
HAL Id: hal-03287305
https://hal.science/hal-03287305

Submitted on 15 Jul 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Reengineering Tumor Microenvironment with
Sequential Interleukin Delivery

Marxa L Figueiredo, Rachel Letteri, Delphine Chan-Seng, Shreya Kumar,
Cosette M Rivera-Cruz, Todd S Emrick

To cite this version:
Marxa L Figueiredo, Rachel Letteri, Delphine Chan-Seng, Shreya Kumar, Cosette M Rivera-Cruz,
et al.. Reengineering Tumor Microenvironment with Sequential Interleukin Delivery. Bioengineering,
2021, 8 (7), pp.90. �10.3390/bioengineering8070090�. �hal-03287305�

https://hal.science/hal-03287305
https://hal.archives-ouvertes.fr


bioengineering

Article

Reengineering Tumor Microenvironment with Sequential
Interleukin Delivery

Marxa L. Figueiredo 1,2,* , Rachel Letteri 3, Delphine Chan-Seng 4 , Shreya Kumar 1, Cosette M. Rivera-Cruz 1

and Todd S. Emrick 5

����������
�������

Citation: Figueiredo, M.L.; Letteri,

R.; Chan-Seng, D.; Kumar, S.;

Rivera-Cruz, C.M.; Emrick, T.S.

Reengineering Tumor

Microenvironment with Sequential

Interleukin Delivery. Bioengineering

2021, 8, 90. https://doi.org/10.3390/

bioengineering8070090

Academic Editor: Jarek Baran

Received: 5 June 2021

Accepted: 27 June 2021

Published: 30 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Basic Medical Sciences, Purdue University, 625 Harrison St., West Lafayette, IN 47907, USA;
kumar308@purdue.edu (S.K.); riveracr@purdue.edu (C.M.R.-C.)

2 Purdue Center for Cancer Research and Purdue Institute for Drug Discovery, Purdue University,
West Lafayette, IN 47907, USA

3 Department of Chemical Engineering, University of Virginia, Charlottesville, VA 22904, USA;
rl2qm@virginia.edu

4 Université de Strasbourg, CNRS, Institut Charles Sadron UPR22, F-67000 Strasbourg, France;
Delphine.Chan-Seng@ics-cnrs.unistra.fr

5 Department of Polymer Science & Engineering, University of Massachusetts, 120 Governors Drive,
Amherst, MA 01003, USA; tsemrick@mail.pse.umass.edu

* Correspondence: mlfiguei@purdue.edu; Tel.: +1-765-494-5790

Abstract: Some cytokines can reengineer anti-tumor immunity to modify the tumor micro-environment.
Interleukin-27 (IL-27) can partially reduce tumor growth in several animal models, including prostate
cancer. We hypothesized that addition of IL-18, which can induce the proliferation of several immune
effector cells through inducing IFNγ could synergize with IL-27 to enhance tumor growth control.
We describe our findings on the effects of IL-27 gene delivery on prostate cancer cells and how
sequential therapy with IL-18 enhanced the efficacy of IL-27. The combination of IL-27 followed by
IL-18 (27→18) successfully reduced cancer cell viability, with significant effects in cell culture and in
an immunocompetent mouse model. We also examined a novel chimeric cytokine, comprising an
IL-27 targeted at the C-terminus with a short peptide, LSLITRL (27pepL). This novel cytokine targets
a receptor upregulated in tumor cells (IL-6Rα) via the pepL ligand. Interestingly, when we compared
the 27→18 combination with the single 27pepL therapy, we observed a similar efficacy for both. This
efficacy was further enhanced when 27pepL was sequenced with IL-18 (27pepL→18). The observed
reduction in tumor growth and significantly enriched canonical pathways and upstream regulators,
as well as specific immune effector signatures (as determined by bioinformatics analyses in the tumor
microenvironment) supported the therapeutic design, whereby IL-27 or 27pepL can be more effective
when delivered with IL-18. This cytokine sequencing approach allows flexible incorporation of both
gene delivery and recombinant cytokines as tools to augment IL-27’s bioactivity and reengineer
efficacy against prostate tumors and may prove applicable in other therapeutic settings.

Keywords: Interleukin-27; targeted IL-27pepL; Interleukin-18; prostate cancer; immune effector
signatures; sonoporation; sequential delivery

1. Introduction

Some cytokines can reengineer anti-tumor immunity to modify the tumor microenvi-
ronment. Interleukin (IL)-27 can serve as a therapeutic agent for malignant tumors based
on its important role in immunomodulation [1] and its low toxicity profile [2]. IL-27, a
member of the IL-12 cytokine family, is composed of subunits IL-27p28 and Epstein-Barr
virus-induced gene 3 (EBI3), and signals through the IL27RA (WSX1) and IL6ST (gp130)
receptor pair. IL-27 signaling induces T-box transcription factor 21 (Tbx21) and Inter-
feron gamma (IFNγ), promoting initiation of T helper (Th)1 differentiation [3]. IL-27 also
has direct transcriptional effects on several cell types, including tumor cells [4], and is
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able to induce natural killer (NK) and cytotoxic T lymphocyte responses, while reducing
angiogenesis through CXCL9-10 upregulation [5].

In the present report, we have examined the impact of exogenous IL-27 as an immune-
modulating therapy for prostate tumors in cell culture and in vivo. We administered
IL-27, either as a recombinant cytokine in vitro or via skeletal muscle (plasmid DNA
delivery through sonoporation or sonodelivery), an in vivo administration approach we
have utilized in previous studies [6]. Although our previous work indicated that IL-27
could inhibit prostate tumor growth, one limitation was that tumors only showed ~50%
growth reduction compared to controls [7]. We hypothesized that addition of IL-18, which
can induce the proliferation of several immune effector cells through inducing IFNγ, major
histocompatibility complex (MHC) class I expression, and also by inhibiting angiogenesis,
could synergize with IL-27 to enhance tumor growth control. IL-18 belongs to the IL-
1 family of cytokines [8] and has shown promise for inhibiting the growth of prostate
adenocarcinoma by ~70% through immune potentiation (enhancing CD4, CD8, and NK
cells) [9]. To the best of our knowledge, IL-27 and IL-18 had not yet been combined or
sequenced in any in vivo tumor model prior to the present report. Limited in vitro data
showed enhanced immune effector activity when NK cells were ‘primed’ with IL-27 [10],
and had enhanced cytotoxic effect against tumor cells in culture, but the potential for
in vivo tumor reduction remained untested. IL-27 was shown to enhance IFNγ production
in a synergistic manner with IL-18 through enhancing Tbx21 expression but without
upregulating IL4, IL10, IL17, IL6, or TNF [10]. Our approach of sequentially delivering
cytokines can incorporate both gene delivery and recombinant cytokines as tools to help
augment their bioactivity and antitumor efficacy. We tested single or sequential IL-27 and
IL-18 therapies both in cells and in vivo, finding significant promise for the sequential
27→18 method for prostate tumors.

In another recent report, we discovered the promise of a new IL-27 cytokine, targeted
at the C-terminus with a short ‘peptide L’ (pepL, LSLITRL), which binds the interleukin 6
receptor α (IL-6Rα) upregulated in tumor cells [11] for reducing prostate tumor growth
(IL27pepL or 27pepL) [4,12]. We thus compared the 27→18 cytokine sequence with 27pepL
monotherapy and also with a 27pepL→18 sequence in this study. We utilized RNA
sequencing (RNAseq) to examine pathways and potential modes of action in tumors,
finding many common yet some unique pathways and immune effectors that 27pepL
might utilize alone, or in combination with IL-18, to halt tumor growth. Overall, we found
that the sequential approach (IL-27 or 27pepL-targeted) allows one to flexibly incorporate
both gene delivery and recombinant cytokines as tools to augment a cytokine’s bioactivity
and efficacy against prostate tumors.

2. Materials and Methods
2.1. Cell Culture and In Vitro Assays

Mouse TRAMP-C2-Ras cells (TC2R), are modified from the parental TRAMP-C2
prostate adenocarcinoma cells by lentiviral addition of an activated H-ras gene, and was de-
veloped and described in [13]. TC2R were maintained in DMEM:F12 (Mediatech, Manassas,
VA, USA) with 10% FBS and 1× Antibiotic-Antimycotic (1xAA, Gibco). A Cell Counting
Kit 8 (CCK8) (Dojindo) was used to assess the viability of tumor cells in 96-wells. Mouse
cytokines were used at 10 ng/mL (IL-18; Medical & Biological Laboratories) and 50 ng/mL
(IL-27; R&D Systems). For CCK8 assays, a baseline reading was performed according to
the manufacturer’s specifications at day 1 post-seeding (3 × 103 TC2R) in 96-wells, and
then at days 3 or 6 with a media switch at day 3. For Luc assays, 104 TC2R cells were
seeded in white 96-wells (Corning), and transfection performed with Lipofectamine 2000
(Invitrogen) 24 h later with constructs, all of which contained the firefly luciferase (Luc)
reporter gene, under the control of different regulatory elements, as follows: STAT1- and
STAT3- (Panomics, Fremont, CA), IFNγ-, TNF-, IL4-, GATA2- (Addgene, Cambridge, MA),
ARE(KLK3)-, TRAF6-, IL17α-, and NFATc1- (SwitchGear Genomics, Carlsbad, CA), NFKB-
and AP1- (Clontech, Mountain View, CA), with 4% CMV-Bgal (Clontech) as a transfection
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control [14]. Prior to transfection, the media was changed to 0.5%FBS for 6–8 h, then the 1st
cytokine was added with FBS to reach a 2% FBS final concentration. Twenty-four hours
later, the second cytokine was added, and ~16 h later, media was aspirated and 50 mL
1xPassive Lysis Buffer (Promega, Madison, WI, USA) added to each well. Five microliters of
lysate were used with a Luminescent Beta-galactosidase Detection Kit II (Takara Bio, Moun-
tain View, CA, USA) and 45 uL used in a Luciferase Assay with a Glomax luminometer
(Promega, Madison, WI, USA), with results expressed as RLU/sec (10 s integration).

2.2. Real Time PCR, Ingenuity Pathway Analyses (IPA), and CamcAPP

For qPCR, we treated TC2R cancer cells with mouse recombinant cytokines IL-27
and/or IL-18, and collected RNA at 24 h post-transfection (RNeasy kit, Qiagen). The cDNA
synthesis and qPCR followed published procedures [4,15], with mouse-specific primers.
Real time qPCR data were input into Ingenuity Pathway Analysis (IPA, Qiagen), as has
been described [4]. For RNAseq data, putative regulator Gene Set Enrichment Analysis
(GSEA) was done using Qiagen’s Ingenuity® Pathway Analysis software (IPA version
01-09-02, Qiagen Redwood City, CA, USA, www.qiagen.com/ingenuity (accessed on 2
June 2021)) on genes that passed nominal p < 0.05 in comparison to pMCS control treated
TC2R tumors vs. other vector treatments using the “Canonical Pathways”, “Upstream
Regulators” analyses with qPCR or RNAseq data, and “Graphical Summaries” to integrate
data. Upstream regulators with significantly predicted activation or inhibition state (z-score
of >2.0 or <−2.0) that also met the Benjamini-Hochberg (B-H) multiple testing correction
p-value of <0.05 were reported. The B-H corrected p-value enables control of the error rate
in analysis results to focus in on the most significant biological functions associated with
the genes of interest. We utilized CamcAPP (the Cambridge carcinoma of the prostate app) to
validate differentially expressed genes (p < 0.05; up- or down-regulated) from each therapy
relative to the human prostate cancer Cambridge dataset (https://bioinformatics.cruk.cam.
ac.uk/apps/camcAPP/ (accessed on 22 May 2021)) [16]. The dataset provided information
relevant to clinical covariates such as Gene Profile or Survival, using analysis of variance
with z-score transformed data.

2.3. RNAseq Analysis

Total RNA was isolated from tumors (n = 4–6/group) that had been preserved in
RNAlater, and kept at −80 ◦C. Total RNA was isolated using buffer RLT containing 20 mL
of 2 M DTT per mL of buffer, and homogenized with a PRO200 homogenizer (MidSci, Valley
Park, MO, USA), in three brief pulses at a mid-power of 10–15 s each, keeping the tissue
cold by submerging tubes in ice for 30–60 s in between pulses. The lysate was processed
using Qiagen RNAeasy (Qiagen, Germantown, MD, USA). Poly(A) RNA sequencing library
was prepared following Illumina’s TruSeq-stranded-mRNA protocol and conducted by
LC Sciences (Houston, TX, USA). Poly(A) tail-containing mRNAs were purified using
oligo-dT magnetic beads with two rounds of purification, and fragmented using divalent
cation buffer at elevated temperature. Quality control analysis and quantification of the
sequencing library were performed using an Agilent Technologies 2100 Bioanalyzer High
Sensitivity DNA Chip. Paired-ended sequencing was performed on Illumina’s NovaSeq
6000. For transcript assembly, Cutadapt [17] and perl scripts in house were used to remove
the reads that contained adaptor contamination and low quality bases. Sequence quality
was verified using HISAT2 [18] and FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/ (accessed on 1 August 2020)), and to map reads to the mouse genome,
reads were assembled using StringTie [19], and transcriptomes merged using perl scripts
and gffcompare. StringTie and edgeR [20] were used to estimate transcript expression
levels. For differential expression analysis of mRNAs, StringTie was used by calculating
fragments per kilobase million (FPKM). The differentially expressed mRNAs were selected
with log2 (fold change) > 1 or log2 (fold change) < −1 and with statistical significance
(p < 0.05) by edgeR. The datasets generated in this study have been submitted to Gene
Expression Omnibus (GEO) in GSE178142.

www.qiagen.com/ingenuity
https://bioinformatics.cruk.cam.ac.uk/apps/camcAPP/
https://bioinformatics.cruk.cam.ac.uk/apps/camcAPP/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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2.4. Immune Cell Profiling Analyses Using RNAseq Data

For a general analysis of the immune landscape, we utilized XCell [21] and ImmuCel-
lAI (Immune cell abundance identifier, ICAI) [22] to obtain microenvironment, immune,
stromal, or infiltration scores. For a more detailed analysis of the immune cell profil-
ing (>100 cell types), we utilized several recently characterized algorithms, including
TIMER2.0 [23] (choosing PRAD-prostate adenocarcinoma), a comprehensive resource for
analysis of immune cell infiltration among diverse cancers (http://timer.cistrome.org/
(accessed on 26 February 2021)). TIMER combines multiple algorithms [21,24–28], and we
added analyses from the TIP [29] and ImmuCellAI [22] algorithms using TPM input, with
prebuilt reference gene signatures. In addition, we utilized the Estimating the Proportion
of Immune and Cancer cells (EPIC) algorithm (https://gfellerlab.shinyapps.io/EPIC_1-1/
(accessed on 26 February 2021)) [28] with bulk expression files using FPKM or counts
input and reference expression files or signatures from gsea msigdb C7 (https://www.gsea-
msigdb.org/gsea/msigdb/ (accessed on 26 February 2021)). (Supplementary Table S1) with
https://biit.cs.ut.ee/gprofiler/convert (accessed on 26 February 2021) for formatting gene
IDs. We normalized results within each algorithm and used clustvis [30] to represent data
trends across algorithms.

2.5. In Vivo Studies

Animal care and all experimental protocols were approved by the Purdue University
Animal Care and Use Committee (PACUC), and all experiments conform to all relevant
regulatory standards (PACUC #1508001279). ARRIVE guidelines and recommendations
from an NIH-sponsored workshop have been followed regarding experimental design and
reporting standards. Tumor cells (TC2R [13], 5 × 105) were implanted subcutaneously in
C57BL6 males (8–10 weeks old) and sonoporation of 12.5 µg of pIL27ns (non-specific pep-
tide at C-term), pIL27pepL (LSLITRL at C-term), or pMCS empty vector control (pcDNA3.1)
with polymer rNLSd+ultrasound+MB was carried out (plasmids and sonoporation de-
scribed in detail in [4]). We administered plasmids intramuscularly on day 4 (average tumor
volume of ~30mm3), based on a report of sequential IL-12 and IL-27 therapy [5] and the
recombinant IL-18 cytokine intratumorally on day 10, based on a prostate tumor model where
localized IL-18 was promising therapeutically [9]. Mice (n = 4–6/group) were randomized by
tumor size relative to treatment tested (pMCS, pIL27ns, plus or minus rIL-18).

2.6. Statistical Analyses

Assays were performed in triplicate and values provided as mean ± SEM or 95%
confidence interval. Comparisons were performed using unpaired t-tests for in vitro data
or one-way analysis of variance analysis (ANOVA) for in vivo data (https://acetabulum.
dk/anova.html (accessed on 2 February 2021)) using the Bonferroni t-test, and p < 0.05 was
considered to indicate a significant difference.

3. Results
3.1. Sequential Administrion of IL-27 and IL-18 Impacted Prostate Tumor Cell Viability and
Gene Expression

We examined the impact of using both cytokines first in recombinant form for initial
activity screening. In this in vitro setting, we detected significant reduction in TC2R prostate
cancer cell viability when IL-27 was used alone or co-administered with IL-18 relative
to untreated control (Figure 1A; *, p < 0.05) and each single cytokine alone (#, p < 0.05).
However, the only combination that reduced cell viability significantly relative to either
single cytokine was the sequential administration of IL-27 and IL-18 (27→18). Next, we
examined the effect of the 27→18 combination relative to single cytokines on differential
gene expression in TC2R cells, selecting genes that our lab and others have shown to be
modulated by IL-27 or IL-12. The 27→18 combination significantly upregulated key genes
predicted to mediate a greater therapeutic impact such as IL12p40, Tbx21, STAT1, and
IFNγ (Figure 1B, *, p < 0.05 compared to control). Interestingly, IL-18 can synergize with

http://timer.cistrome.org/
https://gfellerlab.shinyapps.io/EPIC_1-1/
https://www.gsea-msigdb.org/gsea/msigdb/
https://www.gsea-msigdb.org/gsea/msigdb/
https://biit.cs.ut.ee/gprofiler/convert
https://biit.cs.ut.ee/gprofiler/convert
https://acetabulum.dk/anova.html
https://acetabulum.dk/anova.html


Bioengineering 2021, 8, 90 5 of 17

IL-12, and its IFNγ upregulation can act as a feedforward loop by inducing transcriptional
activation at the IL-18 promoter [31]. Upregulation of STAT1/Tbx1 indicates induction
of genes specific to the IL-27 pathway, whereas a cooperation between IL-27 and IL-18
may promote upregulation of IL12p40. In a reported IL-12→27 sequence, the growth of
immunogenic colon and breast tumors was suppressed through a CD4 and CD8 T cell
and IFNγ-based anti-tumor response [5]. This would suggest similar immune effector
mechanisms for the 27→18 sequence in vivo.

Figure 1. Impact of IL-27 and IL-18 administration sequence on prostate tumor cell viability. (A) The effect of treating
prostate cancer cell line TC2R with cytokines was assessed at day 3 or 6, relative to day 1, using CCK8 cell viability assay
with triplicate wells and expressed as a % relative to untreated control. Groups are untreated (control), IL-18, or IL-27 single
cytokines, or combinations of cytokines. For the sequential administration, the baseline CCK8 is read at day 1, post seeding
of cells. Then, on day 1, the first cytokine is given for 48 h, then media switched on day 3 to include both cytokines for
another 48h, media switched again on day 5, and CCK read at day 6 (at 120 h). *, p < 0.05 relative to the ‘no treatment’
group. #, p < 0.05 relative to the IL-27 and IL-18 groups. ‡, p < 0.05 for the IL18 group relative to IL27; (B) Gene expression in
TC2R cells (qPCR), mean value ± SD from triplicates; color bar, fold change over control untreated and corrected to β-actin
housekeeping gene; All are significant (p < 0.05, two-tailed t-test) relative to control, except those marked with the symbol §,
p > 0.05; (C) Diseases and Organismal Functions using Ingenuity Pathway Analyses. Color bar, activation z-score.

The qPCR results were input into the Ingenuity Pathway Analysis (IPA) software
to examine diseases and organismal functions associated with these gene expression
differences. IPA predicted general increases in cancer cell related functions of increased
cytotoxicity of cells and reductions in growth of tumors with double cytokine treatments.
Although limited to being a tumor cell culture, the gene expression patterns suggested
that cytokines might modulate changes in the tumor cells, which could ultimately have an
impact on immune cells when translated to an in vivo setting. Tumor microenvironment-
related gene expression patterns suggested pathways relating to chemotaxis of phagocytes
and recruitment of T lymphocytes (Figure 1C). Based on these functions, predicted to
mediate the effects of the 27→18 sequence, we next sought to determine the impact of
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single or combination cytokines in vivo on the tumor-immune cell microenvironment with
a broader study using RNA-seq.

3.2. The 27→18 Interleukin Sequence Enhanced Antitumor Activity In Vivo

In vivo, our design was modified due to previous success with delivery of IL-27 using
gene therapy methods. We examined the effects of delivering plasmids, encoding either
for an untargeted IL-27 (non-specific peptide at the C-term) or a IL27 targeting IL6Rα
(IL27pepL), using intramuscular (I.M.) sonoporation relative to control vector (pMCS). The
IL-18 was given as a recombinant cytokine (rIL-18) intratumorally, based on a previous
study where it could yield partial antitumor responses when administered directly to
prostate tumors [9].

When testing IL-27 vectors and IL-18 together for potential synergy, we observed a
significant reduction in tumor growth rate by day 15 relative to the control vector alone
(Figure 2A). The sonodelivery of IL-27 has been previously described by our group [6,7] and
utilized a polymer containing nuclear localization signals (rNLSd) complexed with plasmid
DNA, delivered I.M. in the presence of microbubbles, and stimulated with ultrasound. By
day 21, the 27→18 combination reduced tumor volume by ~21–52% relative to IL-27, IL-18,
or vector control. By day 26, the 27→18 combination reduced tumor volume by ~76%
relative to the control and by ~50–60% relative to single cytokine groups. Tumor growth
rate was inhibited by ~40% for IL-18, ~49% for IL-27, and ~72% for 27→18-treated tumors,
relative to control, between days 15 and 26. We next studied the impact of delivering
a targeted form of the IL-27 vector, which we have recently described as more potent
than wild-type untargeted IL-27 [4,12], because it has IL-27 functions enhanced by IL-6Rα
inhibition. Interestingly, the IL-27 targeted to the IL6Rα (27pepL) was as effective as
the dual therapy 27→18 (Figure 2B). Most notably, the addition of rIL18 to the 27pepL
further magnified its effectiveness (Figure 2B), and produced an impressively efficacious
therapeutic and the only group in which tumor volume was reduced over the initial
tumor size.

Figure 2. In vivo data shows tumor growth and gene expression impacted differently by the sequential 27→18 therapy.
(A) Tumor volume (mm3) over time for the control (empty plasmid pMCS) and therapeutic groups (plasmids expressing
untargeted IL27 (pIL27), targeted IL27 (pIL27pepL), or rIL18) for TC2Ras s.c. tumors (mean ± SEM); (B) Tumor volume
(mm3) corrected to the initial tumor volume for examining the growth rate over time using ANOVA for comparing group
differences (mean ± SEM). *, p < 0.05 compared to pMCS-treated control tumors; #, p < 0.05 compared to mice treated with
single rIL18 or pIL27 (untargeted) therapies.

We next examined the mechanisms of therapy on prostate tumors via RNAseq anal-
yses, as described in Materials and Methods. We determined the number of significant
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(p < 0.05) differentially expressed genes (DEG) per treatment group. The IL-18 treatment
group had 305 up- and 479 downregulated, IL-27 had 510 up- and 59 downregulated, and
IL27pepL had 123 up- and 260 downregulated DEG. The 27→18 treatment group had 189
up- and 231 downregulated, and the 27pepL→18 had 166 up- and 253 downregulated
DEG. From these totals, a list of the top 50 upregulated and bottom 50 downregulated DEG
per treatment was input into camcAPP [32] for comparison with human prostate cancer
datasets. The summary of correlations found with human prostate cancer DEG and with
potential therapeutic impact are presented in Figure S1. Next, we will present the findings
on therapy impact on global signaling pathways in prostate tumors by utilizing canonical
pathway and upstream regulator analyses.

3.3. Overview of Canonical Pathways Modulated by Single and Double Therapies

We examined the effect of therapies on tumors via the Ingenuity Pathway Analysis
(IPA) software using the canonical pathways analysis, noting several trends among the
therapy groups (Figure 3). For example, relative to control vector, most of the therapies
(except for IL-27) showed a z-score predicting inhibition of the liver X receptor-retinoid X
receptor (LXR-RXR) pathway. Additionally, there was a predicted inhibition in the oxidative
phosphorylation pathway, except for those groups that contained IL-27. Common to the
IL-18 and IL-27, single therapies were predicted activations of IL7, Th2, NK cell, GM-CSF,
inositol phosphate-related pathways, and FLT3 signaling in hematopoietic progenitors.
Common to the 27pepL groups were predicted reductions in retinol and triacylglycerol-
related pathways.

Figure 3. Canonical pathways comparison analysis across therapies (each lane represents a core analysis of a therapy
group relative to control vector) for insights into general mechanisms of action. Color bar, activation z-score range, with
p value < 0.05 as a cutoff. Hierarchical clustering was utilized in Ingenuity Pathway Analysis (IPA) to group pathways with
similar patterns of z-score activation or inhibition across samples.
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In IL-27-containing groups, several inflammation or infection-related pathways were
predicted to be activated, including TREM1 signaling, pattern recognition receptors, neu-
roinflammation, and acute phase response, whereas inhibition of the PD1/PD-L1 cancer
immunotherapy pathway was predicted. Dendritic cell maturation was predicted at higher
activation scores in IL-27-containing groups, whereas CD28 signaling in Th cells was pre-
dicted as activated only for the single therapies. Several T-cell related pathways were
predicted as activated in IL18- and/or IL-27-containing groups, including Th1 and TCR
signaling. Common to the 27→18 and 27pepL→18 groups were activations of TREM1, IL17,
Leukocyte extravasation, ILK, actin-based motility by Rho, Fγδ receptor-mediated phago-
cytosis in macrophages, and estrogen receptor signaling, among others. Finally, common to
27pepL and the double therapies, were a predicted increase in LPS/IL1-mediated inhibition
of RXR function, and inhibitions of stearate- and retinoate-related biosynthesis pathways.

3.4. Integrating Findings from the Canonical and Upstream Regulators Analyses for the
Single Therapies

We assessed the upstream regulators predicted in the different groups using the differ-
entially expressed genes per each therapy (Figure S2). For the IL-18-treated tumors, the
top 30 regulators included RICTOR, LARP1, TNF, PGR, TGFβ1, CSF1, SIRT3, CPT1B, IL6,
and WNT3a. The bottom 18 regulators included MLXIPL, MYC, MYCN, DDX5, DAP3, Lh
(complex), TWNK, ADAM12, MRPL12, and FASN (Figure S2A).

For IL-27-treated tumors, among the top 30 activated regulators were IFNγ, IFNα/IFNαR,
STAT1, IL33, CSF2, NFkB, IRF7, TGM2, IL5, and SMARCA4 (Figure S2B). Among the
bottom 30 inhibited regulators were mir-21, Irgm1, SOCS1, INSIG1, TRIM24, HOXA10,
ETV6-RUNX1, SIRT1, IL-10RA, and PNPT1. For the 27pepL treatment, among the top 26
activated regulators were TNF, CSF1, CD40, SIRT3, IFNα, Ig (complex), IL18, TNF, IL3,
and mir-33 (Figure S2C). Among the bottom 30 inhibited regulators were HNF1A, HNF4A,
SMARCB1, ADIPOQ, PPARγ, NR3C1, FASN, PEPB1, FST, and LONP1.

To integrate the findings from the canonical pathways and upstream regulators analy-
ses, we utilized the IPA graphical summary feature with a hierarchical representation of
the key effects of each of the single therapies on prostate tumors (Figure 4).

For IL-18, the major activated regulators were TNF and IL6, and the inhibited network
centered on PPARγ. Other key regulators included TGFB1, SIRT3, CSF1, EPAS1, and
RICTOR. Several of these changes appeared to reduce functions associated with cell or
organismal death or enhance development of endothelial cells.

For IL-27, the major regulator was IL2, with links to several immune-signaling
molecules including TSLP, IL3, JAK3, STAT1, CD28, IL15, IFNγ, IL1β, and TNF. Mir-21 and
CTLA4 were downregulated. Several pathways were connected to the key regulators, in-
cluding hematopoiesis, differentiation and binding of mononuclear leukocytes, stimulation
of lymphocytes, lymphopoiesis, and Th1 and Th2 pathway activation.

For the 27pepL group, the major regulator was TNF, with connections to IFNα1/13,
CSF2-CSF1, IL15, CD28, and RELA. Also observed were inhibition of FGF21-PPARγC, oxi-
dation of fatty acid, metabolism of terpenoids and steroids, and LXR/RXR activity. Other in-
hibited regulators were ADIPOQ and HNF1A/4A. Additional inhibited processes included
insulin-related pathways and the acute phase response (inflammatory/infection) signaling.

3.5. Integrating Findings from the Canonical and Upstream Regulators Analyses for the
Combination Therapies

For the combination therapies, we also assessed the upstream regulators predicted using
the differentially expressed genes for each therapy. For the 27→18-treated tumors, the top
30 regulators included IFNγ, CSF1, IL21, LDL, MYD88, P38-MAPK, TLR3/4, CSF2, and IL2
(Figure S3a). Among the 30 bottom regulators were HNF1A/4A, ADIPOQ, IL10RA, and
ACOX1, (Figure S3b). To integrate the findings from the canonical pathways and upstream
regulators analyses, the IPA graphical summary feature was used to represent the key
effects of each of the combination therapies on prostate tumors (Figure 5).
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Figure 4. Graphical Summary for (A) IL-18, (B) IL-27, and (C) 27pepL single therapies.

Figure 5. Graphical Summary for (A) 27→18 and (B) 27pepL→18 combination therapies.

For the 27→18 therapeutic sequence, the major activated regulators were IFNγ,
IL1α/β, and TNF, and the major inhibited pathway was LXR/RXR, with additional inhib-
ited regulators including ADIPOQ and HNF1A/4A. Several activated regulators (IFNγ,
NOD2) connected to the enhanced recruitment of leukocytes, leukopoiesis, differentiation
of mononuclear leukocytes, whereas other regulators (TNF, TNFSF11) connected to the re-
cruitment of myeloid cells. For 27pepL→18, the major activated regulators were IFNγ and
TNF, whereas inhibited regulators included PPARγ, BCL6, FGF21, HNF1A/4A, NR1H2,
and ADIPOQ, impacting functions such as transport/quantity of steroid, oxidation of fatty
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acids, or flux of lipid. Most of the activated regulators connected to activate processes
such as binding of leukocytes or blood cells and transmigration of cells, with predicted
activation of TLR3/7/9, IL1α/β, RELA, and NFkB1.

3.6. Immune Profiling Estimated Patterns for Several Effector Cells in Tumors
Following Treatments

Based on the IPA analyses identifying many regulators and pathways relating to
leucocyte recruitment and differentiation, we estimated that immune effectors would be
differentially recruited to tumors and could underlie the therapeutic efficacy differences
observed in this study. Utilizing bioinformatics tools for immune cell profiling with the
RNAseq data, we performed an initial analysis focusing only on the broad infiltration
or microenvironment scores using XCell and ImmucellAI, as described in Materials and
Methods. The XCell analysis showed the highest Immune Scores (composite score of immune
cell types) for 27→18, followed by 27pepL and 27pepL→18 (Figure 6A).

Figure 6. Tumor microenvironment and cellular profiling. (A) Immune, Stroma, Microenvironment, or Infiltration Scores.
Color bar, range of relative values normalized to the highest score within each platform. (B) Immune cell profiling from
utilizing bioinformatic tools with RNAseq tumor data, normalized within each platform, and clustered using Clustvis.
Green boxes show the clusters enriched in each treatment group. (C) Venn diagram summarizing the main cell profile
signatures detected in tumors with each therapy.
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The Stroma Score was the highest for 27pepL→18. The XCell Microenvironment Score
(composite scores of immune cell types and stromal cell types) followed a similar trend as
the ICAI infiltration score, with the highest being 27pepL→18, followed by lower scores
for 27→18 and 27pepL. The only positive score for the IL18-treated tumors was the ICAI
Infiltration Score, which estimates degree of tumor infiltration by immune cells.

A more detailed analysis was carried out next using various algorithms, as described
in more detail in Materials and Methods. Clustering analysis of the results showed a
cell type enrichment signature in the IL-18 treated tumors for several immune cell types
consistent with the IPA and Reactome pathways implicated in therapy effectiveness, in-
cluding monocytes, eosinophils, CD4 naïve, regulatory T (Treg), neutrophil, T helper 1
(Th1), macrophages including M1- or M2-polarized, natural killer T cells (NKT), plasma
cells, plasmacytoid dendritic cells (pDC), and multipotent progenitor (MPP). For the IL-
27-treated tumors, we detected signature enrichment for several cell types, including
conventional DC (cDC), mast cells, monocytes, B cells, Lymphoid, myeloid DC (mDC)
activated, fibroblasts, follicular T helper (Tfh), CD8a DC (DC8a), pDC, NK1.1 natural killer
cells CD11b (NK11) and CD27 CD11b (NK27.11), granulocyte-monocyte progenitor (GMP),
M2 macrophages, gamma delta T (Tγδ), and monocytic myeloid-derived suppressive cells
(mMDSC) (Figure 6B).

For the 27→18-treated tumors, we detected a cell type enrichment signature of B cells,
monocytes, plasma cells, neutrophils, CD8 T effectors, and Tfh. For the 27pepL-treated
tumors, we detected enrichment signatures of CD4 T, progenitors GMP and LMPP, B
cell class-switching memory cells, three DC signatures including mDC activated, two
CD8 T signatures, and three NK signatures including NK.27. For the 27pepL→18 treated
tumors, we detected enrichment in endothelial, HSC, mDC resting, neutrophil, Treg,
mMDSC, Th2, CD4 memory activated, progenitor lymphoid, CD8, two macrophage or
macrophage/monocyte, two HSC, and two NK signatures.

Thus, overall, the therapies impacted multiple mechanisms relating to antitumor
immunity; however, several pathways and immune cells might hinder therapeutic effec-
tiveness, thus opening up avenues for future interventions that could be paired with the
cytokine sequences presented here for achieving therapeutic synergy.

4. Discussion

In this manuscript, we describe the therapeutic administration of IL-27 in a sequential
manner with IL-18 for treating prostate cancer. IL-27 has shown promise in halting tumor
growth and mediating tumor regression in several cancer models, including prostate cancer.
Previous work by Ziblat et al. [10] showed that IL-27 delivery could prime NK to IL-18’s
effects of high-level IFN-γ and cytotoxic action towards Raji, T47D, and HCT116 tumor
cells. We therefore hypothesized that the efficacy of our IL-27 gene delivery protocol for
prostate tumors could be augmented if combined with IL-18 administration, especially if
administered sequentially. For delivery of IL-27, we used intramuscular (I.M.) sonoporation
in vivo (sonodelivery) of plasmids encoding either untargeted IL-27 (27) or targeted to
the IL6Rα (IL27pepL or 27pepL), relative to control vector (pMCS) and in the absence
or presence of rIL-18 (IL-18 or 18) intratumoral administration. We chose sonodelivery
because we have recently utilized this strategy to achieve partial antitumoral responses
for IL-27 [1,7], whereas intratumoral rIL-18 has yielded partial antitumor responses when
administered directly to prostate tumors [9]. Initial studies in vitro used a qPCR screen
with IPA analysis, which presents several limitations, including few directional effects
(e.g., downstream functions and upstream regulators). However, this initial data served to
choose the initial sequencing of 27→18 as the most promising for in vivo validation, as well
as validating the priming concept from Ziblat et al [10], but for the first time in prostate
tumor cells. Indeed, we observed a significant reduction in tumor growth rate, with the
27→18 combination most substantially reducing tumor volume relative to single cytokine
groups. We also explored the impact of the targeted form of IL-27, which we have recently
described as more potent than wild-type or untargeted IL-27 [4,12]. Supporting the recent
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data, the 27pepL was as effective as 27→18. Adding IL18 to the 27pepL (27pepL→18)
further magnified its effectiveness, and in this treatment group the average tumor volume
was stably controlled.

We next examined the mechanisms of therapy on tumors via RNAseq analyses and
determined a comparison canonical pathways analysis across all therapies. Common to
most therapies was a downregulation in the LXR/RXR pathway, except for IL-27 alone.
The liver X receptors (LXR) are nuclear receptors that integrate metabolic (transcriptional
control of lipid metabolism) and inflammatory responses in tumor and immune cells [33].
Their downregulation points to a residual inflammatory tumor microenvironment, which
could be therapeutically manipulated to aid in rebalancing the tumor with activated M1
macrophages, for example. In IL-27-containing groups, although the LXR/RXR pathway
was upregulated, several other inflammation or infection-related pathways were predicted
to be activated, which could impact treatment positively or negatively depending on the
cell types present. For example, the TREM1 pathway could be beneficially associated
with M1 tumoricidal macrophages, and the predicted inhibition of the PD1/PD-L1 cancer
immunotherapy pathway in IL27-containing groups could act to enhance T cell activation,
proliferation, and survival [34].

Common to IL-18 and IL-27 single therapies were predicted activations of IL7, Th2, NK
cell, GM-CSF, inositol phosphate-related pathways, and FLT3 signaling in hematopoietic
progenitors. These suggest a potential impact on hematopoietic cell recruitment of both
lymphocytic and mononuclear cells, aligning with the immune cell signature analyses.
Common to the 27pepL groups were predicted reductions in retinol and triacylglycerol-
related pathways, and these could potentially promote or reduce tumor cell growth (via
Treg inhibition), depending on the context [35]. Anti-tumor T-cell related pathways were
predicted as activated in IL-18- and/or IL-27-containing groups, including Th1 and TCR
signaling. Dendritic cell maturation activation was predicted at higher levels in IL27-
containing groups. Detrimental (Th2-promoting) pathways included CD28 signaling for
both single therapies, and activation of TSLP, a hematopoietic cytokine, for the IL27 therapy
group. Common to the 27→18 and 27pepL→18 groups were pathways of enhanced
macrophage activity and leukocyte infiltration, and these may be pro- or anti-tumorigenic,
depending on the context. IL1 and other proinflammatory mediators identified as activated
in the 27pepL, and the double therapies could potentially be detrimental for controlling
tumor growth.

The integration of the canonical pathways and upstream regulators datasets led to
graphical summaries that aided in interpretation of therapeutic effects. For IL-18, the
major activated regulators were TNF and IL6, with key contributions from TGFB1 and
CSF1, and an inhibited PPARγ network. These changes appeared to reduce functions
associated with cell or organismal death or enhance development of endothelial cells,
which could be detrimental for treating tumors. For IL-27, the major regulator was IL2,
with links to many other immune related molecules. Upregulation of JAK-STAT molecules
and IFNγ likely underlie the antitumor effect of this therapy and correlate with immune
cell signatures detected in tumors. A pro-inflammatory environment (IL1β and TNF)
could stimulate tumor growth but also promote tumoricidal M1 macrophage activity.
Predicted upregulation of JAK3 and CD28 could inhibit the PD1/PDL1 pathway via
CTLA4 inhibition, whereas miR-21 inhibition augments FLT3LG activation. FLT3LG
promotes hematopoiesis of lymphocytes and mononuclear cells, and this is enhanced by
TNF activation. NFATC1, TSLP, and IFNγ also connected towards predicted enhancement
of mononuclear cell differentiation, stimulation of lymphocytes, lymphopoiesis, and Th1
and Th2 pathways. For 27pepL, the major regulator was TNF, with other effectors such as
activated IFNα1/13 and CSF1/2, which can help enhance the antitumor effects of IL-27 in
the tumor microenvironment, either by impacting lymphocytes (when connecting to IL15-
CD28) or myeloid cells (when connecting to RELA activation). Inhibition of FGF21-PPARγ
was central to a network of reduced fatty acid oxidation, metabolism of steroids, and
LXR/RXR regulation. Interestingly, PPARγ plays a role in controlling inflammation, and its
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expression increases in advanced prostate cancer; thus, its inhibition has been proposed for
prostate cancer prevention and treatment [36]. Other alterations with a tumor-inhibitory
impact would be inhibition of ADIPOQ, associated with prostate cancer progression
risk [37], and HNF1A/4A, recently proposed as oncogenic in pancreatic cancer [38]. Also
inhibited were CEBPB and insulin-related processes, likely contributing to the reduced
acute phase response (inflammatory/infection) signaling.

For the 27→18 sequential delivery technique, the major activated regulators were
IFNγ, IL1α/β, and TNF, all predicted to inhibit the LXR-RXR pathway. Another central
inhibited regulator was ADIPOQ, and this was predicted to underlie the increases in
TNF, IL17A, and IFNγ. Several regulators (e.g., IFNγ, NOD2) connected to enhanced
recruitment of leukocytes, leukopoiesis, or differentiation of mononuclear leukocytes.
TNF and TNFSF11 activation connected to the recruitment of myeloid cells, potentially
relating to the detection of mDC cell signatures by the immune cell profiling analyses. For
27pepL→18, the major activated regulators were IFNγ and TNF, both impacting several
molecules (HNF1A/4A, PPARγ, BCL6, FGF21, and NR1H2), which inhibited lipid or
steroid transport/quantity, oxidation of fatty acids, and flux of lipid, functions which
were connected through a network of reduced LXR-RXR activity. Most of the regulators
activated processes such as the binding of leukocytes or blood cells, and transmigration of
cells. Also connected through TNF-TNFSF11 were activated TLR3 and RELA, culminating
in IL1α/β, NFkB1, and CSF1 activation. This network indicates a potential hub of myeloid
cell signaling that could be manipulated therapeutically.

Based on the many immune-related functions and regulating molecules by IPA anal-
ysis, we hypothesized that immune effectors would be differentially recruited to tumors
and could underlie the therapeutic efficacy differences. Utilizing bioinformatics strategies
for immune cell profiling with the RNAseq data, we observed high immune scores for
the dual therapies and targeted IL27 that usually correlate with increases in effectors in
tumors. Several immune signature scoring algorithms were used, and these methods have
been found to yield results consistent with those derived from immunohistochemistry
and related methods examining lymphocyte-specific expression patterns within cancer vs.
non-cancer cellular compartments [23,28]. The multiple algorithms included TIMER2.0
(containing XCell, MCP-Counter, QuantiSeq, and others), EPIC, ICAI, and TIP, as described
in Materials and Methods. These algorithms have been systematically benchmarked on a
variety of tumor types along with characterization of gene signatures of sorted immune cell
populations as controls [23,24]. However, the limitations are that these remain bulk tumor
transcriptome profiling methods, utilizing gene signature enrichment analyses or deconvo-
lution methods. With the increasing accessibility of single-cell technologies, there will be
likely continued improvements in defining immune cell signatures and in computational
estimation methods for tumor profiling.

Clustering analysis of the results showed an enrichment in the IL-18 treated tumors
for monocytes, macrophages including M1, M2, eosinophils, neutrophil, CD4 naïve, Treg,
Th1, NKT, plasma, pDC, and progenitor MPP, some of which align with the functions
of phagocytosis and leucocyte migration detected by other analyses. The effector cells
Th1 and NKT would likely underlie some of the therapeutic efficacy seen in IL-18 treated
tumors; however, the other immune-suppressive cell signatures detected (Treg, M2, pDC,
macrophages) may hinder therapeutic efficacy. The detection of MPP progenitors, which
very recent data links to later stages of tumor progression, could implicate a subpopulation
able to generate pro- or anti-tumorigenic macrophages depending on the context [39].
Inflammatory signals in tumors might promote progenitor accumulation [40].

For the IL-27-treated tumors, we detected enrichment of signatures for DC (conven-
tional or cDC (IFN-producing), myeloid DC or mDC (activated), DC8a (CD8a), and plasma-
cytoid DC or pDC), mast cell, monocyte, B cell, Lymphoid, fibroblast, Tfh, NK.11 (CD11b)
and NK.27.11 (CD27/CD11b), granulocyte-monocyte progenitor (GMP), M2 macrophages,
Tγδ, and monocytic MDSC (mMDSC). The effector cells (NK, Th1, other T cells, c/mDC)
likely underlie the therapeutic efficacy observed in IL-27-treated tumors; however, there
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were other residual immune-suppressive cells (M2, mMDSC, pDC), which could hinder
therapeutic efficacy. Tfh is a CD4 T helper subset (T follicular helper) was recently found to
correlate with improved survival when increased in tumors and, along with B cells, can
mediate the response to checkpoint inhibitors in mouse models of augmented mutation
burden in breast cancer [41]. The GMP can partially underlie the increases in monocytic
cells, although these also are able to induce Treg, and are often biased toward myeloid
differentiation in tumors, worsening prognosis [42]. In future iterations of IL27 therapies,
targeting the GMP stage for depletion may enhance efficacy by controlling myeloid cell
burden [43]. The NK signatures detected have important implications, with NK.27 and
NK.27.11 being more cytotoxic than NK.11 [44].

For the 27pepL-treated tumors, we detected enrichment of signatures for CD4, NK/NK.27,
CD8 T, mDC activated/DC, GMP and lymphoid-myeloid progenitors (LMPP), and B cell
class-switching memory. These e-signatures were different than for untargeted IL-27, sug-
gesting that the higher therapeutic efficacy of 27pepL might relate to certain combinations
of effectors, such as NK.27 combined with CD8T, which can act in synergy [23], activated
DCs, and/or progenitors including the LMPP, which may act as pro- or anti-tumorigenic,
providing both lymphoid (antitumor) and myeloid (antitumor M1 or immune suppressive
M2, MDSC) cells.

For the dual therapies, we detected, for 27→18-treated tumors, enrichment of B cell,
monocyte, plasma cell, Neutrophil, Tfh, CD8T effector/CD8, mDC activated, fibroblast,
and Tfh signatures. CD8 signatures were more prominent for this treatment, and CD8
infiltrations correlate with better prognosis and are an important predictor of response to
immune therapy [45]. For the 27pepL→18 treated tumors, we detected enrichment of en-
dothelial cells, macrophage/monocytes, NK, HSC, mDC resting, neutrophil, Treg, mMDSC,
Th2, CD4 memory activated, progenitor Lymphoid, and CD8. These results suggest that
several effectors could underlie the highest efficacy for this therapy combination, including
NK, mDC, and CD8, although several immune suppressive cells may be residual following
therapy, including Treg and mMDSC, as well as endothelial cells, which could be detrimen-
tal to therapy. Interestingly, HSC and progenitor cells retain a certain degree of mobility,
with a small fraction of progenitors constantly recirculating between BM and peripheral
blood, surveilling extramedullary sites and participating in local immune responses [46].
They are recruited to sites of injury [47] and react to inflammatory stimuli with proliferation
differentiation into myeloid cells, as well as with secretion of chemokines and cytokines.

In conclusion, although some inflammatory regulators remain in the 27pepL and
combination therapies, the signaling context of reduced PPARγ and LXR-RXR activation
and the presence of certain immune cell effectors may help explain the higher therapeutic
success of these modalities relative to the untargeted cytokine controls. There seems also
to be a role suggested by detection of a CD8 T signature in the most effective therapies.
Overall, the analyses utilized and their integration gave different insights into the therapies,
suggesting some future directions to enhance the present IL27-based therapeutics, including
the combination of 27pepL with inhibition of PD1/PD-L1, CSF1/2, or LXR-RXR ligands,
which may target tumor and immune cells such as macrophages. Other potentially useful
parameters to promote the efficacy of 27pepL-based therapeutics may involve inhibition
of TSLP, TNF, and IL1α/β signaling that direct the immune balance towards CD8 T
lymphocytes in tumors.

Furthermore, the present work may impact treatment of other disease types and
cancer types, but with careful consideration of the application and the inflammatory status
of the tissue(s) to be treated. For example, because IL-18 has recently been shown to have
an unfavorable predictive role in some inflammatory contexts (non-alcoholic fatty liver
disease (NAFLD) [48]), for certain therapeutic settings it might be best to utilize 27 or
27pepL single therapies. IL-27 has been reported to augment the anti-tumor effects of
sorafenib on bladder cancer cells [49]; thus, there could be promise for utilizing 27-related
therapies for this cancer type. One interesting approach could be to engineer IL-27 with a
C-terminal peptide mimic of sorafenib as a novel therapy. Future preclinical studies might
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examine the potential for evolving IL-27-based therapies and combinations with other
cytokines for the treatment of bladder cancer.
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profiling analyses.

Author Contributions: Conceptualization, methodology, original draft preparation, and editing,
M.L.F.; methodology, R.L.; methodology, D.C.-S.; software, investigation, and methodology, S.K.;
software and methodology, C.M.R.-C.; conceptualization, writing, reviewing, and editing, T.S.-E. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health, grant number R01CA196947
and grant number R01AR069079.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is in process of deposit into GEO datasets, accession number pending.

Acknowledgments: We acknowledge support from Basic Medical Sciences at Purdue University and
Atallah Lanman from the Collaborative Core for Cancer Bioinformatics at the Purdue Center for
Cancer Research, P30 CA023168.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design, collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

References
1. Zolochevska, O.; Xia, X.; Williams, B.J.; Ramsay, A.; Li, S.; Figueiredo, M.L. Sonoporation delivery of Interleukin 27 gene therapy

efficiently reduces prostate tumor cell growth in vivo. Hum. Gene Ther. 2011, 22, 1537–1550. [CrossRef] [PubMed]
2. Oniki, S.; Nagai, H.; Horikawa, T.; Furukawa, J.; Belladonna, M.L.; Yoshimoto, T.; Hara, I.; Nishigori, C. Interleukin-23 and

interleukin-27 exert quite different antitumor and vaccine effects on poorly immunogenic melanoma. Cancer Res. 2006, 66,
6395–6404. [CrossRef] [PubMed]

3. Takeda, A.; Hamano, S.; Yamanaka, A.; Hanada, T.; Ishibashi, T.; Mak, T.W.; Yoshimura, A.; Yoshida, H. Cutting edge: Role of
IL-27/WSX-1 signaling for induction of T-bet through activation of STAT1 during initial Th1 commitment. J. Immunol. 2003, 170,
4886–4890. [CrossRef]

4. Figueiredo, M.L.; Figueiredo Neto, M.; Salameh, J.W.; Decker, R.E.; Letteri, R.; Chan-Seng, D.; Emrick, T. Ligand-Mediated
Targeting of Cytokine Interleukin-27 Enhances Its Bioactivity. Mol. Ther. Methods Clin. Dev. 2020, 17, 739–751. [CrossRef]
[PubMed]

5. Zhu, S.; Lee, D.A.; Li, S. IL-12 and IL-27 sequential gene therapy via intramuscular electroporation delivery for eliminating distal
aggressive tumors. J. Immunol. 2010, 184, 2348–2354. [CrossRef]

6. Parelkar, S.S.; Letteri, R.; Chan-Seng, D.; Zolochevska, O.; Ellis, J.; Figueiredo, M.; Emrick, T. Polymer-peptide delivery platforms:
Effect of oligopeptide orientation on polymer-based DNA delivery. Biomacromolecules 2014, 15, 1328–1336. [CrossRef]

7. Zolochevska, O.; Ellis, J.; Parelkar, S.; Chan-Seng, D.; Emrick, T.; Wei, J.; Patrikeev, I.; Motamedi, M.; Figueiredo, M.L. Interleukin-
27 gene delivery for modifying malignant interactions between prostate tumor and bone. Hum. Gene Ther. 2013, 24, 970–981.
[CrossRef]

8. Cao, R.; Farnebo, J.; Kurimoto, M.; Cao, Y. Interleukin-18 acts as an angiogenesis and tumor suppressor. FASEB J. 1999, 13,
2195–2202. [CrossRef]

9. Tse, B.W.; Russell, P.J.; Lochner, M.; Förster, I.; Power, C.A. IL-18 inhibits growth of murine orthotopic prostate carcinomas via
both adaptive and innate immune mechanisms. PLoS ONE 2011, 6, e24241. [CrossRef]

10. Ziblat, A.; Domaica, C.I.; Spallanzani, R.G.; Iraolagoitia, X.L.; Rossi, L.E.; Avila, D.E.; Torres, N.I.; Fuertes, M.B.; Zwirner, N.W.
IL-27 stimulates human NK-cell effector functions and primes NK cells for IL-18 responsiveness. Eur. J. Immunol. 2015, 45,
192–202. [CrossRef]

11. Su, J.L.; Lai, K.P.; Chen, C.A.; Yang, C.Y.; Chen, P.S.; Chang, C.C.; Chou, C.H.; Hu, C.L.; Kuo, M.L.; Hsieh, C.Y.; et al. A novel
peptide specifically binding to interleukin-6 receptor (gp80) inhibits angiogenesis and tumor growth. Cancer Res. 2005, 65,
4827–4835. [CrossRef]

https://www.mdpi.com/article/10.3390/bioengineering8070090/s1
https://www.mdpi.com/article/10.3390/bioengineering8070090/s1
http://doi.org/10.1089/hum.2011.076
http://www.ncbi.nlm.nih.gov/pubmed/21801027
http://doi.org/10.1158/0008-5472.CAN-05-4087
http://www.ncbi.nlm.nih.gov/pubmed/16778218
http://doi.org/10.4049/jimmunol.170.10.4886
http://doi.org/10.1016/j.omtm.2020.03.022
http://www.ncbi.nlm.nih.gov/pubmed/32346551
http://doi.org/10.4049/jimmunol.0902371
http://doi.org/10.1021/bm401878p
http://doi.org/10.1089/hum.2013.091
http://doi.org/10.1096/fasebj.13.15.2195
http://doi.org/10.1371/journal.pone.0024241
http://doi.org/10.1002/eji.201444699
http://doi.org/10.1158/0008-5472.CAN-05-0188


Bioengineering 2021, 8, 90 16 of 17

12. Figueiredo Neto, M.; Liu, S.; Salameh, J.W.; Yokota, H.; Figueiredo, M.L. Interleukin-27 Gene Delivery Targeting IL-6Rα-
Expressing Cells as a Stress Response Therapy. Int. J. Mol. Sci. 2020, 21, 1108. [CrossRef]

13. Umbaugh, C.S.; Diaz-Quiñones, A.; Neto, M.F.; Shearer, J.J.; Figueiredo, M.L. A dock derived compound against laminin receptor
(37 LR) exhibits anti-cancer properties in a prostate cancer cell line model. Oncotarget 2018, 9, 5958–5978. [CrossRef]

14. Bluyssen, H.A.; Levy, D.E. Stat2 is a transcriptional activator that requires sequence-specific contacts provided by stat1 and p48
for stable interaction with DNA. J. Biol. Chem. 1997, 272, 4600–4605. [CrossRef] [PubMed]

15. Zolochevska, O.; Diaz-Quiñones, A.O.; Ellis, J.; Figueiredo, M.L. Interleukin-27 expression modifies prostate cancer cell crosstalk
with bone and immune cells in vitro. J. Cell. Physiol. 2013, 228, 1127–1136. [CrossRef] [PubMed]

16. Ross-Adams, H.; Lamb, A.D.; Dunning, M.J.; Halim, S.; Lindberg, J.; Massie, C.M.; Egevad, L.A.; Russell, R.; Ramos-Montoya, A.;
Vowler, S.L.; et al. Integration of copy number and transcriptomics provides risk stratification in prostate cancer: A discovery and
validation cohort study. EBioMedicine 2015, 2, 1133–1144. [CrossRef]

17. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17, 10–12. [CrossRef]
18. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat Methods 2015, 12,

357–360. [CrossRef] [PubMed]
19. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of

a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef]
20. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene

expression data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]
21. Aran, D.; Hu, Z.; Butte, A.J. xCell: Digitally portraying the tissue cellular heterogeneity landscape. Genome Biol. 2017, 18, 220.

[CrossRef] [PubMed]
22. Miao, Y.R.; Zhang, Q.; Lei, Q.; Luo, M.; Xie, G.Y.; Wang, H.; Guo, A.Y. ImmuCellAI: A Unique Method for Comprehensive T-Cell

Subsets Abundance Prediction and its Application in Cancer Immunotherapy. Adv. Sci. 2020, 7, 1902880. [CrossRef]
23. Li, T.; Fu, J.; Zeng, Z.; Cohen, D.; Li, J.; Chen, Q.; Li, B.; Liu, X.S. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic

Acids Res. 2020, 48, W509–W514. [CrossRef]
24. Sturm, G.; Finotello, F.; Petitprez, F.; Zhang, J.D.; Baumbach, J.; Fridman, W.H.; List, M.; Aneichyk, T. Comprehensive evaluation

of transcriptome-based cell-type quantification methods for immuno-oncology. Bioinformatics 2019, 35, i436–i445. [CrossRef]
[PubMed]

25. Newman, A.M.; Liu, C.L.; Green, M.R.; Gentles, A.J.; Feng, W.; Xu, Y.; Hoang, C.D.; Diehn, M.; Alizadeh, A.A. Robust enumeration
of cell subsets from tissue expression profiles. Nat. Methods 2015, 12, 453–457. [CrossRef] [PubMed]

26. Finotello, F.; Mayer, C.; Plattner, C.; Laschober, G.; Rieder, D.; Hackl, H.; Krogsdam, A.; Loncova, Z.; Posch, W.; Wilflingseder, D.;
et al. Molecular and pharmacological modulators of the tumor immune contexture revealed by deconvolution of RNA-seq data.
Genome Med. 2019, 11, 34. [CrossRef]

27. Petitprez, F.; Levy, S.; Sun, C.M.; Meylan, M.; Linhard, C.; Becht, E.; Elarouci, N.; Tavel, D.; Roumenina, L.T.; Ayadi, M.; et al. The
murine Microenvironment Cell Population counter method to estimate abundance of tissue-infiltrating immune and stromal cell
populations in murine samples using gene expression. Genome Med. 2020, 12, 86. [CrossRef] [PubMed]

28. Racle, J.; de Jonge, K.; Baumgaertner, P.; Speiser, D.E.; Gfeller, D. Simultaneous enumeration of cancer and immune cell types
from bulk tumor gene expression data. Elife 2017, 6, e26476. [CrossRef]

29. Xu, L.; Deng, C.; Pang, B.; Zhang, X.; Liu, W.; Liao, G.; Yuan, H.; Cheng, P.; Li, F.; Long, Z.; et al. TIP: A Web Server for Resolving
Tumor Immunophenotype Profiling. Cancer Res. 2018, 78, 6575–6580. [CrossRef]

30. Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis and
heatmap. Nucleic Acids Res. 2015, 43, W566–W570. [CrossRef]

31. Nakanishi, K.; Yoshimoto, T.; Tsutsui, H.; Okamura, H. Interleukin-18 is a unique cytokine that stimulates both Th1 and Th2
responses depending on its cytokine milieu. Cytokine Growth Factor Rev. 2001, 12, 53–72. [CrossRef]

32. Dunning, M.J.; Vowler, S.L.; Lalonde, E.; Ross-Adams, H.; Boutros, P.; Mills, I.G.; Lynch, A.G.; Lamb, A.D. Mining Human
Prostate Cancer Datasets: The "camcAPP" Shiny App. EBioMedicine 2017, 17, 5–6. [CrossRef]

33. Lin, C.Y.; Gustafsson, J. Targeting liver X receptors in cancer therapeutics. Nat. Rev. Cancer 2015, 15, 216–224. [CrossRef] [PubMed]
34. Jiang, Y.; Chen, M.; Nie, H.; Yuan, Y. PD-1 and PD-L1 in cancer immunotherapy: Clinical implications and future considerations.

Hum. Vaccin. Immunother. 2019, 15, 1111–1122. [CrossRef]
35. Coyle, K.M.; Sultan, M.; Thomas, M.L.; Vaghar-Kashani, A.; Marcato, P. Retinoid Signaling in Cancer and Its Promise for Therapy.

J. Carcinog. Mutagen. 2013, S7, 16–18. [CrossRef]
36. Elix, C.; Pal, S.K.; Jones, J.O. The role of peroxisome proliferator-activated receptor gamma in prostate cancer. Asian J. Androl.

2018, 20, 238–243. [CrossRef] [PubMed]
37. Kaklamani, V.; Yi, N.; Zhang, K.; Sadim, M.; Offit, K.; Oddoux, C.; Ostrer, H.; Mantzoros, C.; Pasche, B. Polymorphisms of

ADIPOQ and ADIPOR1 and prostate cancer risk. Metabolism 2011, 60, 1234–1243. [CrossRef] [PubMed]
38. Abel, E.V.; Goto, M.; Magnuson, B.; Abraham, S.; Ramanathan, N.; Hotaling, E.; Alaniz, A.A.; Kumar-Sinha, C.; Dziubinski, M.L.;

Urs, S.; et al. HNF1A is a novel oncogene that regulates human pancreatic cancer stem cell properties. Elife 2018, 7. [CrossRef]
[PubMed]

39. Wildes, T.J.; Flores, C.T.; Mitchell, D.A. Concise Review: Modulating Cancer Immunity with Hematopoietic Stem and Progenitor
Cells. Stem Cells 2019, 37, 166–175. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms21031108
http://doi.org/10.18632/oncotarget.23236
http://doi.org/10.1074/jbc.272.7.4600
http://www.ncbi.nlm.nih.gov/pubmed/9020188
http://doi.org/10.1002/jcp.24265
http://www.ncbi.nlm.nih.gov/pubmed/23086758
http://doi.org/10.1016/j.ebiom.2015.07.017
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
http://doi.org/10.1038/nbt.3122
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1186/s13059-017-1349-1
http://www.ncbi.nlm.nih.gov/pubmed/29141660
http://doi.org/10.1002/advs.201902880
http://doi.org/10.1093/nar/gkaa407
http://doi.org/10.1093/bioinformatics/btz363
http://www.ncbi.nlm.nih.gov/pubmed/31510660
http://doi.org/10.1038/nmeth.3337
http://www.ncbi.nlm.nih.gov/pubmed/25822800
http://doi.org/10.1186/s13073-019-0638-6
http://doi.org/10.1186/s13073-020-00783-w
http://www.ncbi.nlm.nih.gov/pubmed/33023656
http://doi.org/10.7554/eLife.26476
http://doi.org/10.1158/0008-5472.CAN-18-0689
http://doi.org/10.1093/nar/gkv468
http://doi.org/10.1016/S1359-6101(00)00015-0
http://doi.org/10.1016/j.ebiom.2017.02.022
http://doi.org/10.1038/nrc3912
http://www.ncbi.nlm.nih.gov/pubmed/25786697
http://doi.org/10.1080/21645515.2019.1571892
http://doi.org/10.4172/2157-2518.S7-006
http://doi.org/10.4103/aja.aja_15_17
http://www.ncbi.nlm.nih.gov/pubmed/28597850
http://doi.org/10.1016/j.metabol.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21397927
http://doi.org/10.7554/eLife.33947
http://www.ncbi.nlm.nih.gov/pubmed/30074477
http://doi.org/10.1002/stem.2933
http://www.ncbi.nlm.nih.gov/pubmed/30353618


Bioengineering 2021, 8, 90 17 of 17

40. Qu, P.; Yan, C.; Du, H. Matrix metalloproteinase 12 overexpression in myeloid lineage cells plays a key role in modulating
myelopoiesis, immune suppression, and lung tumorigenesis. Blood 2011, 117, 4476–4489. [CrossRef]

41. Hollern, D.P.; Xu, N.; Thennavan, A.; Glodowski, C.; Garcia-Recio, S.; Mott, K.R.; He, X.; Garay, J.P.; Carey-Ewend, K.; Marron, D.;
et al. B Cells and T Follicular Helper Cells Mediate Response to Checkpoint Inhibitors in High Mutation Burden Mouse Models
of Breast Cancer. Cell 2019, 179, 1191–1206. [CrossRef]

42. Wu, W.C.; Sun, H.W.; Chen, H.T.; Liang, J.; Yu, X.J.; Wu, C.; Wang, Z.; Zheng, L. Circulating hematopoietic stem and progenitor
cells are myeloid-biased in cancer patients. Proc. Natl. Acad. Sci. USA 2014, 111, 4221–4226. [CrossRef]

43. Netherby, C.S.; Messmer, M.N.; Burkard-Mandel, L.; Colligan, S.; Miller, A.; Cortes Gomez, E.; Wang, J.; Nemeth, M.J.; Abrams, S.I.
The Granulocyte Progenitor Stage Is a Key Target of IRF8-Mediated Regulation of Myeloid-Derived Suppressor Cell Production.
J. Immunol. 2017, 198, 4129–4139. [CrossRef] [PubMed]

44. Hayakawa, Y.; Smyth, M.J. CD27 dissects mature NK cells into two subsets with distinct responsiveness and migratory capacity.
J. Immunol. 2006, 176, 1517–1524. [CrossRef]

45. Speiser, D.E.; Ho, P.C.; Verdeil, G. Regulatory circuits of T cell function in cancer. Nat. Rev. Immunol. 2016, 16, 599–611. [CrossRef]
[PubMed]

46. Massberg, S.; Schaerli, P.; Knezevic-Maramica, I.; Köllnberger, M.; Tubo, N.; Moseman, E.A.; Huff, I.V.; Junt, T.; Wagers, A.J.;
Mazo, I.B.; et al. Immunosurveillance by hematopoietic progenitor cells trafficking through blood, lymph, and peripheral tissues.
Cell 2007, 131, 994–1008. [CrossRef] [PubMed]

47. Si, Y.; Tsou, C.L.; Croft, K.; Charo, I.F. CCR2 mediates hematopoietic stem and progenitor cell trafficking to sites of inflammation
in mice. J. Clin. Investig. 2010, 120, 1192–1203. [CrossRef]

48. Flisiak-Jackiewicz, M.; Bobrus-Chociej, A.; Tarasów, E.; Wojtkowska, M.; Białokoz-Kalinowska, I.; Lebensztejn, D.M. Predictive
Role of Interleukin-18 in Liver Steatosis in Obese Children. Can. J. Gastroenterol. Hepatol. 2018, 2018, 3870454. [CrossRef]
[PubMed]

49. Cao, J.Y.; Yin, H.S.; Li, H.S.; Yu, X.Q.; Han, X. Interleukin-27 augments the inhibitory effects of sorafenib on bladder cancer cells.
Braz. J. Med. Biol. Res. 2017, 50, e6207. [CrossRef] [PubMed]

http://doi.org/10.1182/blood-2010-07-298380
http://doi.org/10.1016/j.cell.2019.10.028
http://doi.org/10.1073/pnas.1320753111
http://doi.org/10.4049/jimmunol.1601722
http://www.ncbi.nlm.nih.gov/pubmed/28356386
http://doi.org/10.4049/jimmunol.176.3.1517
http://doi.org/10.1038/nri.2016.80
http://www.ncbi.nlm.nih.gov/pubmed/27526640
http://doi.org/10.1016/j.cell.2007.09.047
http://www.ncbi.nlm.nih.gov/pubmed/18045540
http://doi.org/10.1172/JCI40310
http://doi.org/10.1155/2018/3870454
http://www.ncbi.nlm.nih.gov/pubmed/29854715
http://doi.org/10.1590/1414-431x20176207
http://www.ncbi.nlm.nih.gov/pubmed/28746469

	Introduction 
	Materials and Methods 
	Cell Culture and In Vitro Assays 
	Real Time PCR, Ingenuity Pathway Analyses (IPA), and CamcAPP 
	RNAseq Analysis 
	Immune Cell Profiling Analyses Using RNAseq Data 
	In Vivo Studies 
	Statistical Analyses 

	Results 
	Sequential Administrion of IL-27 and IL-18 Impacted Prostate Tumor Cell Viability and Gene Expression 
	The 2718 Interleukin Sequence Enhanced Antitumor Activity In Vivo 
	Overview of Canonical Pathways Modulated by Single and Double Therapies 
	Integrating Findings from the Canonical and Upstream Regulators Analyses for the Single Therapies 
	Integrating Findings from the Canonical and Upstream Regulators Analyses for the Combination Therapies 
	Immune Profiling Estimated Patterns for Several Effector Cells in Tumors Following Treatments 

	Discussion 
	References

