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Abstract

Despite its increased application in pancreatic ductal adenocarcinoma (PDAC), complete response
to neoadjuvant therapy (NAT) is rare. Given the critical role of host immunity in regulating cancer,
we sought to correlate baseline inflammatory profiles to significant response to NAT. PDAC
patients receiving NAT were classified as responders (R) or non-responders (NR) by CA19-9
response, pathological tumor size, and lymph node status in the resected specimen. Baseline
(treatment-naive) plasma was analyzed to determine levels of 27 inflammatory mediators. Logistic
regression was used to correlate individual mediators with response. Network Analysis (NA) and
Pearson correlation maps were derived to determine baseline inflammatory mediator profiles. 40
patients (20R and 20NR) met study criteria. The R showed significantly higher OS (59.4 vs 21.25
months, p=0.002) and DFS (50.97 vs. 10.60 months, p=0.005), compared to NR. sIL-2Ra. was a
significant predictor of no response to NAT (p=0.045). Analysis of inflammatory profiles using the
Pearson heat map analysis followed by network analysis depicted increased inflammatory network
complexity in NR compared to R (1.69 vs 1), signifying a more robust baseline inflammatory
status of NR. A panel of inflammatory mediators identified by logistic regression and Fischer
score analysis was used to create a potential decision tree to predict NAT response. We
demonstrate that baseline inflammatory profiles are associated with response to NAT in PDAC,
and that an upregulated inflammatory status is associated with a poor response to NAT. Further
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analysis into the role of inflammatory mediators as predictors of chemotherapy response is
warranted.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy with a dismal
prognosis. Despite surgical resection, recurrence is nearly universal with a 5-year survival
rate under 10%.[1] Since even grossly localized disease maybe associated with micro-
metastasis at diagnosis, an increasing number of patients receive neoadjuvant therapy (NAT).
NAT may lead to tumor downstaging, higher rates of margin-negative resection (R0),
sterilization of regional lymph node basins and enables treatment of occult systemic disease.

[2]

Despite its increased use, several metanalyses have failed to demonstrate a survival benefit
to NAT.[3] While a complete response or near-complete response to NAT is associated with
improved survival, it is only observed in under 20% of patients treated.[4] Surrogates for
chemo-response during NAT include CA19-9 reduction, tumor size reduction, RO resection,
NO disease, pathologic complete or near-complete tumor response and circulating nucleic
acid reduction.[3,5,6]. These surrogates are temporally dependent and lack the ability to
predict response at diagnosis, prior to initiation of treatment. The identification of chemo-
responsive patients “a priori’ therefore remains a challenge, and biomarkers of response are
desperately needed to help guide precision-based treatment.

Inflammation has been implicated in the pathogenesis, progression, and metastasis of most
adult malignancies, including PDAC.[7,8] PDAC induces a highly robust local and systemic
inflammatory response.[9,10] The tumor microenvironment (TME) displays proliferation of
pancreatic stellate cells (PSC) and fibroblasts, and infiltration of myeloid-derived suppressor
cells (MDSCs) and tumor-associated macrophages (TAMSs).[11] These innate inflammatory
cells suppress the activation of effector lymphocytes, inhibit tumor specific
immunosurveillance and promote tumor growth and metastasis.[12] In addition, only limited
numbers of dendritic cells (DCs) are found in the TME.[13] The peritumoral desmoplastic
reaction impedes angiogenesis, reducing chemotherapeutic drug delivery to the tumor,
leading to chemo-resistance.[14] Thus, inflammatory mediators are suggested targets to
improve chemosensitivity and response to therapy in PDAC. [15,16]

The role of inflammatory mediators as predictors of response to NAT in PDAC has not been
established. Our aim was to corelate the baseline inflammatory profiles of patients with
PDAC with significant response to NAT. We hypothesized that a panel of baseline
inflammatory mediators may predict response to NAT in patients with PDAC, prior to
initiation of treatment.
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MATERIALS AND METHODS

Study design and patient selection

This study was an IRB-approved retrospective analysis of PDAC patients treated with NAT
followed by resection between 2010 and 2019 at the University of Pittsburgh Medical Center
(UPMC), a high volume pancreatic surgery center. Patients included in the study were: 1-
biopsy-proven PDACs treated with NAT followed by surgical resection, 2- classified as
responders (R) or non-responders (NR) to NAT by tumor marker and histopathologic
response to NAT, and 3- had available baseline (treatment-naive) plasma for inflammatory
mediator analysis from the PAGER (Pancreatic Adenocarcinoma Gene Environment Risk)
bio-specimen bank maintained at UPMC.

Responders (R) were defined as having CA19-9 reduction following NAT and either
complete pathological response in the resected specimen (evidenced by absence of viable
tumor) ornear-complete pathological response (evidenced by tumor (T) size <1 cm and NO
disease). Non responders (NR) were defined by no CA19-9 reduction during NAT and all of
the following pathological criteria in the resected specimen: T size >1 cm and positive
lymph node disease (N+). All non-responders also showed no pathological treatment
response by the College of American pathologists (CAP) or Evans grading system, as per
the pathologist’s report. [17,18]. Patients not fulfilling the inclusion criteria of either group
were excluded to minimize patient-to-patient variability in a more diverse cohort.

Patients who failed to reach surgical resection after NAT, were not considered for this
analysis, as pathology was used for defining the two groups, which would not be available
for patients who could not undergo resection.

Data collection and definitions

Baseline variables collected from the electronic medical record (EMR) at the time of
diagnosis included demographics and blood chemistry values (including the systemic
inflammatory index (SII: [absolute neutrophils/absolute lymphocytes]x platelets) [19] and
CA19-9 levels). Resected specimen data included: tumor size (T-stage), grade, lymph node
(LN) involvement, LN ratio (LNR), presence of lympho-vascular (LV1), and perineural
invasion (PNI). Overall survival (OS) was calculated from the date of surgery to the date of
death. Disease-free survival (DFS) was calculated from the date of surgery to the date of
recurrence or death. In both, survival times for patients who did not experience the event
were measured from the date of surgery to the date of last follow-up (right-censored).

Plasma storage and analysis

Whole blood samples were collected in EDTA tubes at the time of diagnosis and transported
at 4°C prior to plasma centrifugation isolation (include 1000 RCF x 10 minutes) and
freezing at —80°C. Plasma samples were analyzed using Luminex " for 26 cytokines and
chemokines (Eotaxin, GM-CSF, IFNa2, IFN+y, IL-10, IL-12p40, IL-12p70, IL-13, IL-15,
IL-17A, IL-1RA, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IP-10, MCP-1, MIP-1a, MIP-1p,
TNFa, sIL-2Ra, MIG and IL-18) and ELISA (for HMGB1). The Luminex™ MAGPIX
analyzer, using Xponent software (Luminex, Austin, TX) and Human Cytokine/Chemokine
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MILLIPLEX™ Panel kits HCY TOMAG-60K-23, HCYP3MAG-63K-01 (MIG), and
HSCRMAG-32K-01 (sIL-2Ra), (Millipore Corporation, Billerica, MA) were used to
measure all inflammatory mediators, except HMGB1, which was measured with the
TECAN ELISA Kkit, catalog # ST51011 (Morrisville, NC 27560), using Molecular Devices,
SpectraMax 190 spectrophotometer (San Jose CA, 95134). The Luminex ' and HMGBI1 kits
were used according to their manufacturer’s instructions.

Statistical analysis

All data were de-identified prior to analysis. Exploratory analysis was performed to identify
patient and tumor characteristics associated with response to chemotherapy. Quantitative
variables were compared using the Wilcoxon rank-sum test and categorical variables were
compared using the likelihood ratio chi-square test. Statistical analysis was performed using
Stata SE 16.0 (StataCorp, Texas, USA); p-values <0.05 were considered significant.

Three separate analyses were performed to interrogate the association between baseline
cytokine profile and response to NAT. First, logistic regression and multivariate analysis
identified the association of individual mediators with response. Based on standard statistical
practices and analysis of moderate number of cytokines in a small cohort of patients, p-value
less than 0.05 was considered significant. Second, Fisher score analysis was performed to
select mediators which could differentiate between R and NR patients, according to their
score under the Fisher criterion.[20] Third, Pearson correlation heatmaps and Network
Analysis (NA) were used to differentiate between baseline inflammatory profiles of Rs and
NRs.[21,22] For each group, Pearson correlation maps depict a holistic view of interactions
among the inflammatory mediators, while NA depicts the connections among the
inflammatory mediators at a particular stringency (strength of interaction). The networks
were drawn at 0.95 stringency to reduce the likelihood of depicting spurious correlations in a
small sample size. Connections among the inflammatory mediators in the NA were defined
as numbers of trajectories of inflammatory markers that move in parallel (black edges
[lines]) or in anti-parallel (red edges) fashion at a particular stringency. Network complexity
was calculated using the formula [= (N1 + No + ... + N)/(n-1)], where N represents the
number of connections for each mediator and n is the total number of mediators analyzed.
[23] NA was carried out using the MATLAB® software (Natick, MA) and Pearson
correlations were calculated using the free web-based tool suite MetaboAnalyst (https://
www.metaboanalyst.ca).

Using logistic regression and Fisher score analysis, a panel of inflammatory cytokines was
identified to create a decision tree predicting response to NAT. Plasma inflammatory
mediator levels were dichotomized to identify cut-offs that differentiated NRs and Rs with
the highest accuracy. Mediators were sequentially arranged to create a decision tree that
could predict response to NAT. Due to the limited sample size, rarity of complete response to
NAT and unavailability of a similar biobank of plasma samples, a validation cohort was not
possible.
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Characteristics and outcomes of the overall cohort

A total of 40 patients met study criteria: 20 R and 20 NR. The average age was 63.2 years
and 60% were females. There were no significant differences in the demographic and
disease-related variables between the groups, including baseline CA19-9 levels, clinical
tumor size, and EUS stage at diagnosis (Table 1). All patients in the study were treated with
neoadjuvant therapy (gemcitabine (58%) or 5-Fluorouracil based (30%) chemotherapy, with
12% receiving both drug regimes and 23% receiving neoadjuvant RT). The estimated mean
OS and DFS were significantly higher in R compared to NRs (OS: 59.4 months 95% ClI:
42.77, 76.02 vs 21.25 months 95% Cl: 11.78,30.72, p=0.002) and (DFS: 50.97 months
95%Cl: 33.16, 68.78 vs. 10.60 months 95%Cl: 7.62, 13.57, p=0.005).

Predictors of response to NAT by logistic regression

Using logistic regression, several mediators displayed trends towards predicting response
including: 1L-6 [OR (Odds Ratio) = 1.157; p=0.083], sIL-2Ra (OR= 0.998; p=0.099), IL-8
(OR=0.989; p=0.106), IL-13 (OR1.031; p=0.157), IL-12p40 (OR1.005; p=0.159) and
IL-1RA (OR1.002; p=0.177) (Supplemental Table 1). On multivariate analysis, after
adjusting for NAT duration, sIL-2Ra was the only significant predictor of response to NAT
(OR=0.997, 95%CI= 0.994-1; p=0.045).

Inflammatory mediator interactions in responders and non-responders to NAT

To analyze the baseline inflammatory profiles and assess the degree of inflammatory
activation, Pearson correlation maps were derived for each group. These maps depict
positive (red) or negative (blue) correlation among individual inflammatory mediators along
with the strength of interaction. Pearson correlation maps demonstrated higher baseline
inflammatory profile in NR vs. R, as depicted by more positive correlations and higher
strength of interactions among the inflammatory mediators (Figure 1).

Network analysis (NA) was used to define coordinated inflammation programs by analyzing
the connections among inflammatory mediators in each group. Based on this analysis, NR
demonstrated higher network complexity as compared to R at all levels of stringency (Figure
2).

At 0.95 stringency, NR patients demonstrated a higher number of network connections (22
vs 13) and a higher network complexity compared to R (1.69 vs 1.00), supporting the notion
of more robust baseline inflammatory programs for NR compared to R (Figure 3).
Specifically, the NR cohort displayed a higher number of network connections for IL-1p,
IL-1RA, IL-2, IL-4, IL-5, IL-10, IL-15, IL-17A, IL-12p70, and MIP-1a (Figure 3), in
contrast to the R cohort which displayed a higher number of network connections among
IL-7, IFNy, GM-CSF, and TNFa..

A Fisher score analysis identified IL-6, 1L-12p40, IL-1RA, sIL-2Ra., and 1L-13 as the
inflammatory mediators which could differentiate between R and NR (Figure 4). Notably,
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there was significant overlap between the mediators identified using logistic regression and
the Fisher score analysis.

Decision tree analysis to predict response to NAT

Based on the Fisher score and logistic regression analyses, a panel of inflammatory
mediators was used to create a decision tree to predict response to NAT (Figure 5). The
decision tree grouped sIL-2Ra., IL-12p40, IL-6, and IL-8 in sequential order to predict
response to NAT. Using this decision tree, R were identified as patients with a low sIL-2Ra
(<718pg/ml) followed by sequential high 1L-12p40 (>178pg/ml), high IL-6 (>6.125pg/ml),
or low IL-8 (< 5.205pg/ml). This decision tree predicted response to NAT with an accuracy
of 92.5%, a sensitivity of 100%, and a specificity of 85%.

DISCUSSION

Since PDAC is a systemic disease at diagnosis, it is critical to identify patients with the
potential to respond to NAT. Inflammation plays an important role in carcinogenesis, tumor
progression, and metastasis. However, inflammatory parameters have not been used to
stratify PDAC patients based on their likely responses to NAT. In the present study,
correlation analyses of baseline inflammatory profiles demonstrated stark differences
between responders and non-responders to NAT, with higher baseline inflammatory network
complexity suggestive of an overall elevated inflammatory response in the non-responder

group.

NAT is being increasingly utilized for PDAC. Although complete or near complete response
to NAT is associated with improved survival, it remains a rare occurrence (3-6% for
complete and <20% for near complete response). [4] This may be related to the limited
availability of effective regimens, but is also a reflection of the heterogeneity of local and
systemic response to NAT. Even with the advent of more effective regimens such as
FOLFIRNOX and gemcitabine with nab-paclitaxel in recent years, predicting response to
NAT at baseline remains a challenge and biomarkers of response are needed to guide
precision-based treatment.

PDAC induces an intense inflammatory response, and higher systemic inflammatory indices
are associated with poor prognosis.[10] Additionally, inflammation may blunt the effects of
chemotherapy on PDAC. [14,16] PDAC induces local inflammation by cytokine-mediated
proliferation of PSCs and fibroblasts. This desmoplastic reaction impedes drug delivery.[11]
Thus, a panel of baseline inflammatory mediators may hold promise as predictors of
chemotherapy response.

Our study suggests the activation of multiple inflammatory pathways, and increased
correlation of inflammatory mediators including IL-1p, IL-1RA, IL-2, IL-4, IL-5, IL-15,
IL-10, IL-17A, 1L-12p70, and MIP-1a in non-responders to NAT. These observations can be
explained by the previously characterized repertoire of those mediators. IL-1f is mainly
released by tumor associated macrophages (TAMs) in the TME and plays a role in tumor
progression by endothelial cell activation, stimulation of MDSCs and TAMSs. [24] IL-1 also
activates Th-17 cells, promoting IL-17A production, which aids in tumor progression. [25]
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Both Th-17 and IL-17A induce the release of pro-inflammatory cytokines and drive the
development of MDSCs, dampening tumor-specific immunity, leading to cancer
progression. [26] Notably, inhibition of IL-17A improves survival and reduces metastasis in
PDAC.[27]

Our analyses support the well-established interaction between IL-1p and IL-1RA. IL-1RA
inhibits metastasis by inhibiting angiogenesis.[28] Although speculative, the anti-angiogenic
effect of IL-1RA might impede drug delivery to the tumor. However, chimeric, and
recombinant IL-1RA improve responses to chemotherapy.[29] In addition, blockade of the
IL-1 pathway (other than receptor blockage) can also reduce chemoresistance.[30] Whether
any differences lie between the naturally occurring IL-1RA and the recombinant antagonists
is unclear.

Non-responders also exhibited higher connections of mediators with IL-2, IL-4, and IL-15, a
group of gamma cytokines that share the common IL-2 receptor gamma chain.[31] IL-2 was
initially described as a T-cell growth factor and has now been shown to affect B-cell
differentiation.[32] High-dose IL-2 is approved to treat melanoma and renal cell carcinoma.
However, IL-2 also increases the activity of regulatory T-cells (T-regs) which inhibit the
adaptive immune response to cancer.[33] Thus, IL-2 and IL-15 activity could induce higher
regulatory T-cell activity (T-reg) and lower the activity of effector T-cells (T-eff) in non-
responders.

In contrast, responders to NAT exhibit higher connections among IL-7, IFNy, TNFa and
GM-CSF. IL-7 is a highly potent cytokine promoting CD8+ cell response, inhibiting T-reg
cell activity, and enhancing the anti-tumor function of IFN+y.[34,35] IL-7-coupled chimeric
antigen receptor T-cell (CAR-T) blunts the immunosuppressive TME and improves
outcomes in PDAC.[36] IFNy, produced by CD8* T-eff cells delays tumor progression,
promotes T-reg cell fragility, and promotes response to therapy.[37] Collectively, increased
CD8* and IFNy activity is associated with stromal modulation, which may improve drug
delivery to cancer cells.[38] TNFa is a pro-inflammatory cytokine released by TAMs. It has
a dual effect on PDACSs; lower doses promote PDGF (platelet derived growth factor)
production and fibrogenesis around tumor cells, causing tumor progression, while high
doses show cytotoxic effects on tumor cells.[39] GM-CSF on the other hand greatly
enhances the production of TNFa.. The association of GM-CSF with TNFa. in the R group
may suggest a high level of TNFa in the TME, producing a predominantly cytotoxic effect.
[40]

Most inflammatory mediators play a dual role in cancer prognosis, being dependent on other
inflammatory mediators to determine their predominant function. Thus, rather than a single
mediator, an array of inflammatory mediators forming a panel might serve as a better
predictor of response to NAT in PDAC. Based on results from logistic regression and Fisher
score analysis, we created a decision tree to predict response to NAT using sequential
analysis of four inflammatory mediators and their baseline levels: sIL-2Ra., 1L-12p40, IL-6
and IL-8. In this decision tree analysis, higher levels of sIL-2Ra. (=718 ng/ml) were a feature
of NR patients only. sIL-2Ra is a subunit of the IL-2 receptor which binds IL-2 and
enhances production of T-regs, which are responsible for tumor progression.[41] IL-12p40,
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the next sequential cytokine, was associated with response when elevated. IL-12p40 is a
subunit of two heterodimeric cytokines: IL-12 and IL-23. IL-12 inhibits various cancers,
while inhibition of I1L-23 is suggested to have dose-dependent anti-tumoral activity.[42] In
line with our results, 92% of responders had elevated IL-12p40. The next sequential
cytokine, IL-6, predicted response when elevated. Interestingly, previous studies suggest
IL-6 secretion by peri-tumoral fibroblasts and higher levels to be associated with tumor
progression and poor prognosis.[43] However, it is also suggested that IL-6 may induce T-eff
cells, inhibiting tumor progression.[44] The final cytokine analyzed, IL-8, is associated with
poor prognosis in PDAC and confers resistance to gemcitabine chemotherapy.[45]
Concordant with previous work, our decision tree depicts a higher level of IL-8 in non-
responders.

Despite these results, our study has several limitations, most important of which is the lack
of a validation cohort. The rare occurrence of complete/ near-complete response in PDAC,
coupled to a limited sample size and lack of availability of a similar biobank did not allow a
validation cohort. A prospective multi-institutional study utilizing a large array of
inflammatory mediators assessed longitudinally in the neoadjuvant setting is currently under
way to validate these findings. Additionally, in order to detect significant differences in the
inflammatory profiles between NR and R, we excluded partial responders, thus our current
findings may not be applicable to patients with a modest response to NAT. The panel of
cytokines tested was not exhaustive; it is possible that other unmeasured cytokines may be
contributing to the chemo-response effect observed. However, the panel we chose to
examine is representative of most inflammatory pathways identified. Finally, the impact of
tumor infilterating lymphocytes on response to NAT may also be warranted in future
propective study, which was not possible in th current study as the previous FNA samples
were insufficient for this analysis.

This analysis suggests that the upregulated systemic and local inflammatory response,
commonly seen with pancreatic adenocarcinoma may be associated with its poor response to
neoadjuvant therapy. Due to their complex, interdependent actions, baseline inflammatory
mediators arranged in a panel may be able to predict the response to NAT, prior to initiation
of treatment. Further insight into the role of inflammatory mediators and inflammatory cells,
in predicting and modifying chemotherapy response in pancreatic cancer is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1A and 1B:
Pearson correlation maps for responders (1A) and non-responders: (1B). An overall

depiction of the interactions and the strength of interactions between the various
inflammatory markers in the 2 groups- The non-responders show stronger interactions than
the responders.
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Figure 2:

Network complexity at different levels of stringency for responders and non-responders.
Plotting the network complexities of the two groups at various levels of stringency (strength
of interactions between cytokines) showed higher complexity in the non-responders
compared to the responders.
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Number of connections : 22

Figure 3A and 3B:
Network complexity at 0.95 stringency for responders (3A) and non-responders (3B).

Drawing up the network analysis at the 0.95 stringency (strength of interaction) depicted a
higher network complexity in the non-responders, signifying higher baseline inflammation
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Figure 4:

Fisher score analysis of cytokines depicting cytokines with the highest probability of
differentiating between non-responders and the responders to NAT
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Decision tree analysis using baseline cytokine levels to predict response to NAT.
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Table 1:
Patient demographics and treatment variables.
Variables Overall Responders Non-Responders P-value
(n=20) (n=20)
Demogr aphics
Age 63.2 (9.8) 62.2 (9.4) 64.1 (10.3) 0.48
Sex (Female) 24 (60%) 12 (60%) 12 (60%) 1.00
BMI 26.69 (6.84) 27.97 (4.98) 25.54 (8.69) 0.10
CCI Unadijusted 2.5(0.9) 2.4(0.7) 2.7 (L.1) 0.33
CCl Adjusted 43(L5) 40(L3) 47 (17) 0.19
Diabetes 11 (28%) 8 (40%) 3 (15%) 0.07
Cardiovascular Disease 19 (48%) 9 (45%) 10 (50%) 0.75
Hemoglobin 13.3(1.3) 13,5 (1.3) 13.1(1.2) 0.28
Absolute Neutrophil ** 5.1(2.4) 5.2 (1.7) 47 (3.1) 0.93
Absolute Lymphocyte - 15(09) 16(09) 15(09) 0.97
Absolute Monocytes 0.6 (0.2) 0.5(0.2) 0.7 (0.3) 0.06
Platelets ** 230 (87) 230 (70) 239 (87) 0.53
Systemic inflammatory index (1) **  619.23 (530.58) 626.22 (480.97) 574.22 (715.19) 057
Baseline CA19-9** 112 (608.3) 198 (1149) 78 (484.6) 0.64
Tumor size on CT (cm) ** 2.95 (2.0) 25(27) 3(09) 0.67
Neoadjuvant therapy
Regimen Gem-based 23 (58%) 7 (35%) 16 (80%) 0.01
5-FU based 12 (30%) 9 (45%) 3 (15%)
Both 5 (12%) 4 (20%) 1 (5%)
Radiation 9 (23%) 8 (40%) 1(5%) <0.01
Pathologic/ survival data
Tumor size 1.8 (1.6) 0.4 (0.4) 3.2(1.2) <001
Margin status 16 (40) 2 (10) 14 (70) <0.01
Lymphovascular invasion 22 (58) 4 (21) 18 (95) <0.01
Perineural invasion 22 (59) 4(21) 18 (100) <0.01
Adjuvant therapy receipt 28 (72) 14 (74) 14 (70) 0.80
Disease free survival, months *™* 31.89 (19.48-44.31) 50.97 (33.16-68.78)  10.6 (7.62-13.57) 0.005
Overall survival, months *** 41.1(28.55-53.65)  59.40 (42.77-76.02)  21.25(11.78-30.72)  0.002

Abbreviations: CCI, Charlson Comorbidity Index; BMI, Body Mass Index; CA19-9, Carbohydrate antigen 19-9; CT, computed tomography; T-

size, Tumor-size; Sll, Systemic inflammatory index; EUS, Endoscopic ultrasound; Gem, Gemcitabine; 5FU, 5 fluorouracil.

*
All values presented as Mean (SD) for continuous variables or N(%) for binary variables.

Ak
Values represented as median(IQR)

*okoA

Survival values presented are the estimated restricted mean and 95% CI.
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