL-8, and tumor necrosis factor-alpha
(TNF-a), and lower levels of tumor-suppressive cytokines, e.g. IL-11, IL-12, and interferon-
gamma (IFN-y), have been found to correlate with poor prognosis in PDAC patients.” '
Circulating cytokine concentrations might reflect tumor aggressiveness and immune
status associated with tumor progression.'” Whether circulating cytokine levels can also
predict the response to FOLFIRINOX is yet unknown. We hypothesized that dysregu-
lation of the immune system, demonstrated by an increase of pro-inflammatory and
decrease of anti-inflammatory cytokines, is prone to FOLFIRINOX non-response.
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In this study, we evaluated the levels of circulating cytokine concentrations before and
after one cycle of FOLFIRINOX, and assessed differences between patients with and
without progressive disease at chemotherapy response evalution CT scans. In addition,
peripheral blood immune cell subsets were measured and correlations with changes
in cytokine concentrations were determined in order to affirm the origin of these cy-
tokines. Also, the predictive value for early tumor progression during FOLFIRINOX and
prognostic value for OS of individual cytokine markers was assessed.

MATERIALS AND METHODS

This article was written according to the Reporting recommendations for tumor marker
prognostic studies (REMARK) guidelines.”

Study design

Patients were selected from the local pancreatic biobank at the Erasmus MC, Rotterdam
(MEC-2015-085) and participated in two multicenter, prospective trials conducted in
the Netherlands. Patients with resectable or borderline resectable PDAC participated in
the randomized clinical trial PREOPANC-2 (Dutch trial register NL7094, MEC-2018-004)
comparing neoadjuvant FOLFIRINOX chemotherapy to neoadjuvant gemcitabine-based
chemoradiotherapy, followed by surgical resection of the primary tumor.”' Patients with
LAPC or metastatic PDAC participated in the iKnowlIT study (Dutch trial register NL7522,
MEC-2018-087), a prospective cohort study investigating the predictive value of circu-
lating biomarkers. All trials were approved by the ethics committees of all participating
centers: Erasmus MC, University Medical Center (Rotterdam, the Netherlands), Amster-
dam UMC (Amsterdam, the Netherlands), Maasstad Hospital (Rotterdam, the Nether-
lands), and Medisch Spectrum Twente (Enschede, the Netherlands), and conducted in
accordance with the declaration of Helsinki.

Patient selection

All patients had histologically confirmed PDAC and were treated with FOLFIRINOX
between February 2015 and October 2019. Patients with resectable, borderline resect-
able, or locally advanced disease were scheduled for eight cycles of FOLFIRINOX and
patients with metastatic disease for maximum twelve cycles of FOLFIRINOX, according
to the PREOPANC-2 study protocol (resectable or borderline resectable disease) or the
current standard of care in the Netherlands (LAPC and metastatic disease). Exclusion
criteria were: age <18 years, co-medication with other chemotherapeutics, and previous
treatment with FOLFIRINOX chemotherapy. A CT scan was performed before start of
treatment and after each fourth cycle of chemotherapy to evaluate treatment response,
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based on the Response Evaluation Criteria in Solid Tumours (RECIST) 1.1 criteria, as part
of standard clinical practice. Differences in circulating cytokine levels were tested be-
tween patients with disease control patients, including those with stable disease, partial
response or complete response to FOLFIRINOX, and progressive disease patients, if CT
evaluation showed progression within eight cycles of FOLFIRINOX.

Patient characteristics, such as age, sex, stage of disease, laboratory results, CT scan
evaluations, and follow-up data were retrieved from medical records by a medical doc-
tor. Follow-up ended upon the death of the patient. Due to the explorative character of
this study, no formal sample size calculation was performed.

Sample collection

Peripheral venous blood samples were collected before the start of chemotherapy and
before the start of the second cycle of FOLFIRINOX, approximately two weeks later.
Blood was collected in 10 mL serum tubes (Becton Dickinson, Franklin Lakes, NJ, USA)
and 10 mL EDTA tubes (Becton Dickinson, Franklin Lakes, NJ, USA). Serum tubes were
centrifuged at room temperature for 10 minutes at 1000g. Serum was then divided in
aliquots and stored at -80 °C until further use. Freshly obtained whole blood from EDTA
tubes was used within 24 hours to enumerate immune cell populations.

Cytokine detection

All serum samples were first analyzed with the ProcartaPlex Cytokine & Chemokine
Convenience 34-Plex Human Panel 1A immunoassay (Invitrogen, Carlsbad, CA, USA, for
detail see Supplementary Table 1), and measured using the Luminex MAGPIX system
(Luminex, Austin TX, USA). Only cytokines detected in at least 70% of samples were used
for further analyses. The cytokines IL-13, IL-1RA, IL-2, and IL-18 were also measured using
(high sensitivity) immunoassays from a different supplier (R&D systems, Minneapolis,
MN, USA, Supplementary Table 1). In addition, soluble IL-2 receptor (sIL-2R) was quanti-
fied with enzyme-linked immunosorbent assay (ELISA; Diaclone, Besangon, France) as
a sensitive marker for T-lymphocyte activation and regulator of IL-2-dependent cell

function.?* %

Serum samples were subjected to a maximum of three freeze-thaw cycles and thawed
on ice prior to use. Supernatants were loaded on Luminex or ELISA plates at the rec-
ommended dilutions with standard protein controls, according to the manufacturer’s
instructions. For Luminex assays, cytokines were quantified by the analysis of raw data
using XPONENT 4.2 software (Luminex, Austin, TX, USA). For the ELISA assay, standard
curves were constructed and used to quantify sIL-2R. Further technical details are shown
in Supplementary Table 1.
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Immune cell enumeration

Flow cytometry was performed to quantify main granulocyte, monocyte, and lympho-
cyte subsets (Supplementary Table 2). Peripheral blood samples for immunophenotyp-
ing were available for 50/83 patients (60.2%). Whole blood was stained with monoclonal
antibodies (MoAb) and after lysis of red blood cells analyzed by multi-color FCM on a BD
3-laser Celesta flow cytometer using FACSDiva 8.x software (Becton Dickinson, Franklin
Lakes, NJ, USA). Absolute cell counts were determined using Flow-Count Fluorospheres
(Beckman Coulter, Brea, CA, USA). The MoAb panel has been optimized, and compen-
sated using Fluorescence minus one (FMO) controls.”* Data were gated and analyzed
using FlowJo software (Tree Star, San Carlos, CA, USA).

Statistical analysis

Detection rates of cytokines were compared using Fisher’s exact tests. Absolute circulat-
ing cytokine concentrations and immune cell counts, and the percentual increase of
cytokine concentrations and immune cell numbers were compared with Mann-Whitney
U tests and Wilcoxon Signed Rank tests in case of paired data (before and after one cycle
of FOLFIRINOX). Correlations between alterations in cytokine concentrations and im-
mune cell numbers were determined with Pearson’s correlation coefficient.

Univariable and multivariable binary logistic regression was performed to analyze the
predictive value of circulating cytokine levels for tumor progression during FOLFIRINOX
chemotherapy, adjusted for patient characteristics with known association with the
outcome: stage of disease and baseline CA19-9 levels. Cytokine levels were dichoto-
mized based on the median concentration for each individual cytokine per time point
of measurement.

Overall survival (OS) was calculated as the time between the start of FOLFIRINOX and
death. The prognostic value of circulating cytokine levels was tested with univariable
and multivariable Cox regression analysis, including known prognostic factors: age,
stage of disease, chemotherapy response, and baseline CA19-9 levels.

Only two-sided tests were used and P-values <0.05 were considered statistically signifi-

cant. Data were analyzed using SPSS Statistics for Windows (version 25.0; IBM, Armonk,
NY, USA).
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RESULTS

Patient characteristics

In total, cytokine data obtained from 166 samples from 83 PDAC patients were avail-
able for analysis. Patient characteristics are presented in Table 1. The cohort consisted
of patients from all disease stages: 33.7% was diagnosed with resectable/borderline
resectable disease, 42.2% with LAPC, and 24.1% with metastatic disease. In this cohort,
19 (22.9%) patients showed progressive disease during FOLFIRINOX.

Table 1. Patient characteristics.

All patients, n=83 (%)

Age (years), mean (range) 63 (41-80)
Sex, male 47 (56.6)
Stage of disease
Resectable or borderline resectable 28(33.7)
Locally advanced 35(42.2)
Metastatic 20 (24.1)
Response* to FOLFIRINOX
Stable disease 54 (65.1)
Partial response 10(12.1)
Progressive disease 19(22.9)

Response* to FOLFIRINOX, dichotomized

Disease control 64 (77.1)
Progressive disease 19 (22.9)
Time point of CT evaluation progressive disease* (n=19)
After cycle 1 1(5.3)
After cycle 2 3(15.8)
After cycle 3 2(10.5)
After cycle 4 9(47.4)
After cycle 6 1(5.3)
After cycle 8 3(15.8)
Number of cycles of FOLFIRINOX received, mean (range) 7(1-12)
Baseline CA19-9 (kU/L), median (IQR) 320 (60-1296)

CA19-9 = carbohydrate antigen 19-9, IQR = interquartile range. *According to the RECIST 1.1 criteria.

Cytokine detection rates and treatment response outcome

Supplementary Table 3 gives an overview of the 34 cytokines and chemokines measured
using a multiplex panel, showing their detection rate, mean concentrations with stan-
dard deviation, and median concentrations with interquartile range. GM-CSF, GRO-q,
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IL-5, IL-12p70, IL-23, IL-31, and TNF-f3 were not detected in any of the samples. Eotaxin,
IP-10, MIP-13, RANTES, SDF-1a were detected in all serum samples. Comparisons of
cytokine detection rates between patients with disease control and patients with
progressive disease during FOLFIRINOX are presented in Table 2. Before the start of
FOLFIRINOX, IL-1(3 (28.2% vs 5.3%) and IL-2 (18.8% vs 0%) were more often detected
in samples from disease control patients then in samples from progressive disease
patients (both P=0.059). After one cycle of FOLFIRINOX, IL-1RA was more often detected
in patients with disease control (48.4%) compared to patients with progressive disease
(21.1%, P=0.038).

To improve the detection rates of IL-1B, IL-1RA, IL-2, and IL-18, these cytokines were
re-analyzed with high sensitivity singleplex or duplex immunoassay from a different
manufacturer (Supplementary Table 1). Eotaxin, IL-7, IP-10, MCP-1, MIP-13, RANTES, and
SDF-1a all met the inclusion criteria of detection in >70% of samples and were selected
for further analyses. Together with the sIL-2R, a total of eleven cytokines were used to
create predictive and prognostic models.

Cytokine concentrations and treatment response outcome

IL-1B and IL-2 results were only available for 88 samples (n=44 patients). The other
samples could not be used due to absence of detectable bead signals. With individual
assays, IL-1f3, IL-1RA, IL-18 and sIL-2R were detected in all available samples. IL-2 was
detected in only 28.4% of samples and results of this cytokine will therefore not be
further discussed.

There were no significant differences in median concentrations of any of the eleven cy-
tokines (eotaxin, IL-1B, IL-1RA, sIL-2R, IL-7, IL-18, IP-10, MCP-1, MIP-13, RANTES, SDF-1a)
between disease control and progressive disease patients in samples drawn before the
start or after one cycle of FOLFIRINOX (Figure 1A). Pro-inflammatory/tumor-promoting
cytokines (eotaxin, IL-1p, IL-18) were found in higher concentrations in progressive dis-
ease patients, while disease control patients showed higher levels of anti-inflammatory/
tumor-suppressive cytokines (IL-1RA, sIL-2R, IL-7).

In patients with disease control, IL-18 showed a larger increase during FOLFIRINOX
(median increase 88.64%; IQR 46.05-141.86%) compared to patients with progressive
disease (median increase 44.40%; IQR 10.60-81.29%), P=0.007), visualized in Figure 1B.

Predictive value of cytokine concentrations

To investigate the value of individual cytokine concentrations to predict disease
progression during FOLFIRINOX, a binary logistic regression model was created. From
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Table 2. Comparison of detection rates of cytokines and chemokines between patients with disease con-
trol and patients with progressive disease during FOLFIRINOX, measured with a multiplex Luminex panel.
P-values are calculated by Fisher’s exact tests.

Before start of FOLFIRINOX

Cytokine / Detection rate disease Detection rate progressive P
chemokine control (%), n=64 disease (%), n=19

IFN-y 4(6.3) 1(5.3) 1.000
IL-1a 12(18.8) 4(21.1) 1.000
IL-1B 18(28.1) 1(5.3) 0.059
IL-1RA 2(3.1) 1(5.3) 0.547
IL-2 12(18.8) 0(0) 0.059
IL-6 1(1.6) 1(5.3) 0.408
IL-7 45 (70.3) 14 (73.7) 1.000
IL-10 2(3.1) 0(0) 1.000
IL-15 6(9.4) 0(0) 0.328
IL-17A 13(20.3) 1(5.3) 0.172
IL-18 29 (45.3) 6(31.6) 0.428
IL-21 6(9.4) 1(5.3) 1.000
IL-22 5(7.8) 0(0) 0.584
IL-27 5(7.8) 0(0) 0.584
MCP-1 62 (96.9) 18 (94.7) 0.547
MIP-1a 18 (28.1) 5(26.3) 1.000
TNF-a 10 (15.6) 0(0) 0.107

After 1 cycle of FOLFIRINOX

Cytokine / Detection rate disease Detection rate progressive P
chemokine control (%), n=64 disease (%), n=19

IFN-y 6(9.4) 1(5.3) 1.000
IL-1a 11(17.2) 3(15.8) 1.000
IL-1B 14(21.1) 4(21.1) 1.000
IL-1RA 31 (48.4) 4(21.1) 0.038
IL-2 10 (15.6) 0(0) 0.107
IL-6 4(6.3) 2(10.5) 0.616
IL-7 45 (70.3) 13 (68.4) 1.000
IL-10 3(4.7) 0(0) 1.000
IL-15 4(6.3) 0(0) 0.569
IL-17A 14 (21.9) 2(10.5) 0.340
IL-18 44 (68.8) 11(57.9) 0416
IL-21 4(6.3) 2(10.5) 0.616
IL-22 4(6.3) 1(5.3) 1.000
IL-27 5(7.8) 0(0) 0.584
MCP-1 62 (96.9) 17 (89.5) 0.223
MIP-1a 13(20.3) 4(21.1) 1.000
TNF-a 8(12.5) 1(5.3) 0.677

IFN = interferon, IL = interleukin, IL-1RA = interleukin-1 receptor antagonist, MCP = monocyte chemoattractant protein,
MIP = macrophage inflammatory protein, TNF = tumor necrosis factor.
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Figure 1. Differences in circulating cytokine concentrations between patients with disease control and
patients with progressive disease during FOLFIRINOX treatment.

A. Concentrations of serum cytokines in patients with disease control (1=64) and patients with progressive disease (n=19)
before start of FOLFIRINOX (V1) and after one cycle of FOLFIRINOX (V2).

B. Percentage increase of serum cytokine concentrations after one cycle of FOLFIRINOX. Treatment-induced IL-18 increase
was higher in patients with disease control compared to patients with progressive disease after FOLFIRINOX. ** = P<0.01,
calculated with Mann-Whitney U test.
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univariable analyses, the variables IL-1RA concentration after one cycle of FOLFIRINOX
(OR 0.19, 95% CI 0.06-0.63), IL-18 before the start of FOLFIRINOX (OR 2.62, 95% Cl 0.88-
7.74),an increase of IL-18 (OR 0.33,95% Cl1 0.11-0.94), and an increase of MIP-13 (OR 0.37,
95% Cl 0.13-1.08) were selected for multivariable analyses. In this patient cohort, stage
of disease and baseline CA19-9 level did not predict early tumor progression. The results
of the univariable and multivariable analyses are presented in Table 3. In multivariable
analysis, only IL-1RA concentration after one cycle of FOLFIRINOX remained an indepen-
dent predictor of FOLFIRINOX response (OR 0.25; 95% Cl 0.07-0.094, P=0.040). Patients
with IL-1RA concentrations above the median of the measurements showed a lower risk
of early tumor progression during FOLFIRINOX.

IL-1RA IL-18 MIP-18
0.69 0.39 0.29
*xk *

Monocytes +1

- 0.41 0.28 0.45
Dendritic cells * x

) 0.63 0.40 0.33
Classical monocytes xk * *

0.24 0.20 0.08
Intermediate monocytes

0.66 0.32 0.30 -1
Non classical monocytes ok

Figure 2. Correlation matrix of monocyte-related serum cytokine concentration increase and circulating

monocyte cell number increase after one cycle of FOLFIRINOX.
Increasing IL-1RA, IL-18, and MIP-1( concentrations after one cycle of FOLFIRINOX showed significant correlations with
the increase of several subsets of monocytes. * = P<0.05, ** = P<0.01, *** = P<0.001, calculated with Pearson’s correlation.

Table 3. Univariable and multivariable binary logistic regression model for the prediction of early tumor
progression during FOLFIRINOX.

Univariable Multivariable

Variable OR (95% CI) P OR (95% CI) P
IL-1RA after 1 cycle of FOLFIRINOX

<median Ref Ref

>median 0.19 (0.06-0.63) 0.007 0.25 (0.07-0.94) 0.040
IL-18 before start of FOLFIRINOX

<median Ref Ref

>median 2.62(0.88-7.74) 0.083 2.08 (0.63-6.92) 0.231
IL-18 increase during 1 cycle of FOLFIRINOX

<50% Ref Ref

>50% 0.33(0.11-0.94) 0.038 0.66 (0.119-2.27) 0.506
MIP-1B increase during 1 cycle of FOLFIRINOX

No Ref Ref

Yes 0.37 (0.13-1.08) 0.069 0.73 (0.21-2.48) 0.729

Cl = confidence interval, IL = interleukin, IL-1RA = interleukin-1 receptor antagonist, MIP = macrophage inflammatory
protein, OR = odds ratio, Ref = reference.
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Correlation between cytokines and immune cells

IL-1RA, IL-18, and MIP-13, predictors of early tumor progression in univariable analysis,
are cytokines produced by monocytes. Therefore a correlation matrix was made between
the percentual increase of serum concentrations of these cytokines and the percentual
increase of monocyte cell numbers, based on results available from 50 patients (Figure
2). The increase of circulating IL-1RA concentrations correlated significantly with an
increase of total monocytes (Pearson’s r=0.69, P<0.001), classical monocytes (r=0.63,
P<0.001), non-classical monocytes, and dendritic cells (r=0.41, P=0.011) in the periph-
eral blood (r=0.66, P<0.001). IL-18 correlated with total monocytes (r=0.39, P=0.015),
and classical monocytes (r=0.40, P=0.014). MIP-1f correlated with dendritic cells (r=0.45,
P=0.004), and classical monocytes (r=0.33, P=0.046).

Overall, an increase in all determined immune cell types was observed after one cycle
of FOLFIRINOX. There were no statistically significant differences in cell numbers before
the start of FOLFIRINOX, after one cycle of FOLFIRINOX or in increase over time between
disease control and progressive patients (Figure 3). However, we could detect a trend
towards a stronger increase of immune-promoting cells (e.g. neutrophils, B cells, NK
cells, and monocytes) in disease control patients, together with a slight increase of im-
munosuppressive cells (e.g. y& T cells) in progressive disease patients. However, there
was also an increasing trend in T cells visible, including tumor-suppressive T helper cells
(CD4+) and cytotoxic T cells (CD8+), in progressive disease patients.

Cytokines associated with overall survival

The median follow-up time was 16.5 months for patients alive at last follow-up. Median
OS for the total cohort was 12.5 months. In univariable analyses, IL-1RA concentration
after FOLFIRINOX (HR 0.64 for concentrations above the median of measurements), slL-
2R before the start of FOLFIRINOX (HR 1.55, >median), IL-7 after FOLFIRINOX (HR 1.57,
>median), IL-18 before (HR 1.56, >median) and after FOLFIRINOX (HR 1.57, >median),
and MIP-1B after FOLFIRINOX (HR 0.63, >median) were statistically significant predic-
tors for OS, as shown in Table 4. In multivariable analysis and after adjustment for
baseline CA19-9 and RECIST treatment response outcome, IL-7 (HR 2.14; 95% CI 1.20-
3.80, P=0.010), IL-18 (HR 2.00; 95% Cl 1.11-3.60, P=0.020), and MIP-13 (HR 0.51; 95% ClI
0.28-0.92, P=0.025) concentrations measured after one cycle of FOLFIRINOX remained
significant prognostic factors for OS after FOLFIRINOX treatment. Patients with a high
level of IL-7 and IL-18, and low level of MIP-1(3 were at risk for shorter OS. Stage of disease
was not a prognostic variable in this patient cohort.
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Figure 3. Differences in circulating immune cell numbers in peripheral blood between patients with dis-
ease control and patients with progressive disease during FOLFIRINOX treatment.

Circulating immune cell numbers in patients with disease control and patients with progressive disease before start of
FOLFIRINOX (V1) and after one cycle of FOLFIRINOX (V2). Cell numbers of all investigated circulating immune cells showed
an increase during one cycle of FOLFIRINOX. Data is presented as median cell numbers with interquartile ranges.
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Table 4. Univariable and multivariable Cox proportional hazards model for overall survival (OS) after FOL-
FIRINOX.

Univariable Multivariable

Variable HR (95% Cl) P HR (95% Cl) P
CA19-9 at baseline (per 100 kU/L) 1.00 (1.00-1.01) 0.021 1.00 (1.00-1.01) 0.044
RECIST response outcome

Disease control Ref Ref

Progressive disease 7.37 (3.84-14.15) <0.001 6.66 (2.96-14.98) <0.001
IL-1RA after 1 cycle of FOLFIRINOX

<median Ref Ref

>median 0.64 (0.38-1.09) 0.098 0.93(0.47-1.85) 0.834
sIL-2R before start of FOLFIRINOX

<median Ref Ref

>median 1.55(0.93-2.59) 0.093 1.07 (0.59-1.93) 0.823
IL-7 after 1 cycle of FOLFIRINOX

<median Ref Ref

>median 1.57(0.93-2.65) 0.090 2.14(1.20-3.80) 0.010
IL-18 before start of FOLFIRINOX

<median Ref Ref

>median 1.56 (0.93-2.60) 0.090 1.12(0.62-2.02) 0.714
IL-18 after 1 cycle of FOLFIRINOX

<median Ref Ref

>median 1.57 (0.94-2.62) 0.084 2.00(1.11-3.60) 0.020
MIP-1 after 1 cycle of FOLFIRINOX

<median Ref Ref

>median 0.63 (0.38-1.05) 0.076 0.51(0.28-0.92) 0.025

CA19-9 = carbohydrate antigen 19-9, Cl = confidence interval, HR = hazard ratio, IL = interleukin, IL-1RA = interleukin-1
receptor antagonist, MIP = macrophage inflammatory protein, Ref = reference, sIL2R = soluble interleukin-2 receptor.

DISCUSSION

In this prospective multicenter study, we investigated serum cytokine concentrations
in PDAC patients treated with FOLFIRINOX and the correlations of these cytokines with
treatment response and prognosis. We found that most cytokines showed increasing
concentrations after one cycle of FOLFIRINOX compared to baseline samples. However,
IL-18 showed a stronger increase in patients responding to treatment. Also, IL-1RA se-
rum concentrations after one cycle of FOLFIRINOX predicted treatment response, with
higher concentrations associated with a lower risk of early tumor progression during
FOLFIRINOX. In addition, IL-18, IL-7, and MIP-1(3 after one cycle were prognostic factors
for OS.
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Our results support the hypothesis that prognosis in cancer patients, including patients
with PDAC, is at least partially determined by the activation level of the immune system
and its response to cancer cells.” We found a clear serum cytokine pattern in patients with
disease control and patients with progressive disease during FOLFIRINOX. Favorable,
anti-inflammatory cytokines, such as IL-1RA, IL-7, and MIP-13 were detected in higher
concentrations in responding patients, while pro-inflammatory, tumor-promoting cy-
tokines, such as IL-18 and IL-13, were higher in patients with early progressive disease,
though not statistically significant.

The correlation we observed between IL-1RA, IL-18 and MIP-1[ with different monocyte
subsets might indicate that differences in cytokine concentrations are related to dif-
ferences in the immune environment and cellular response to chemotherapy. Though,
the strong increase of T cells, including tumor-suppressive T helper cells (CD4+) and
cytotoxic T cells (CD8+), in progressive disease patients, was unexpected. However, it
is not clear whether the increase of all the investigated cell types might be explained
by the increased cell proliferation in reaction to chemotherapy-induced cell death, by
the administration of granulocyte colony-stimulating factor (G-CSF) after every chemo-
therapy cycle, or as a result of the proliferative effect on immune cells of FOLFIRINOX.
Furthermore, we did not investigate the functional status and exhaustion rate of CD4+
and CD8+ cell populations, which is crucial in further studies.

The results found in this study are affirmed by existing literature on circulating cytokine
levels and outcome in PDAC patients. Circulating IL-18 levels were previously found to
increase during treatment with gemcitabine in combination with 5-FU or oxaliplatin,
and higher IL-18 levels were associated with shorter 0S.” IL-1p is thought to facilitate
tumor growth, angiogenesis, and metastasis in PDAC and may therefore negatively
influence patient prognosis.” '* Both IL-18 and IL-1B are associated with objective
gemcitabine-based chemotherapy response.'?® Also, MIP-13 and RANTES have been

shown to associate with PDAC patient outcome.”?

An interesting finding is that most cytokines with predictive or prognostic value in our
study relate to the nuclear factor-kB (NF-kB) pathway, which plays a crucial role in the
regulation of a plethora of inflammatory genes.”. The NF-kB signaling cascade is usually
activated by pathogens, damaged tissue, and necrotic cells, and it includes a negative
feedback loop, regulating its own activity.” In cancer environments the NF-kB signaling
pathway is continuously activated, resulting in constant production of large amounts
of pro-inflammatory cytokines, including IL-1, IL-2, IL-18, and VEGF. Activation of the
NF-kB pathway promotes all hallmarks of cancer: tumor cell proliferation and survival,
angiogenesis, metastasis, and immune suppression.””*' NF-kB might also participate
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in macrophage polarization, converting tumor-suppressing M1 macrophages into
tumor-promoting M2 macrophages.*’ TNF-a and IL-1B, of which the latter was found in
higher concentrations in our patients with poor prognosis, are known activators of the
canonical NF-kB pathway.** Also, several DNA mutations can activate the pathway,** **
including KRAS and TP53 mutations which are found in almost all PDAC tumors.** IL-1RA,
the natural antagonist of IL-1, may regulate activation of the NF-kB pathway, thus reduc-

ing the negative effects of the pathway and improving patient prognosis.*®

However, other cytokines which are also controlled by NF-kB were not detected at all
or only detected in a limited number of patient samples. For example, TNF-q, IL-6, and

IL-8, cytokines that have been shown to be upregulated in PDAC patients,>" *

were
only detected in a limited number of samples. The relatively low serum cytokine con-
centrations and therefore lack of detection, is probably the most important limitation
of this study. Although PDAC might not be as immunogenic as other cancers such as
lung cancer,* which might explain the relative low cytokine levels, the cytokine con-
centrations measured in our study also seem to be low in comparison to other studies
with PDAC patients.” "% This may be related to the immunoassay used to detect the
cytokines. In general, highly sensitive methods using relatively large amounts of input
material usually show higher concentrations compared to multiplex methods using only
small volumes. We chose to start our pilot project with a broad multiplex panel to screen
for 34 different cytokines. With this approach, only small serum volumes were needed,
which was an advantage because of the limited availability of serum from our patients,
included in large multicenter, prospective studies.

In this pilot study, the sample size was relatively small and cytokine concentrations
varied widely between patients. Most of our findings did therefore not reach statistical
significance and we could only highlight some trends in cytokine and cell count differ-
ences between treatment response groups. Subgroup analyses for the individual disease
stages could not be performed due to the limited number of patients. Nevertheless,
our data support that future clinical trials should aim at collection of sufficient amounts
of serum or plasma which could be used for biomarker analyses, including circulating
cytokines.

The future clinical implications of this study should include the evaluation of the addi-
tive effects of cytokine-based therapy on chemotherapy response and survival in PDAC
patients. Studies with mouse models have already shown promising results of treat-
ment with anakinra, an FDA-approved human IL-1RA protein drug used for rheumatoid
arthritis. Anakinra inhibits IL-1 and by that the NF-kB pathway, reducing proliferation,
migration, and invasion of PDAC cells, and IL-1 neutralization sensitizes cancer cells for
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immunotherapy and chemotherapy.®®* At this moment, two clinical trials are investi-
gating the benefit of anakinra in addition to FOLFIRINOX (ClinicalTrials.gov identifier:
NCT02021422) or gemcitabine chemotherapy (NCT02550327) in PDAC patients. Restor-
ing the imbalance of tumor-promoting and tumor-suppressing components of the
immune system might be the future of PDAC treatment.

CONCLUSION

Circulating IL-1RA cytokine concentrations predict FOLFIRINOX response and IL-18, IL-7,
and MIP-1( are prognostic factors for OS in PDAC patients. This indicates that activation
and changes in the systemic immune response play an important role in chemotherapy
response and PDAC progression. Cytokine-based treatment might improve patient
outcome and should be evaluated in future studies.
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SUPPLEMENTARY FILES

Supplementary Table 1. Technical details of the used immunoassays.

Cytokine/chemokine Immunoassay Company Amount of Dilution
serum used
Eotaxin, GM-CSF, GRO-a, IFN-a,  Luminex ProcartaPlex Invitrogen 12.5puL 1:2

IFN-y, IL-10, IL-1B, IL-1RA, IL-2, Cytokine & Chemokine
IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, Convenience 34-Plex
IL-12p70, IL-13, IL-15, IL-17A, IL- Human Panel 1A

18, 1L-21, 1L-22, IL-23, IL-27, IL-31,

IP-10, MCP-1, MIP-1a, MIP-18,

RANTES, SDF-1a, TNF-a, TNF-3

IL-1B, IL-2 Luminex Performance R&D systems 25 puL 1:2
Human High Sensitivity
Cytokine Magnetic Panel B

IL-1RA Luminex Performance R&D systems 17.5uL 1:2
Human XL Cytokine
Discovery Magnetic Panel

IL-18 Luminex Human Magnetic R&D systems 25 uL 1:2
Assay

sIL-2R ELISA Diaclone 20 pL 1:5

GM-CSF = granulocyte-macrophage colony-stimulating factor, GRO = growth-regulated oncogene, IFN = interferon, IL =
interleukin, IL-1RA = interleukin-1 receptor antagonist, IP = interferon y-induced protein, MCP = monocyte chemoattrac-
tant protein, MIP = macrophage inflammatory protein, RANTES = regulated upon activation, normal T cell expressed and
secreted, SDF = stromal cell-derived factor, sIL2R = soluble interleukin-2 receptor, TNF = tumor necrosis factor.
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Supplementary Table 2. Flow cytometry markers used for immunophenotyping of whole blood.

Cytokines for FOLFIRINOX response

Markers

Granulocytes

Eosinophils

CD45* SSC
cD15*
CD16°

Mature neutrophils

CDA45* SSC
CD15""
cD16""

Immature neutrophils

CD45" SSC
CD15*
cD16"

Monocytes

Classical monocytes

CD45" SSC
CD14"
CD16°

Intermediate monocytes

CD45" SSC
CD14*
cD16"

Non-classical monocytes

CD45" SSC
D14
CcD16"

Dendritic cells

CD45" SSC
D14
cD16
cD11c”

Myeloid-derived suppressor cells (MDSCs)

CD45+ SSC
CD14+
CD16-
CD11b+
HLA-DR low

Lymphocytes

B cells

CD45" SSC
CD3”
cD19*

NK cells

CD45* SSC
CD3
CD56*
CD16""

Tcells

CD45* SSC
CcD3*

a3 T cells

CD45" SSC
CD3*
TCRaB*
CD4%/CD8*

yS T cells

CD45* SSC
cD3*
TCRyS"

CD = cluster of differentiation, NK = natural killer, SSC = side scatter.
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General summary,
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and future perspectives






Summary and discussion
GENERAL SUMMARY

Personalized medicine is a treatment modality in which the choice for treatment, drug
type and dosage, and other medical interventions are selected based on the specific
needs of an individual patient. Treatment response, and especially drug response, shows
large inter-patient variability.' The response to drugs relies on three components: the
drug responsiveness of tissues, the drug concentration at the site of interest, and dis-
ease- or tumor-specific characteristics.” Drug response is for the most part determined
by genetics of the patient, and the genetics of the tumor in patients with malignant
disease, which is called pharmacogenomics.' Traditional chemotherapy schedules in-
clude non-specific cytotoxic drugs, damaging both cancer cells as well as normal cells.?
The response to treatment and chemotherapy-induced toxicity is quite unpredictable.
However, with the discovery of drug response biomarkers, including genetic, epigen-
etic, and immunologic markers, a more targeted approach of cancer treatment might
become possible?

For patients with advanced pancreatic ductal adenocarcinoma (PDAC), FOLFIRINOX
chemotherapy is the current standard-of-care.** However, not all patients benefit from
this treatment; some might show early tumor progression already during treatment*®
while experiencing severe FOLFIRINOX-induced side effects.”” Patient stratification for
chemotherapeutic treatment of patients with PDAC is unfortunately not yet possible.
Therefore, the aim of this thesis was to investigate genetic and immunologic biomarkers
that can predict early tumor progression during FOLFIRINOX to identify these patients
before the start or in an early phase of chemotherapy.

We first describe in this thesis the clinical outcome of patients treated with FOLFIRINOX
(Part1). Studies investigating the (survival) benefit in patients treated with new chemo-
therapy regimens, including studies on FOLFIRINOX, are usually performed in selected
patient cohorts. The benefit of treatment might be overestimated due to exclusion of
patients with poor prognosis. Next to that, large patient cohorts are not necessarily
comparable to patients in daily practice in our own hospital. In Chapter 2, therefore, we
investigated the response rates and survival benefit of FOLFIRINOX in unselected, real-
world patient cohorts in a multicenter, retrospective study. We found that the response
rate was rather low (14-18%) in patients with PDAC treated with FOLFIRINOX, compa-
rable to the existing literature.*>® However, in most patients the disease stabilized with
this treatment. Especially in patients with locally advanced pancreatic cancer (LAPC), the
outcome was acceptable; more than 77% of patients showed disease control during and
immediately after FOLFIRINOX. In Chapter 3, the quality of life of LAPC patients after
FOLFIRINOX was evaluated. Because of the toxicity-profile of FOLFIRINOX,*’ physicians
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and patients are often anxious and holding back to start treatment, but its long-term
impact is not clear. In the cohort that we evaluated, quality of life was excellent after
FOLFIRINOX. LAPC patients reported high global health scores, high scores for function-
ing scales, such as cognitive and emotional functioning, and almost no disease-related
symptoms (e.g. pain, diarrhea, appetite loss). Overall FOLFIRINOX outcome was better
than we expected.

In Part Il of this thesis, we first gave an overview of currently known predictive bio-
markers for chemotherapy response in PDAC patients (Chapter 4). Although several
promising candidate markers have been evaluated for FOLFIRINOX and gemcitabine
response prediction, no circulating biomarkers have been properly validated or are cur-
rently being used in clinical practice. This shows again the need for large, prospective
biomarker studies. In Chapter 5, we described the results of next-generation sequenc-
ing of circulating DNA in patients with PDAC. With this technique, genetic mutations in
DNA originating from tumor cells (ctDNA) can be detected in blood plasma. Patients
with larger and more aggressive tumors, with more tumor-burden, have a larger amount
of ctDNA in their circulation.” ' We hypothesized that the amount of ctDNA might
also be higher in patients that do not respond to FOLFIRINOX treatment. Next to that,
specific ctDNA mutations might be associated with poor outcome, comparable to DNA
mutations detected in tissue.'™ The results of our study show that the combination
of a TP53 ctDNA mutation with a homozygous TP53 Pro72Arg germline variant is a
predictive marker for early tumor progression during FOLFIRINOX and this combination
is associated with poor OS. In the total cohort of 48 patients, five had this circulating
combination marker and all five of these patients showed early disease progression
during FOLFIRINOX.

We continued our search for predictive biomarkers for FOLFIRINOX response in Chapter
6 with circulating microRNAs (miRNAs), important regulators of gene expression and cell
pathways.""” We found that patients with progressive disease showed higher expres-
sion of serum miR-373-3p in samples before start of FOLFIRINOX, and lower expression
of serum miR-194-5p in samples after one cycle of FOLFIRINOX, compared to patients
with disease control. These miRNAs were not associated with overall survival. Because a

1819 we further in-

large proportion of miRNAs originate from (circulating) immune cells,
vestigated the role of miRNAs in Chapter 7. In this chapter we aimed to identify miRNAs
associated with systemic inflammation markers, such as the neutrophil-to-lymphocyte
ratio (NLR) and systemic immune-inflammation index (Sll). Systemic inflammation mark-
ers are poor prognostic factors in PDAC patients,”®>' however the underlying mecha-
nism is still unclear. miRNAs might illuminate how alterations in the immune system

influence patient outcome. In patients with resectable PDAC, circulating miR-338-3p
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and miR-199b-5p concentrations were correlated to the absolute neutrophil count in
the peripheral blood. An association with survival could not be confirmed in this small
cohort, but future research including miRNAs could elucidate new therapeutic targets,
for example by targeting immune alterations, to improve patient outcome.

Part Il of this thesis began with an overview of circulating immunologic biomarkers as-
sociated with PDAC prognosis (Chapter 8). In patients with PDAC, multiple components
of the immune system in the peripheral blood have been found to be of prognostic
significance. However, the function of immune cells, cytokines, and other immune
components is often ambiguous and can act either as tumor-suppressors as well as
tumor-promotors, depending on many environmental factors. For this reason, research
involving immune markers is difficult, but the immune system is probably one of the key
players in cancer progression and treatment response and therefore it isimportant to in-
vestigate immunologic biomarkers in further studies to identify new therapeutic targets
for immune therapy. Immune-related gene expression is one of multiple methods to
monitor changes in the immune system. However, measuring gene expression profiles
in peripheral blood samples is complicated because of the relative instability and low
quality of circulating RNA. In Chapter 9, we aimed to determine the best source of RNA
for immune-related gene expression research: RNA from stabilized whole blood or RNA
isolated from peripheral blood mononuclear cells (PBMCs), which is a pure pellet of iso-
lated immune cells. Apparently, despite dilution of the blood by the stabilizing reagent,
stabilized whole blood enables more comprehensive measurement of gene expression
profiles compared to PBMC RNA. An RNA stabilizing reagent preserves gene activity and
enables detection of a higher number of immune-related genes. It also ensures that RNA
from all sources is preserved, including RNA from all blood components and secreted
RNA that is washed away when purifying PBMCs. If both sample types are available, we
would recommend using stabilized whole blood for immune gene expression analyses
in future studies.

Next to gene expression from immune-related genes, immunologic research should
also include other immune biomarkers. The number of immune cells is of course very
important, because it tells us something about the level of activation of the immune
system. However, immune cells interact with each other and influence each other’s
function by their signaling molecules: cytokines.””** Cytokines are mainly produced by
immune cells, but also normal epithelial cells, stromal cells, fibroblasts, and cancer cells
can produce both pro-inflammatory and anti-inflammatory cytokines.* Cytokines can
polarize immune cells and might act as tumor-promoting factors or tumor-suppressive
factors under different circumstances. Prognosis of patients with PDAC has previously
been linked to cytokine levels. > Next to prognostic value of circulating cytokines,
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we showed in Chapter 10 that circulating cytokine levels can also predict treatment
outcome. High circulating interleukin-1 receptor antagonist (IL-1RA) is associated with
lower risk of early tumor progression during FOLFIRINOX. This cytokine is an important
regulator of the NF-kB pathway. In cancer environments, the NF-kB signaling pathway is
continuously activated, resulting in constant production of large amounts of pro-inflam-
matory cytokines, including IL-1, IL-2, IL-18, and VEGF. IL-1RA is the natural antagonist of
IL-1 and reduces the cancer-promoting effects of IL-1 and other negative effects of the
NF-kB pathway on the hallmarks of cancer.’®?' The effect of IL-1RA treatment should be
studied in future clinical trials.

DISCUSSION AND FUTURE PERSPECTIVES

The research in this thesis shows that there are many promising biomarkers in PDAC
management to be further explored. Biomarkers are not only useful tools to select pa-
tients for available treatment options, but prognostic and predictive biomarkers could
also be an important starting point for the development of new therapies. However,
despite the increasing research interest and rapid evolvement in this area, PDAC bio-
markers are still far from clinical implementation.

Combination of biomarkers

The development and progression of cancer, including PDAC, is always the result of a
combination of genetic changes and the loss of normal cellular regulatory processes,
including immunologic responses.®

Cancer usually originates from one or multiple genetic mutations, leading to uncon-
trolled cell growth. Though, the fact that different genetic mutations can lead to the
same type of cancer and, at the same time, tumors with similar genetic alterations devel-
op and progress completely different, strongly suggests that other genetic, epigenetic,
and immunologic factors play an important role too. It is plausible that different genetic
mutations all need different escape mechanisms to successfully induce malignant trans-
formation. Therefore, it is unlikely that one perfect biomarker can predict treatment
response or prognosis in patients with PDAC. Instead, it is very important to investigate
the value of the combination of biomarkers. The results of this thesis illuminate some
biomarker combinations that should be further investigated and validated. Interest-
ingly, we found multiple biomarkers involved in the same pathways and cell processes.

We showed with our ctDNA analyses that the combination of a TP53 ctDNA mutation
and a homozygous TP53 germline variant is a better predictor of early tumor progression
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during FOLFIRINOX and a better prognostic marker for overall survival than a TP53 tumor
mutation on its own. The hypothesis is that a slightly different folding of the P53 protein,
induced by this common TP53 germline variant, increases the aggressiveness and meta-
static potential of TP53 mutated tumors. This common single nucleotide polymorphism
(SNP) does not seem harmless anymore. Maybe more SNPs can be identified to be
involved in PDAC progression; SNPs we thought to be ‘benign’ For the interpretation of
clinical trials it is very important to know that genotypes might influence the response
to treatment. However, genotypes and SNP frequencies might be ethnicity-specific and
results from biomarker studies across the world might not directly be applicable to your
own patient cohort. It would be interesting to combine mutational analyses from tissue
and peripheral blood with SNP analyses in future biomarker studies.

Malignant properties of genetic mutations might also depend on changes in miRNA

expression. Because miRNAs are important regulators of gene expression,’ '®

they
might also influence expression of mutation-induced oncogenic genes, such as KRAS
and TP53. Earlier studies have shown that miR-373, in our cohort associated with early
tumor progression during FOLFIRINOX, can bypass the wild-type TP53 tumor suppress-
ing response in patients with oncogenic RAS-induced tumorigenesis.**** Instead of
analyzing treatment response, progression, or survival in patient subgroups based on
disease stage, it would perhaps make more sense to group patients based on the muta-
tional status of their tumors. For most of the patients included in our biomarker cohorts,
tumor mutational status was unknown, because tumor mutation sequencing is not part
of the diagnostic routine. For future PDAC biomarker studies, it is crucial to analyze and

combine multiple candidate-biomarkers, including at least tumor mutational status.

Study design

Since we believe that treatment response and disease development and progression
depend on multiple (patient-specific) factors, including tumor environment factors, it is
necessary that research is performed on patient samples. Although these samples are
sometimes hard to obtain and show a large variability in clinical and biological char-
acteristics, it is the only way to investigate the connection and interaction of different
genetic or immunologic components. Research involving cell lines does not allow for
that, since there is no tumor microenvironment.> Also mouse models are not usable to
look for new biomarkers to be used in the treatment of PDAC patients. Malignant tumors
from mouse models are affected by tumor microenvironment, but this is different from
the human situation.*®

The ideal study design for biomarker research would be to incorporate this as a side
study in clinical trials. Including blood draws or tissue sampling as part of the study
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protocol provides valuable patient samples that can be used to monitor treatment effect
and for identification and validation of biomarkers. Next to that, with obtaining samples
from patients included in randomized clinical trials, a control cohort will be available for
biomarker analyses. To make sure that a biomarker is really predictive for response to
treatment, you should prove that this effect is treatment-specific. Otherwise, this bio-

marker acts only as a prognostic tool.””

Unfortunately, a control cohort was not available
when conducting the research described in this thesis. For that reason, we could only
investigate biomarkers for their value to predict early tumor progression during treat-
ment. We were not able to tell whether patients with early tumor progression had ag-
gressive tumors, resulting in early progression, or whether these tumors are resistant to
FOLFIRINOX specifically. When validating our results in a new, larger patient population,
we would include a control cohort of patients treated with a different chemotherapy

regimen, such as gemcitabine with nab-paclitaxel.

Collaborations

For successful research on biomarkers and the validation and clinical implementation of
those, a large number of patient samples in combination with a complete set of clinical
data of the included patients is required. To make this work, it is essential to collabo-
rate with other research groups. In the Netherlands, we have a national collaboration
program, the Dutch Pancreatic Cancer Group (DPCG), to establish and coordinate PDAC
treatment standards and guidelines, new clinical trials, and clinical data registry. The
DPCG would be the ideal platform to standardize patient sample collection in addition
to clinical trials. Though, the exchange of previously collected patient material would of
course also be of great value and could help increase sample sizes in new and ongoing
biomarker studies.

Next to collaboration between research groups, collaboration between clinicians and
researchers might be of paramount importance. Too often, communication between
these two is lacking; clinicians identify urgent clinical research questions, but do not
have the biomedical expertise to execute laboratory experiments, while basic research-
ers are unaware of the needs in the clinic. Better coordination between the clinic and the
lab would improve the quality of the research and fasten the implementation of found
results.

CONCLUSION

In summary, predictive biomarkers are urgently needed to stratify patients for avail-
able treatments and to identify new targets for personalized medicine. Although we
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discovered multiple promising candidate-biomarkers for FOLFIRINOX response in PDAC
patients, the results need to be thoroughly validated in larger, independent patient
cohorts, including control patients, to establish chemotherapy-specific treatment
response. Future research should focus on biomarker combinations, rather than explora-
tion of individual genetic, epigenetic, or immunologic features since they all cohere.
The collaboration between clinicians and basic researchers is of great importance to
establish new biomarker studies.
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ACHTERGROND

Met “personalized medicine’, of gepersonaliseerde geneeskunde, wordt getracht een
behandelschema op te stellen dat specifiek gericht is op een individuele patiént. Im-
mers reageert niet elke patiént op dezelfde manier op behandeling, met name als het
gaat om geneesmiddelen. Hoe een patiént precies reageert op medicatie is van verschil-
lende factoren afhankelijk. Onder andere (epi)genetische factoren van de patiént zelf
en specifieke genetische mutaties van de tumor die wordt behandeld, hebben invioed
op het resultaat van behandeling. Biomarkers zijn meetbare parameters in het bloed of
tumorweefsel die informatie kunnen geven hoe een ziekte, bijvoorbeeld alvleesklier-
kanker, zich ontwikkelt of reageert op de behandeling. Deze biomarkers kunnen ons in
de toekomst helpen om behandelstrategieén te personaliseren.

Patiénten met alvleesklierkanker worden vaak pas gediagnosticeerd als de ziekte in een
vergevorderd stadium is. De primaire tumor is dan te ver doorgegroeid in met name om-
liggende bloedvaten, of is al naar andere organen uitgezaaid. In deze gevallen worden
patiénten meestal behandeld met chemotherapie om hun leven te verlengen, terwijl
dit niet tot genezing leidt. Op dit moment is FOLFIRINOX de standaardbehandeling bij
gevorderde alvleesklierkanker, omdat het de meeste overlevingswinst geeft. Echter, niet
alle patiénten reageren op deze behandeling; de tumor blijft soms ongecontroleerd
doorgroeien. Tegelijkertijd ondervinden veel mensen ernstige bijwerkingen van FOLFI-
RINOX, wat nadelige effecten heeft op de kwaliteit van leven in hun laatste levensfase.

Het doel van het onderzoek in dit proefschrift is gericht op het vinden van biomarkers
in het bloed die kunnen voorspellen welke patiénten reageren op FOLFIRINOX-behan-
deling. Met een dergelijke biomarker kan voorkomen worden dat mensen die geen
baat zullen gaan hebben bij chemotherapie wel ernstige bijwerkingen hiervan krijgen.
Tevens maakt een biomarker het mogelijk om patiénten te identificeren die beter een
andere behandeling kunnen ondergaan.

SAMENVATTING

Dit proefschrift is opgebouwd uit drie delen. In deel I hebben we eerst onderzocht hoe
groot daadwerkelijk het probleem is met betrekking tot de respons op FOLFIRINOX-be-
handeling. In hoofdstuk 2 hebben we laten zien dat weliswaar bij weinig patiénten de
tumor kleiner wordt door FOLFIRINOX chemotherapie, maar dat bij de meeste patiénten
wel stabiele ziekte wordt bereikt en de tumor niet verder groeit. Bij een agressieve tumor
zoals alvleesklierkanker is dat hoopgevend en zorgt het waarschijnlijk voor verlenging
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van de levensduur. Daarnaast is het heel belangrijk om deze data te gebruiken bij het
optimaal informeren van patiénten. Verwachte uitkomsten van FOLFIRINOX zijn voorals-
nog bijna altijd gebaseerd op resultaten van klinische studies waarbij alleen patiénten
met een relatief goede gezondheid mee mogen doen.

In hoofdstuk 3 hebben we de kwaliteit van leven beschreven van patiénten met al-
vleesklierkanker na FOLFIRINOX-behandeling. Aangezien FOLFIRINOX veel bijwerkingen
kan hebben, zijn behandelend artsen en patiénten soms huiverig om te beginnen met
behandeling uit angst dat dit mogelijk wel levensverlenging geeft, maar teveel impact
op kwaliteit van leven heeft. Echter, patiénten met gevorderde alvleesklierkanker gaven
aan dat zij hun kwaliteit van leven heel goed vinden na het afronden van FOLFIRINOX.
Ze hadden weinig bijwerkingen van de chemotherapie en de ziekte zelf, waren goed
in staat voor zichzelf te zorgen en hadden vrijwel geen slaapproblemen of pijn. Deze
uitkomsten van kwaliteit van leven waren beter dan verwacht.

In deel Il van dit proefschrift verdiepten we ons in genetische biomarkers die FOLFIRI-
NOX-respons kunnen voorspellen. Alhoewel er reeds meerdere kandidaat-biomarkers
zijn ontdekt, is er nog geen enkele ook direct bruikbaar in de praktijk (hoofdstuk 4). Om
deze reden zijn er grote, prospectieve studies nodig om biomarkers te ontdekken én te
valideren voor toekomstig gebruik.

Eén van de typen biomarkers die wij hebben onderzocht, is circulerend tumor DNA
(ctDNA). Met deze techniek kunnen DNA-mutaties van de tumor in het bloed worden
gedetecteerd. Uit eerder onderzoek is gebleken dat het kunnen detecteren van DNA-
mutaties geassocieerd is met een slechte prognose. Grotere, agressievere tumoren
geven meer DNA af aan de bloedbaan. Wij onderzochten daarom de hypothese dat
patiénten die niet reageren op FOLFIRINOX, de non-responders, ook meer ctDNA in
hun bloed hebben of specifieke ctDNA mutaties die een tumor ongevoelig maken voor
chemotherapie in hoofdstuk 5. In ons patiéntencohort bleek dat patiénten met een
combinatie van mutaties in het TP53 gen nooit reageerden op FOLFIRINOX en waarbij
de tumor dus heel snel progressief groeide. Mocht deze bevinding gevalideerd worden
in een toekomstig, groter cohort van patiénten, dan kan deze marker gebruikt kunnen
worden om non-responders voor start van FOLFIRINOX te identificeren. Op die manier
kunnen zij een andere behandeling krijgen waar ze wellicht wel baat bij hebben.

Met hetzelfde doel hebben we ook microRNAs onderzocht (hoofdstuk 6). MicroRNAs
zijn korte strengen RNA die genexpressie en cel processen reguleren. We hebben
verschillen gevonden tussen patiénten die reageerden op FOLFIRINOX-therapie en pati-
enten die al progressie vertoonden tijdens behandeling: progressieve patiénten hadden
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relatieve overexpressie van circulerend miR-373-3p en onderexpressie van circulerend
miR-194-5p. Ook deze factoren zouden dus in de toekomst gebruikt kunnen worden
voor het selecteren van patiénten voor FOLFIRINOX.

Aangezien veel microRNAs in het bloed afkomstig zijn van immuuncellen, hebben
we in hoofdstuk 7 onderzocht op welke manier we microRNA-expressie kunnen kop-
pelen aan systemische inflammatie in patiénten met pancreascarcinoom. Systemische
inflammatie, zich uitend in verhoogde ontstekingswaarden en —cellen in het bloed, is
geassocieerd met een slechte prognose. Wij hebben laten zien dat een verhoogd aantal
neutrofielen gepaard gaat met een verhoogde expressie van circulerend miR-338-3p en
miR-199b-5p. MicroRNAs lijken dus een rol te spelen in chronische ontsteking bij kanker
en progressie van ziekte.

Deel Il beschrijft circulerende immunologische biomarkers: markers afkomstig van
het afweersysteem. Daarin (hoofdstuk 8) bespreken we eerst welke immunologische
markers al bekend zijn in patiénten met alvleesklierkanker. Deze markers zijn weliswaar
geassocieerd met de prognose van patiénten, maar er is nog weinig bekend over de
predictieve waarde van dergelijke markers voor de respons op therapie. Bij onderzoek
naar immunologische biomarkers kunnen verschillende aspecten worden onderzocht.
Bijvoorbeeld immuuncellen, hun signaalmoleculen cytokines, of immuunsysteem-ge-
associeerde genexpressie kunnen allemaal invloed hebben op de respons op therapie.

Om onderzoek te kunnen doen naar genexpressie van immuuncellen of immuun-
geassocieerde genen is het belangrijk om te weten welk materiaal het beste resultaat
geeft. Hiervoor hebben we in hoofdstuk 9 een vergelijking gemaakt tussen RNA
geisoleerd uit enkel immuuncellen (PBMCs) en RNA geisoleerd uit volbloed. PBMCs
hebben als voordeel dat het RNA wat hieruit geisoleerd wordt niet gemengd is met RNA
van overige cellen, zoals rode bloedcellen. Echter, RNA is zeer instabiel en is mogelijk
al in kwaliteit gedaald op het moment van analyse. Volbloed dat gestabiliseerd wordt
met een RNA stabilisator bevat dan weliswaar meer dan alleen immuuncellen, maar de
kwaliteit van het RNA blijft waarschijnlijk intact. Dit is precies wat onze resultaten lieten
zien: als RNA uit gestabiliseerd volbloed wordt geanalyseerd, krijgt men veel betere
én uitgebreidere resultaten vergeleken met RNA uit PBMCs. Wij bevelen daarom ook
gestabiliseerd volbloed aan om te gebruiken in toekomstig onderzoek waarbij immu-
nologische genexpressie wordt onderzocht.

Eén van de typen immunologische biomarkers die wij hebben onderzocht, is cytokines.
Dit zijn signaalmoleculen die onder andere immuuncellen uitscheiden om met elkaar te
communiceren en zo te activeren of te inhiberen. In hoofdstuk 10 hebben we beschre-
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ven hoe circulerende levels van cytokines ook therapie-uitkomsten kunnen voorspellen.
Grote hoeveelheden van interleukine-1 receptor antagonist (IL-1RA) beschermen tegen
vroege ziekteprogressie tijdens FOLFIRINOX chemotherapie. Deze cytokine reguleert
het NF-kB proces. In patiénten met kanker is dit proces continu gestimuleerd waardoor
er heel veel andere, inflammatoire cytokines worden geproduceerd. Dit leidt tot een
staat van chronische inflammatie waarin kankercellen zich optimaal voelen en daardoor
makkelijk groeien en uitzaaien. IL-1RA kan deels dit proces afremmen en daarmee ook
de negatieve effecten ervan.

In conclusie hebben we dus meerdere veelbelovende biomarkers gevonden die mo-
gelijk de respons op chemotherapie kunnen voorspellen. Om deze biomarkers ook in
de praktijk te kunnen gebruiken is echter meer onderzoek nodig ter validatie van deze
resultaten.
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