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Editorial on the Research Topic

The role of toll-like receptors and their related signaling pathways in
viral infection and inflammation

The Research Topic addresses the role of Toll-like receptors (TLRs) and their associated
signaling pathways in viral infections and inflammation. The focus is on how these
receptors and pathways contribute to protecting the body against viruses and their
involvement in associated inflammatory processes. The present Research Topic
encompasses 13 studies shedding light on the role of TLRs in viral infections and
inflammation from various perspectives.

The impact of TLRs on viral infections has been elucidated in three studies, effectively
illustrating the dual nature of TLR activation in viral infection — both necessary for immune
protection and contributing to virus-triggered immunopathology (1-3). Miles et al.
demonstrated that TLR7 supports chronic respiratory disease after RSV infection in
mice. This study unveils a previously unknown molecular mechanism of lower
respiratory tract pathogenesis by RSV, emphasizing the potential of TLR7 modulation to
confine RSV pathology to the upper respiratory tract. This restriction prevents its spread to
the lower respiratory tract and results in a significant reduction in clinical symptoms.

Theiler’s Virus, known for its ability to infect the central nervous system of mice and
trigger an inflammatory reaction, is commonly utilized as a model in research to investigate
the mechanisms of virus infections and the course of inflammatory reactions in the brain
(4-6). In this study, Kim reviewed the role of TLRs in the mouse model of Theiler’s Virus
infection, concluding that the state of TLR activation in the host plays a crucial role in the
initial virus replication and persistence.

The use of estrogens in feminizing hormone therapy (FHT) can elevate inflammatory
reactions and the risk of cardiovascular mortality in transgender women (TW), who are at an
increased risk for both human immunodeficiency virus (HIV) and cardiovascular diseases (CVD)
(7-9). Kettelhut et al. demonstrate that in vitro data suggest estrogen exposure can enhance the
activation of the innate immune system in FHT. The authors discuss the complex interactions of
FHT, HIV, and CVD in TW, emphasizing the need for further research to fully understand these
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interactions and determine optimal FHT regimens or complementary
treatments aiming to reduce excessive immune activation.

Lipopolysaccharide (LPS), a TLR4 agonist, is used as a stimulus in
many in vitro and in vivo models (10, 11). O’Neill et al. investigated the
impact of dexamethasone on the expression of antimicrobial mediators
in LPS-activated primary macrophages, demonstrating the inhibition
of both the expression and function of interferon-f. Interferon-f3 plays
a crucial role in the early antiviral immune response.

In a study with healthy volunteers using an imiquimod (IMQ)
model, Assil et al. showed that orally administered prednisolone
suppresses skin inflammation induced by IMQ, a topical agent that
triggers local inflammation through TLR7.

Resiquimod, an imidazoquinoline compound with antiviral and
antitumor activity, functions as a TLR7/TLR8 agonist (12, 13). In
their work, Keppler et al. point out that clinical use is limited to
topical application. Systemic applications of TLR ligands like
Resiquimod have failed due to side effects restricting dose and
efficacy. Therefore, the authors developed TLR7/8-agonistic
imidazoquinolines designed to distribute via endosomes using a
macrolide carrier. The substances were designed to distribute to
cellular compartments where the target receptor and a specific
combination of signaling molecules relevant for IFNo release
are present.

The immune reaction to biomaterial implants, known as the
foreign body reaction, poses a significant challenge in biomedical
engineering, as it can lead to chronic inflammatory reactions to the
implanted material (14). McKiel et al. demonstrate that damage-
associated molecular patterns (DAMPs) and other intracellular
proteins easily adsorb to biomaterial surfaces in competition with
plasma proteins. Adsorbed DAMPs in adherent macrophages
trigger an inflammatory reaction mediated by the MyD88-
dependent TLR2 signaling pathway.

The TLR-2 signaling pathway is also involved in the
inflammatory reaction triggered by sperm in the uterus during
fertilization, but the precise molecular mechanism remains
unknown. According to ligand specificity, TLR2 forms a
heterodimerization with TLR1 or TLR6, respectively, as the initial
step to mediate intracellular signaling and induce a specific type of
immune response. Mansouri et al. aimed to identify the active TLR2
heterodimer (TLR2/1 or TLR2/6) involved in the immunological
interaction between sperm and the uterus in cattle. Overall, the
results show that sperm utilize the heterodimerization of TLR2/1,
but not TLR2/6, to trigger a weak physiological inflammatory
reaction in the bovine uterus. This could be the mechanism to
remove excess dead sperm remaining in the uterus without tissue
damage and create an ideal uterine environment for the uptake and
implantation of the early embryo.

In the present Research Topic, there are three publications with
a direct clinical relevance. In a case report by Hirsiger et al., the
occurrence of agranulocytosis within a few days after the first dose
of an mRNA-1273 vaccine against COVID-19 in a previously
healthy older adult is described. The patient was diagnosed with
large granular lymphocytic T-cell leukemia (T-LGL) of STAT3 wild
type. The mRNA-1273 vaccine activated TLR-3, leading to TLR-
mediated IL-6/STAT3 pathway activation. The authors changed the
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vaccination strategy and used a vector vaccine, and neutropenia did
not recur. Tian et al. investigated the association between TLRs and
the activation and differentiation of T-cells in Takayasu arteritis
(TAK). They analyzed the mRNA frequency of 29 target genes in
peripheral blood mononuclear cells (PBMCs) from 27 TAK patients
and 10 healthy controls. They found increased mRNA levels of
TLR2 and TLR4 in TAK patients. Furthermore, this study revealed
a novel connection between TLRs and T-cells in the pathogenesis of
autoimmune diseases. Another study by Uebelhoer et al. examines
how malnutrition and acute illnesses affect immune responses in
young children in low- and middle-income countries and which
aspects of immunity are relevant in this particularly vulnerable
population. Overall, the results show exaggerated innate immune
responses to pathogen-associated molecules, especially TLR-4 and
TLR-7/8, in acutely ill young children, persisting during recovery.
Exaggerated innate immune responses to TLR ligands can
contribute to chronic systemic inflammation and dysregulated
responses to subsequent infection challenges.

Their ability to stimulate immunity makes TLR attractive
targets for expanding numerous immunotherapeutic approaches
to combat cancer (15). These immunotherapeutic strategies include
the use of TLR ligands/agonists as monotherapy or in combined
therapeutic approaches (16). In a review, Chakraborty et al. attempt
to provide a comprehensive discussion of significant TLR agonists
and their application, as well as the challenges in integrating them
into cancer immunotherapy approaches, with a particular emphasis
on the use of TLR agonists as functional adjuvants for cancer
vaccines. They present the translational potential of an autologous
cancer vaccine, as well as the immune-inducing potential of TLR
agonists as a potential immunotherapy in various types of cancer.

In another study, Jin et al. show that the unique immune system
of the Atlantic cod offers an unprecedented opportunity to explore
the evolutionary history of pattern recognition receptor (PRR)-
based signaling in the immune defense of vertebrates. The absence
of major histocompatibility complex class II antigen presentation
and several pathogen recognition receptors in the Atlantic cod has
not impaired the immune response.

Overall, this Research Topic effectively illustrates the dual role of
Toll-like receptors (TLRs) and their associated signaling pathways in
viral infections, as well as in a broad variety of inflammatory processes.
It highlights the two facets of TLR activation: one contributing to
immune protection and the other to immunopathology.
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The absence of MHC class Il antigen presentation and multiple pathogen recognition
receptors in the Atlantic cod has not impaired its immune response however how
underlying mechanisms have adapted remains largely unknown. In this study, ex vivo
cod macrophages were challenged with various bacterial and viral microbe-associated
molecular patterns (MAMP) to identify major response pathways. Cytosolic MAMP-PRR
pathways based upon the NOD-like receptors (NLRs) and RIG-I-like receptors (RLRs)
were identified as the critical response pathways. Our analyses suggest that internalization
of exogenous ligands through scavenger receptors drives both pathways activating
transcription factors like NF-kB (Nuclear factor-kappa B) and interferon regulatory
factors (IRFs). Further, ligand-dependent differential expression of a unique TLR25
isoform and multiple NLR paralogues suggests (sub)neofunctionalization toward
specific immune defensive strategies. Our results further demonstrate that the unique
immune system of the Atlantic cod provides an unprecedented opportunity to explore the
evolutionary history of PRR-based signaling in vertebrate immunity.

Keywords: cod, immune response, nucleotide-binding oligomerization-like receptor (NLR), macrophage, Toll-like
receptor (TLR)

INTRODUCTION

In vertebrates, the genetic basis of immunity is considered highly conserved (1). With the increased
use of high-throughput sequencing technologies, genomic resources from non-model species
has become readily available and large efforts in comparative immunology has ensued (2-4).
These studies have revealed several common denominators of vertebrate immunity, but also
demonstrated considerable gene losses and expansions challenging our understanding of immune
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system organization and functional compartmentalization in
vertebrates. The genome sequencing of the Atlantic cod (5),
and later a set of ~30 Gadiform genomes (2), demonstrated that
this group of teleosts display a very distinct immune gene
repertoire affecting both innate and adaptive immunity, with
the lack major histocompatibility complex (MHC) class II,
invariant chain (CD74) and CD4. All hallmarks of the
perceived classical vertebrate adaptive immune system (2, 5).
In parallel, teleosts display a wide range of gene expansions/
contractions related to major histocompatibility complex class I
as well as innate immune gene families such as pattern recognition
receptors (PRRs) (6-8). PRRs are a strongly conserved feature of
the immune system indispensable from insects to mammals and in
plants (R protein) (1, 9). Classically, these receptors are associated
with detecting microbe-associated or danger-associated molecular
patterns (MAMPS and DAMPS) with subsequent initiation of
inflammation. However, they have also been implicated in
regulation of development, antigen presentation and autophagy
(10, 11).

Genomic investigations have provided detailed characterizations
of all known PRR families including Toll-like receptors (TLRs), C-
type lectin receptors (CLRs), retinoic acid-inducible (RIG)-I-like
receptors (RLRs), and nucleotide-binding oligomerization (NOD)-
like receptors (NLRs) in an array of vertebrates (9). The PRR
repertoire in teleost fish has proven to be very diverse compared to
other vertebrate groups, and more so within the Gadiformes (12, 13).
All homologs of mammalian surface-located TLRs have been lost,
whereas there are large expansions of teleost-specific TLRs with
unknown cellular location and ligand type. Furthermore, loss of RIG-
I and NOD2 has been reported in parallel to the overall NLR
repertoire being greatly expanded (5, 7, 12-14). These significant
gene losses and expansions result in a peculiar genetic basis for innate
immunity that suggests the existence of an alternative MAMP-PRR
activation system. The functional implication of the PRR repertoire
observed in Gadiformes is poorly understood. Furthermore, thereis a
lack of functional investigations targeting PRR interaction and
signaling. So far, complete insight into these gene losses and
expansions, and the expression pattern of the various paralogs,
have been hampered by a fragmented genome assembly and the
use of short-read technology in, e.g., RNA-Seq analyses.

Certain PRR-encoding gene family groups such as the NLRs
appear to contain species-specific expansions that present multiple
modified forms (neo/sub-functionalization) and different genomic
organizational patterns (tandem/dispersed). Atlantic cod and other
gadiform species contain a high number of tandem-repeated gene
families that cause assembly collapse, as a consequence PRR genes
are often fragmented or collapsed (7, 12, 15). Additionally, some of
the Gadiformes PRRs demonstrate significant gene expansions and
neofunctionalization (3, 16). In the Atlantic cod genome, genes
from both the TLR and NLR families were found to be highly
expanded, accompanied by a loss of several other crucial PRRs
including certain cell membrane-bound TLRs (TLR1, TLR2, TLR4,
and TLR5), RIG-I, and NOD2 (5, 7, 12-14). This significant gene
loss suggests that the intracellular mechanisms in mediating
MAMP-PRR activation are likely of extra necessity and
importance (5, 13). However, the underlying mechanisms of this

process are not fully understood. In this sense, short-read deep
sequencing like Illumina RNA-Seq have produced extensive atlases
of transcriptomes. In addition, long-read sequencing such as PacBio
(yielding reads with average > 15 kb, up to 100 kb or even longer),
have proven able to generate high contiguous long reads spanning
repeats, and is progressively used in genome assembly and full-
length transcriptomics (7, 14, 17, 18). Therefore, integrating both
the short- and long-read sequencing approaches would ensure a
more precise point-to-point interpretation of the response to
immune challenges, especially in organisms with highly complex
expanded gene families like Atlantic cod.

Here, we have used Atlantic cod macrophages to further
elucidate the functional outcome of the Gadiformes PRR
repertoire. Macrophages play a pivotal role in host defense, both
phagocytizing non-self-agents and orchestrating subsequent innate
and adaptive immune responses (19-21). As a consequence, tissue
macrophages perform a critical immune surveillance role with their
befitting diversity of PRRs (21). Ex-vivo Atlantic cod macrophage
cultures were established and challenged with a set of MAMPs
mimicking bacterial and viral infections. In addition, a set of well-
known pharmacological signaling pathway blockers were used to
further unravel cod PRR signaling pathways. Finally, using long-
read sequencing technology, a comparison between the predicted
transcriptome and the actual macrophage transcriptome was
performed. We find that Atlantic cod macrophages efficiently
engulf microbes, produce inflammatory mediators and generate a
MAMP-specific immune response that agrees with the overall
vertebrate models. Sensing of bacterial ultra-pure peptidoglycan
uPGN (containing MDP, muramyl dipeptide, and iE-DAP, y-D-
Glu-mDAP), and of the viral mimic dsRNA is mediated by the NLR
and RLR pathways respectively. Comparative analyses demonstrate
a role for the internalization for exogenous ligand through
scavenger receptors for MAMP-PRR interactions. Intracellular
pathways identified through inhibition highlights a central role of
TBK1 (TANK Binding Kinase 1) in signal coordination for NOD-
based signaling. Our findings demonstrate that Atlantic cod appears
to rely more on cytosolic MAMP sensing using NLR and RLR-based
signaling supported by neo-functionalized PRRs.

MATERIAL AND METHODS

Samples

One-year old Atlantic cod, Gadus morhua L., reared in land-
based tanks supplied with filtered sea water were obtained from
Ardtoe Marine Facility (UK) during 2014-2015. They were kept
at environmental temperature and fed on commercial dry pellets
once a day. All procedures were in accordance with UK Home
Office welfare guidelines. The fish were sacrificed with UK Home
Office approved methods, using an overdose of the anesthetic
benzocaine (Sigma-Aldrich) followed by brain concussion. The
head kidney and spleen of each animal were dissected out and
kept at 4°C in high glucose Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma-Aldrich) and 0.2% Primocin'" (InvivoGen)
until cell culture.
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Macrophage Cell Culture

The sampled tissues were ground together through a 100 um cell
strainer (Fisher Scientific) in a proportion of 1:3 spleen to head
kidney into a tube with fresh DMEM solution with 0.2%
Primocin. Cells were precipitated by centrifugation at 1500
rpm for 5 min and resuspended in DMEM (0.2% Primocin
and 10% chicken serum (Life Technologies)). The cell culture
plates were coated with 0.5 ml of poly-D-lysine (Sigma-Aldrich)
(0.1 mg/ml in no calcium, no magnesium Dulbecco’s Phosphate-
Buffered Saline (DPBS) (Life Technologies)) per well for 30 min,
rinsed with 1.5 ml of DPBS per well, and left to be air-dried prior
seeding. Twelve-welled plates (Thermo Scientific) were filled
with 1 ml per well of the resuspended cells (which contained
approximately 2 million cells per ml). The cell cultures were kept
in an incubator at 15°C with 4% CO, supply. After one day and
thereafter every two days (5 days in total), half of the medium per
well was replaced with fresh DMEM (0.2% Primocin and 10%
chicken serum from the same batch).

Phagocytosis Assay

Alexa fluor 488 labelled bacteria (E. coli, Sigma-Aldrich) and yeast
(S. cerevisiae, Sigma-Aldrich) were used as phagocytosis targets.
After 1 h and 3 h of incubation with bacteria and yeast
respectively, macrophages from four individuals were analyzed
using Guava® easyCyte  8HT Flow Cytometer (Merck Millipore)
to measure phagocytosis. Flow cytometry assessment of the cell
population demonstrated homogeneity (92%) and was gated for
further functional assays (gate R1 in Figures 1A, B).

Microbe-Associated Molecular Patterns
Immune Challenge

One hour prior to stimulation, the cell culture medium was
replaced with serum-free DMEM, eliminating the possible
interference of serum with the assay. Ten ul of 1mg/ml stock
solutions of MAMPs (i.e., Lipopolysaccharide (LPS; LPS-EK;
E.coli), Peptidoglycan (PGN; PGN-EK; E.coli), ultra-pure
peptidoglycan (uPGN; PGN-E.coli ndss ultrapure), dsSRNA (High
Molecular Weight, HMW) and CpG [E. coli ssDNA/LyoVec)] per
ml was used in all cases to challenge the cells for 3h and 12h (Table
$6). All MAMPs were purchased from Invivogen.

Inhibition of the Immune Response to
Ultra-Pure Peptidoglycan

MAPK Kinase Inhibitors PD (MEK1 and MEK2 Inhibitor,
Sigma-Aldrich), SB (p38/ERK MAP Kinase Inhibitor, Sigma-
Aldrich), and NOD1/2 inhibitor GEF (Gefitinib, Invivogen) were
added to the cell cultures along with either solution buffer
(control) or uPGN (10 pg/ml). The working concentrations of
the inhibitors were, respectively, 2, 0.5, and 10 uM (Table S6).
The cultures were incubated for 12 h. All possible combinations
of inhibitors were tested.

Prostaglandin E; Measurement

Supernatants (serum-free DMEM with 0.2% primocin) of control
and uPGN-challenged macrophages from 4 different individuals
were preserved at —20°C prior testing. Prostaglandin E, (PGE,) was

quantified by a monoclonal EIA kit following the manufacturer
instructions (Cayman, USA).

RNA Isolation and Quality Control

After the whole supernatant had been removed by pipetting, 250 pl
of TriReagent® (Sigma-Aldrich, UK) was added to each well of a 12-
welled plate. Total RNA of the macrophages was extracted by the
phenol/1-bromo-3-chloropropane method (Sigma-Aldrich, UK)
following the manufacturer’s instructions, with 1 ul of glycogen
(Roche) per 1 ml TriReagent® added to enhance the RNA
precipitation during the isopropanol step. The total RNA samples
were then subjected to NanoDrop (Thermo Scientific) to determine
the RNA concentration, and Bioanalyzer (Agilent Technologies) to
estimate the integrity and purity of the RNA samples. Only the
samples with RIN values greater than 8 were kept. Qubit® (Life
Technology) was used to quantify the concentrations of the samples
that were going to be sent for sequencing. All samples were stored at
-80°C.

cDNA Synthesis

Different cDNA synthesis protocols were used depending on the
purpose of the samples, following the manufacturer’s
instructions of each kit. The Illumina RNA-seq cDNA library
was prepared using 1 pg of RNA from each sample and TruSeq
V2 kits (Illumina, CA, USA), with reduced RNA fragmentation
time (3 min) to maximize obtention of longer reads. For PacBio
IsoSeq, 1 pg of RNA per sample was used for first-strand
synthesis by SMARTer PCR c¢cDNA Synthesis Kit (Clontech).
For quantitative RT-PCR (qPCR), 1 ug of total RNA per sample
was used to synthesize cDNA with SuperScript III RNase
Transcriptase (Invitrogen) and Oligo-dT primer (Invitrogen).

Library Preparation and Sequencing

Two rounds of Illumina RNA-seq were performed. For the first
one, which consisted of a preliminary MAMP activation
screening, RNA samples from macrophage cultures derived
from 3 fish were pooled. In total, 9 pooled libraries were
prepared: 3 control pooled samples (Ctl), 3 bacterial MAMP-
activated pooled samples (Bac) and 3 dsRNA-activated pooled
samples (Plc) (Table S7). They were loaded onto one lane of
an eight-laned FlowCell Chip. The second round looked at
the effects of exclusively uPGN on the cod macrophage
transcriptome. For these, a total of 18 libraries were prepared,
each individual fish had three aliquots of one control sample, one
sample challenged with uPGN for 3 h and another one
challenged with uPGN for 12 h. These were loaded onto two
lanes of an eight-laned FlowCell Chip.

To prepare the libraries for IsoSeq, the Pacific Biosciences
IsoSeq library preparation protocol was followed. Before library
preparation, the cDNA was first size-selected using BluePippin
(Sage Science) and then using AMPure® XP (Auto Q
Biosciences) beads. Then they were sequenced on a Pacific
Biosciences RS II instrument using P6v2/C4 chemistry (Pacific
Biosciences of California Inc., Menlo Park, CA, USA). In total, 2
SMRT cells for 1-2kb, 3 SMRT cells for 2-3kb, and 4 SMRT cells
for 3-6kb were used for sequencing.
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All primers for qPCR were designed using BatchPrimer3 v1.0
based on the target genes annotated in the latest cod genome
assembly gadMor2 (Table S8) (14). Target genes were validated
using thermal gradient RT-PCR and the products that met the
quality criteria were cloned into bacterial plasmids. Two
micrograms of cDNA were used as a template for PCR with
gene-specific primers. Target mRNAs were amplified using
MyTaq HS DNA Polymerases (Bioline, UK), and amplicons
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FIGURE 1 | Flow cytometry of fully functional Atlantic cod macrophages during phagocytosis (A). Scatter plot of cell complexity (y-axis) and size (x-axis) that shows the presence
of two cell subpopulations: one of morphologically similar cells (R1) and another one of heterogeneous cells with regards to both parameters (B-D). The first subpopulation was
gated, and it is shown in an untreated resting state (B), during phagocytosis of yeast (C), and during phagocytosis of bacteria (D), (C, D). Macrophage abundance by size during
an untreated resting state, after a 1-h and after a 3-h activation of yeast (C) and bacteria (D). Asterisks represent statistical significance: * < 0.05, *** < 0.0001.

were run on 1% agarose gels, stained with ethidium bromide and
purified with NucleoSpin® Gel and PCR Clean-up (Macherey-
Nagel, Germany). Purified PCR products were ligated in pGEM-
T easy vectors (Promega, USA) and transformed into Escherichia
coli (DHb5a strain). One selected transformant of each construct
was grown to obtain plasmid DNA (Miniprep kit, Macherey-
Nagel). All constructs were verified by Sanger DNA sequencing
with T7 and SP6 primer sets (GATC Biotech, Table S8). Pro-
inflammatory cytokines mRNAs for il1b and il6 were selected on
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account of their high inducibility during PAMP responses
(Figure S7). See details for PCR program and reaction systems
in supplementary Information. One-way ANOVA was used to
test the statistical differences between indicated experimental
contrast. Significance was reported if P < 0.05. Graphs were
plotted using Prism6® (Table S5).

Transcriptome Assembly and Transcript
Abundance Estimation

Raw Illumina reads from each sample were trimmed using
Cutadapt (v1.4.2) with cutoff as Phred < 20. For the downstream
differential gene and transcript expression analysis two pipelines
were used (1): reference genome based using the Tuxedo pipeline
(Tophat2, cufflinks and cummeRbund) (22): Trimmed reads from
macrophage samples (3x Ctl, 3x Bac, 3x Plc) were mapped to the
gadMor2 cod genome assembly (14) with the short read aligner
Tophat2 (v2.0.9) (see Supporting Information for details). The
reads from all samples were assembled by Cufflinks (v2.2.1) and
the results were visualized and plotted by R package
“CummeRbund” (2). The updated Tuxedo pipeline consisting of
Hisat2-Stringtie-Ballgown (23). The new tuxedo pipeline was used
to analyze the uPGN activated samples),. The trimmed reads from
uPGN activation with different time-intervals were mapped to the
same genome assembly by Hisat2 (v2.0.5), assembled, merged and
their expression abundance was estimated by Stringtie (v1.3.2-Pre)
with default settings (23). The results were visualized and plotted
with the R package “Ballgown”.

Transcriptomic Sequence Annotation

The nucleotide sequences of differentially expressed genes (DEGs)
from the contrast between control and the various treatments were
abstracted by Gffread from merged assemblies using Cufflinks and
Stringtie (Table §9). The sequences were then annotated based on
its similarities with human protein sequences and aligned to the
human UniProt database (downloaded in Jan 2017) by Blastx (Blast
+v2.2.29). The non-redundant DEGs were obtained by collapsing
the assembled “gene identifier” from both gene and transcript
clusters and the unique ones were kept. Subsequently, the
overlapping analysis of those DEGs were conducted by Venn
Diagram with its annotated human gene names. Dammit (v2.0.1)
was used to predict open reading frames and annotate from
polished IsoSeq transcripts.

Structure of Ultra-Pure Peptidoglycan-
Responsive Pattern Recognition Receptors
by Full-Length Transcriptome Sequencing
All the reads from three size-selected cDNA fractions were
clustered and polished by IsoSeq_SA3nUP. After polishing by
Quiver, 34,516 high-quality (hq) and 157,657 low-quality (lq)
transcripts were obtained. All full-length transcript isoform
sequences (with either high- or low-qualities) were merged,
yielding 192,173 isoforms with average length of 2,351 bp. In
total, 69.75% of the transcripts were uniquely mapped to the cod
genome assembly (gadMor2) by aligner Star (2.5.3a) under
instructions of IsoSeq_SA3nUP. The alignments of transcripts
were sorted by Samtools (v0.1.19) and visualized with the R
package “Gviz”.

Synteny of IFIH1 (Retinoic
Acid-Inducible-Il)

Full-length protein sequences of RIG-II for non-cod species were
obtained from NCBI and used directly for phylogenetic analysis.
Sequences were first aligned by ClustalW and a maximum
likelihood tree was produced using Maximum Likelihood (ML)
with 2,000 bootstraps by MEGA7. The evolutionary history was
inferred by using the Maximum Likelihood method based on the
JTT matrix-based model. Synteny analyses of IFIHI among
selected vertebrates are based on genome assemblies from
NCBI (RefSeq Release 82), except cod, trout and grass carp
whose genome resources are available elsewhere (Table S§4).

Functional Gene Ontology

Enrichment Analysis

Human gene identifiers were retrieved from UniProt-SwissProt for
all DEGs. Gene clusters were further divided by different immune
stimuli (dsSRNA/uPGN) and expression patterns (up/down). Each of
them was separately provided as input gene cluster and analyzed
together. Cytoscape plugin ClueGO and CluePedia were to perform
the GO enrichment analysis against KEGG (Figure 5) and
comprehensive functional databases including KEGG, GO,
WikiPathways, and REACTOME_Pathways (Figure S5 and
Dataset S1). The following ClueGO parameters were selected: Go
Term Fusion; display pathways that with adjusted-p-values less than
0.05; GO tree interval levels from 3 to 8; GO term minimum numbers
of genes (#) and percentage of genes (%): #4+6%, #2+3%, #3+4%, #2
+3% for dsRNA-Up, -Down, uPGN-Up, -Down respectively; kappa
score 0.3; GO enrichment/depletion by two-sided hypergeometric
test and corrected by Benjamini-Hocheberg; GO terms are presented
as nodes and grouped together based on functional similarity. Node
size is negatively proportional to the adjusted p-value for GO
enrichment; interactome layout by Cytoscape plugin AllegroLayout
with “Allegro Spring-Electric” option.

RESULTS

Ex Vivo Cod Macrophage Culture

Adherent cells derived from cod head-kidney and spleen
differentiated into a homogeneous macrophage phenotype,
with filiform pseudopodia, after three days in culture. Flow
cytometry assessment of the cell population demonstrated
homogeneity (92%) and was gated for further functional assays
(gate R1 in Figures 1A, B, Table S1). Phagocytic capacity was
tested with fluorescence-labelled microbes (FITC Escherichia coli
and Saccharomyces cerevisiae) demonstrating 40.77 + 26.54%
(mean + std. deviation) internalization of yeast within 1 h of
incubation at 12 °C (Figures 1C, D, Figure S1 and Table S1) and
66.42 + 3.21% internalization of E.coli after 3 h of incubation
(Figures 1E, F, Figure S1 and Table S1).

The Antiviral Response Is Conserved in
the Absence of Retinoic Acid-Inducible -I
To elucidate the bacterial and viral transcriptional response of the
ex vivo macrophage culture, a collection of MAMPs were used to
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mimic a bacterial (“Bac”, LPS, PGN, CpG DNA) and viral
(“dsRNA”, HMW dsRNA) infection. In total, 101 up-regulated
and 4 down-regulated genes were identified for group “Bac”
(Figure 2A), and 688 up-regulated and 105 down-regulated genes
for group “dsRNA” (Figure 2B). Analysis of annotated DEGs from
both challenge groups revealed 46 up-regulated genes expressed in
both treatments (Figure 2C, Table S2, Data S1). These were mostly
related to membrane internalization and trafficking, activation of
transcription and cellular signaling cascades including NF-KB and
MAPKs pathways, inflammation-related cytokines, and feedback
loop regulators (Figure 2D, Table S2 and Data S1). DEGs (492
total) specific to dsRNA were classified into eight major gene
clusters conservatively associated to the antiviral immune
response including: i) JAK/STAT pathway; ii) RLRs pathway; iii)
transcriptional factors; iv) NF-kB and MAPK signaling; v) CAMs
(Cell adhesion molecules); vi) antigen presentation by MHC class [;
vii) inflammasome and apoptosis; viii) Cytokines and effector
proteins (Figure 2D, Figure S2, Data S1).

Interestingly, cod (Gadus morhua) (24), flounder (Paralichthys
olivaceus) (25), chicken (Gallus gallus) (26) and the tree shrew
(Tupaia chinensis) (27) lack RIG-I (ddx58), once considered to be
indispensable in jawed vertebrates, and yet can initiate robust
antiviral responses. As we observed RLR pathway activation, we
looked at other RLR genes in the Atlantic cod genome including
ifih1 and slc4a10. Phylogenetic analysis placed the cod RIG-1I (ifih1)
into the teleost lineage as expected (Figure 2E). Further, synteny
analysis revealed a conserved genomic gene array structure where
ifihl is located, with flanking genes kcnh7 and slc4al0 being
ubiquitously presented across all tested vertebrate genomes
(Figure 2F, Table S3). Synteny in the teleost lineage was less
conserved for ifihl-adjacent genes including fap, gcg, and dpp4,
which displayed significant variation. Notably, these flanking genes
were absent from the trout genome which might be due to the
incompleteness of the genome assembly and/or genomic
rearrangement. Moreover, a survey of functional studies in these
13 vertebrates using dsRNA (or in some cases viruses) as stimuli
highlights a conserved antiviral signaling axis, where key
components RLRs, TLR3, IRF3/7, type I IEN, and JAK/STAT are
involved (Figure 2G, Table $4).

Ultra-Pure Peptidoglycan Drives Bacterial
Microbe-Associated Molecular Patterns
Recognition

In fish, the recognition of bacterial MAMPs and their respective
roles in downstream signaling and activation remains under
debate (28). In cod, the absence of homologs of the major cell
surface mammalian TLRs allowed for further exploration of the
downstream signaling pathway following LPS, PGN, and CpG
DNA detection. Using il1b and il6 mRNA expression as markers
of MAMP recognition, a subsequent pro-inflammatory response,
although non-significant, was shown in macrophages to LPS
(Figure 3A) and CpG DNA (Table S5). Ultra-pure PGN (MDP,
& iE-DAP) treatment induced a significant activation both 3-
and 12-h post challenge with MAMPs, while peptidoglycan did
not (Figure 3A and Table S5).

To further delineate the signaling pathways involved, we
employed a suite of kinase inhibitors targeting p38 MAPK and
MAPKK (MEK1 and MEK?2), including a NOD1/2 inhibitor acting
through RIPK2. None of the inhibitors significantly blocked uPGN-
driven il-1b and il-6 mRNA increases while used individually.
However, when combined, a significant inhibition was observed
(32.9% for il-1b and 29.5% for il-6) (Figure 3B and Table S5).
Although sequence divergence may impact upon cod-specific
MAPK inhibition, combinations of RIPK2 and MAPK inhibition
produced a more pronounced effect in comparison to MAPKK and
p38 inhibition.

uPGN-treated macrophage cultures that were positive for both
il1b gene expression (Figure 4A) and extracellular secretion of the
pro-inflammatory mediator prostaglandin E2 (PGE,) (Figure 4B)
were analyzed by RNA-Seq. uPGN-activated macrophages showed
higher activation (414 DEGs) than in response to the previously
used combination of bacterial MAMPs (LPS, PGN and CpG DNA)
(105 DEGs). Interestingly, at 3 h post uPGN treatment only 5 up-
regulated DEGs and no down-regulated DEGs were observed
(Figure 4C), while 286 up-regulated and 123 down-regulated
DEGs were identified after 12 h of treatment (Figure 4D, Figure
$3 and Data S1). The majority of DEGs (90%) were annotated, and
functionally categorized based on six major pathways: i) G-protein-
coupled receptors (GPCRs) and endocytosis; ii) PRRs sensing; iii)
apoptosis; iv) NF-kB and MAPK; v) cytokines; and vi) transcription
factors (Figure 4E, Data S1). Both il1b and ripk2 were significantly
regulated consistently with previous gene expression results.

Divergent Microbe-Associated Molecular
Pattern-Pattern Recognition Receptor
Recognition Systems Converge

The extensive repertoire of MAMP sensing in animals is
underpinned by a diverse set of adaptors and signaling proteins
that form pathways that ultimately activate the inflammatory
response. In cod, dependence upon intracellular MAMP sensors
may be expected to impact upon the activation of critical signaling
pathways. Using GO enrichment analysis with cod DEGs annotated
to human SwissProt identifiers, significantly enriched KEGG
pathways for dsSRNA- and uPGN up-regulated DEGs were shown
to be partially shared (Figure 5 and Data S1). Six major functional
clusters with their associated DEGs highlighted extensive
convergent signaling in cod macrophages upon distinct MAMP
challenge (Figure 5 and Figure S5), consistent with shared DEGs
between dsRNA and uPGN (Table S2). It is also noteworthy that
the MAMP sensing pathways, for both dsRNA and uPGN, in cod
demonstrate stimuli-specific DEGs that converge upon common
thematic regulators, thus providing diversity in MAMP-specific
regulators of signaling. For dsRNA-specific pathways, RLR- and
NLR-receptors, JAK-STAT signaling, IRF3/7 signaling, type-I IFN
response and MHC class I antigen presentation pathways were
shown to be conserved across vertebrates, from mammals (29) to
teleosts (30-32) (Data S1 and Figure S5). In contrast, the cod
uPGN-specific pathway demonstrates a different MAMP sensing
mechanism where NOD signaling, pro-inflammatory responses,
type-1I IEN responses and leukocyte differentiation mediated by
IENG, IRF8 and TGFBI, are enriched.
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Evidence for (Sub) Neofunctionalization in
Cod Pattern Recognition Receptor

To further capture the full-length mRNA isoforms, especially
those of significance in MAMP sensing, long read PacBio
transcriptome profiling (IsoSeq) was performed. After polishing
by Quiver, 34,516 high-quality (hq) and 157,657 low-quality (lq)
transcripts were obtained. Merging of the two, resulted in 192,173
isoforms with average length of 2,351 bp were obtained. In total,
69.75% of the transcripts were uniquely mapped to the cod
genome assembly (gadMor2). For some of the low expressed
genes detected using RNA-Seq (e.g., FPKM< 1), such as colecl2,
nlrc3 and ifihl (RIG-1I), long reads were not detected, probably
due to low sequencing coverage. Most cod PRRs found in the
Mlumina sequencing data were captured at least once by IsoSeq.
Inspection of the full-length transcripts of these PRRs obtained by
IsoSeq validated the high sensitivity of short reads assembler
Cufflinks and StringTie (Figure S5). For instance, three potential
transcripts for RIG-III (dhx58) were assembled by Cufflinks, of
which only one isoform “TCONS_00018715” was captured by
IsoSeq (Figure S6). Accordingly, the most dominant (>75%)
isoform “TCONS_00018715” had the highest abundance
(FPKM=21.06) in untreated resting macrophages (Ctl).
Additionally, two other isoforms “TCONS_00018716" (with an
extra 5-end exon), and “TCONS_00018717” (with exon

skipping) were dsRNA-challenge specific. Multiple transcripts
for tlr25 were identified by StringTie (after filtering out
transcripts with low variance (see Supplementary Information
for details), of which only transcript “MSTRG.16445.4” were
significantly activated by uPGN (Fold Change=2.831,
FDR=0.016). Sequence alignment of all these transcripts
towards tlr25 isoforms (a~g) from Solbakken et al (12, 13).,
showed that the isoform “MSTRG.16445.4” is identical to
TLR25d (13) (Figure S6).

DISCUSSION

Experimental studies, prior to the discovery of the alternative
arrangement of the Atlantic cod immune system (5, 33, 34),
described the Atlantic cod immune response, including survival
(35), fitness (36), pathogen elimination (37), and antibody-
production (38), as being broadly similar to other teleost fish
(39, 40). Furthermore, the loss of most membrane-bound TLRs,
MHC 1II, CD74 invariant chain and the CD4 receptor does not
appear to have imposed restrictions on the Gadiformes, a highly
successful family (>400 reported species) (2). Therefore, a more
prominent role, due to increased gene dosage, for intracellular
PRRs and MHC I has been proposed (5, 13).
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In order to assess the MAMP-PRR response in cod, an ex-vivo
macrophage cell culture model was developed. As one of the major
professional antigen-presenting cells (APCs), highly phagocytic
macrophages are responsible for innate-adaptive immunity cross-
talk (21). Differentiated cod macrophages efficiently engulf
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microbes, produce several inflammatory mediators and generate
a canonical time-dependent MAMP-specific immune response in
agreement with vertebrate macrophage models (19, 20, 29)
(multidimensional scaling; Figures S2 and S3, functional
clustering; Figure 5). The MAMP-activated cod macrophage
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transcriptome is characterized by profound changes in the
expression of cytokines, chemokines, antimicrobial peptides and
transcriptional factors (Data S1), driven by a set of stimuli-specific
gene-clusters tailored to cope with different MAMP-PRR signals.
Consistently, functional interactomes for dsRNA and uPGN
responsive DEGs are all convergent into functional pathways
such as NF-kB and IRFs (Figures 2 and 4). Similar results were
reported in in-vivo studies on cod using the facultative intracellular
bacterium Francisella noatunensis (41). Our data demonstrates
that in cod, macrophage immune response specificity is generated
in a ligand-dependent manner in the absence of certain
membrane-bound TLR interactions (Figures 2 and 4).

The co-evolution of both diversity and restriction across the
different components of the immune system is an intriguing
puzzle, but hampered by the challenge of developing suitable
experimental models (42). Strong evolutionary constraints
imposed upon metazoan regulatory molecular circuits ensure
robust regulatory mechanisms whereas pressure to diversify
recognition structures toward pathogens is critical (9).
Interestingly, the deletions observed in the cod genome appear
contradictory in that specific cell-surface TLR are absent thus
reducing recognition capacity (5), although functionality in cod
macrophages is not impaired. Studies in Atlantic cod suggest that
endocytosis of lipoprotein and polyribonucleotides (dsRNA) is
mediated by scavenger receptors (43). For exogenous dsRNA
sensing, variations of membrane-trafficking delivery can trigger
distinct immune responses (44, 45). Lipid-based dsRNA
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transfection induces a highly efficient and scavenger receptor
Class-A (SR-As) independent endocytosis triggering TLR3-
mediated apoptosis (44, 45). In contrast, directly adding
dsRNA to the culture medium, as in this study, induces a SR-
As-dependent endocytosis, mediated by the RLR family of
cytosolic receptors as seen in mammalian cells (44, 45). In this
study, cod macrophages increased the transcription of the
Scavenger Receptor Class-A Member (SR-As) colec12 (aka
SCARA4) with both dsRNA and uPGN indicating activation of
SR-As-dependent endocytosis. Moreover, many other vesicle-
trafficking related pathways were significantly activated
indicating a common response (Figure 5 and Data 1). In
accordance, elevated transcription of all cod RLRs, including
ifih] and dhx58, post dsSRNA challenge was observed. In contrast,
no activation was observed for tIr3 or its relevant adaptors
including myd88 and trif. PGN does not induce any
inflammatory response via direct microinjection into cytosol in
mammals, unless delivered by membrane encapsulated-vesicles
(46). In fact, recent studies highlight the endosome as a crucial
platform for NOD1/2-dependent ligand sensing and
inflammatory signaling (47-49). Despite nodl not being
significantly induced by uPGN (Fold-change: 1.7; p-val: 0.01;
FDR: 0.13, Figure S4), transcription of its adaptor (arhgef2),
enzymes (ripk2, hk2), and ubiquitination regulators (birc3, cyld,
tnfiap3) were all consistently elevated in our study which is
consistent with observations from studies in mammals (48, 50).
Additionally, results from our blockade assays using a cocktail of
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inhibitors against RIPK2 and MAPKs further validated the role
of NOD-pathways in sensing uPGN in cod macrophages.
Therefore, despite the absence of nod2, the NOD pathway in
cod remains functional, in line with observations of NOD1-
mediated antibacterial responses in birds lacking NOD2
including both duck (51) and chicken (52).

In addition to the loss of specific TLRs and the classical MHC II
pathway, some intracellular PRRs including RIG-I and NOD2
were also found to be absent in the Atlantic cod (13). Similarly,
RIG-I is lost in the coelacanth, spotted gar, cave fish, lamprey and
tree shrew and NOD2 is absent in the spotted gar, frog, reptiles and
birds (Ensembl Gene gain/loss tree). We found that the remaining
MDAS5/LGP2 and NODI1 initiate the RLR- and NOD-pathways
specific to dsSRNA and uPGN sensing, respectively, in Atlantic cod.
In the tree shrew, MDA5 and LGP2 synergistically mediate dSsSRNA
sensing regardless of molecular-weight differences in
compensation for the loss of RIG-I (27). This is achieved by the
RIG-I-specific adaptor, STING (Stimulator of interferon genes
protein, encoded by tmeml173), that acquired a novel MDA5
interacting function (27). In this study, the high-molecular-
weight dsSRNA was used as a general ligand for MDA5/LGP2.
Further studies concerning the differences in ligand types (e.g.,
HMW v.s. LMW) and delivery routes (e.g., extracellularly or via
liposome transfection) would provide additional information in
partitioning the specificities of receptor profiles. In zebrafish,
NOD1 knockout mediated by gene-editing dramatically affected
many other NLRs members by inducing expression whilst
conventional NF-xB and MAPK immune signaling pathways
were unimpaired (53). Interestingly, in line with above
mentioned PRRs, in dsRNA or uPGN challenged cod
macrophages, other receptors such as nlrc3s, nlrpl, nlrpl2 and
tlr25 were also significantly up-regulated (Figure 5 and Data 1). In
contrast to mammals, the dramatically expanded NLR and TLR
gene repertoire in the cod genome suggest a potential rapid
functional shift (7, 14). TLR25, one of the teleost-specific TLRs,
belongs to the TLR1 family and shares significant sequence
similarity with mammalian TLR1 (12, 13). In this study, one of
the TLR25 isoforms, tlr25d, was uniquely regulated by uPGN
challenge, however no changes were observed in any Myddosome
or Triffosome related factors leaving its downstream signaling in
cod unclear. On the other hand, several NLR family members’
associated adaptors including pycard and caspl were induced
suggesting that these mediators of inflammasome formation are
active in Atlantic cod as reported in mammals (54). Recent studies,
in zebrafish, described a conserved functional role for the NLRP1
inflammasome in teleosts (55) and our observations further
support a central role for NLRs in innate immunity in the
Atlantic cod and across the Teleost fish.

The underlying molecular patterns of activation in cod
macrophages point toward a conserved cytosolic MAMP-PRR
recognition that link to supra molecular organizing centers
which themselves appear to be conserved across vertebrate
innate immune signaling (9, 31). RLRs, NLRs and TLRs engage
in convergent signaling cascades to regulate the expression and
degradation of pro-inflammatory mediators upon ligand sensing,
that are highly conserved owing to strong functional and

regulatory constraints (56, 57). Interestingly, in fish canonical
LPS-TLR4 sensing is seemingly absent (58), with the exception of
zebrafish, as a negative regulator of inflammation (28). In this
study, no significant response to a standard LPS preparation was
detected. However, a robust uPGN-NOD driven activation of
inflammation coupled to an enrichment of the IRF8 pathway was
observed (Figure S5 and Dataset S1). In mice, IRF8-impairment
led to reduced secretion of IL-12, an essential inducer of T helper
(Th1) cell polarization, causing a dramatic increase in
susceptibility to intracellular infections highlighting a critical
defense function (59). Furthermore, a regulatory role for IRF8
has been suggested in MHC II antigen presentation (60, 61).
Recently, MHC class I based cross-presentation through the
acquisition of functional sorting motifs has been suggested as a
mechanism in cod for MHC II loss (62). The cod macrophage
model and further exploration of the IRF8 pathway provides a
platform for further functional studies. Multiple genome-based
studies across a wide range of fishes highlight an exceptional
diversity at the level of cytosolic PRR families (63-65). It is
tempting to speculate that the environment, both aquatic and
internal, coupled to restricted adaptive immunity has driven
innovation in cytosolic MAMP detection.

Available evidence, including this study, suggests that
functionality including intracellular PRR systems are conserved
throughout vertebrates, and thus, also provide an efficient host
defense in the Gadiformes lineage contributing to their
evolutionary success (31, 41, 66-68). In light of the loss of the
majority of extracellular PRR capability and lack of MHC class II-
based antigen presentation it suggests, at least in the Gadiformes,
these functions may not be ‘core’ to the immune response and
possibly bony fishes in general. Notably, evidence for sub- or
neofunctionalization of PRR, in a ligand-dependent manner, is
demonstrated via several NLRs paralogues and one of the TLR25
isoforms. Sub- or neofunctionalization following gene duplication
of multigene gene families driven by selection is a recognized
mechanism of genome innovation and adaptation (4). The
dramatically diversified NLR and TLR paralogues, coupled with
their complex protein-protein interactions via ligand-sensing and
signal transduction domains, presumably allow the cod immune
system to adapt to fast-evolving pathogens.

In summary, our results, based upon a novel ex vivo
macrophage cell culture, demonstrate that intracellular PRR
systems based upon RLR and NOD signaling, in the absence of
RIG-I and NOD?2, are critical drivers of the response to bacterial
and viral pathogens in Atlantic cod. Our analysis highlighted the
inflammatory response to be intimately linked to scavenger
receptor-based internalization of MAMPs coupled to highly
conserved intracellular signaling platforms. Cytosolic PRR
capabilities in the Atlantic cod are functional, in line with most
vertebrate studies, and are based upon canonical NF-kB and IRFs
activation pathways. Additionally, we uncover that the multiple
NLR paralogues and the unique TLR25 isoform identified in
Atlantic cod display ligand-dependent differential expression
suggesting (sub)neofunctionalisation toward specific immune
defensive strategies. Our results further demonstrate that the
extreme remodeling of the Atlantic cod immune system provides
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an unprecedented opportunity to explore the evolutionary
history of PRR-based signaling in vertebrate immunity.
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To explore the relationships between Toll-like receptors (TLRs) and the activation and
differentiation of T-cells in Takayasu’s arteritis (TAK), using real-time fluorescence
quantitative polymerase chain reaction, mRNA abundance of 29 target genes in
peripheral blood mononuclear cells (PBMCs) were detected from 27 TAK patients and
10 healthy controls. Compared with the healthy control group, the untreated TAK group
and the treated TAK group had an increased mRNA level of TLR2 and TLR4. A sample-to-
sample matrix revealed that 80% of healthy controls could be separated from the TAK
patients. Correlation analysis showed that the inactive-treated TAK group exhibited a
unique pattern of inverse correlations between the TLRs gene clusters (including TLR1/2/
4/6/8, BCLSG, TIGIT, NR4A1, etc) and the gene cluster associated with T-cell activation
and differentiation (including TCR, CD28, T-bet, GATAS, FOXP3, CCL5, etc). The dynamic
gene co-expression network indicated the TAK groups had more active communication
between TLRs and T-cell activation than healthy controls. BCL6, CCL5, FOXP3, GATAS,
CD28, T-bet, TIGIT, IxBa, and NR4A1 were likely to have a close functional relation with
TLRs at the inactive stage. The co-expression of TLR4 and TLR6 could serve as a
biomarker of disease activity in treated TAK (the area under curve/sensitivity/specificity,
0.919/100%/90.9%). The largest gene co-expression cluster of the inactive-treated TAK
group was associated with TLR signaling pathways, while the largest gene co-expression
cluster of the active-treated TAK group was associated with the activation and
differentiation of T-cells. The mRNA sequencing of the plasma exosomes combining
miRDB, DIANA-TarBase, and miRTarBase databases suggested that the miR-548 family
miR-584, miR-3613, and miR-335 might play an important role in the cross-talk between
TLRs and T-cells at the inactive stage. This study found a novel relation between TLRs and
T-cell in the pathogenesis of autoimmune diseases, proposed a new concept of TLR-co-
expression signature which might distinguish different disease activity of TAK, and
highlighted the miRNA of exosomes in TLR signaling pathway in TAK.

Keywords: T-cell activation, Toll-like receptor, Takayasu’s arteritis, disease activity, co-stimulatory molecule,
immune checkpoint, biomarker, miRNA - microRNA
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INTRODUCTION

Toll-like receptors (TLRs) are a type of pattern recognition receptor
that can initiate multiple immune responses by combining with
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). A growing number of
studies have been demonstrated that TLRs take part in the
pathogenesis of many kinds of autoimmune diseases (AIDs)
through several mechanisms (1-3). Recently, NI-0101, an anti-
toll-like receptor 4 monoclonal antibody was used in RA, which was
the first clinical trial to target TLRs to treat autoimmune diseases (4).
The dearth of knowledge on the role of TLRs in the pathogenesis of
Takayasu’s arteritis (TAK) is especially notable when compared to
the relatively higher number of studies on their role in that of
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE),
and multiple sclerosis (MS).

TAK is a primary large vessel vasculitis mainly affecting the
aorta and its major branches. Patients with onset TAK are
typically female, and more than 90% of them are under 30
years old. Annual TAK incidence rates are estimated to be 1.5
cases per million in Japan, and 0.2~2.6 cases per million in
Europe and North America (5). The autoimmune inflammation
of TAK appears to be dominantly driven by T-cells (6). Studies
have shown that there are numerous associations between TLRs
and the activation and differentiation of T-cells. For instance,
TLRs expressed in innate immune cells, such as DCs and
macrophages, can regulate the activation and differentiation of
T-cells. On the other hand, TLRs expressed in T-cells can
influence T-cells more directly. For instance, TLR1 and TLR9
are highly expressed in CD4" T cells, and CD8" T cells have
abundant TLR3 and TLR4 expression (7). TLR7-mediated
suppression of Th17 cells does not require dendritic cell
involvement (8), TLR2 signaling alters the transcriptional
program of differentiating and increases the proliferation of
Th17 cells (9), TLR8 signaling suppresses glucose uptake and
metabolism in Treg cells (10), and TLR2 signaling enhances the
movement of Treg cells (11), which all act on T-cell directly.
Thus, we hypothesized that TLRs regulate the activation and
differentiation of T-cells in TAK. However, there have been only
two studies in the literature on TLRs in the pathogenesis of TAK
in PubMed database (12, 13). Kabeerdoss et al. found that the
higher mRNA expression of TLR4 and its ligand S100s in
peripheral blood mononuclear cells (PBMCs) of TAK patients
compared to healthy controls and that after being stimulated
with TLR4 ligand (12), PBMCs from TAK patients had a higher
mRNA expression of IL-1 and IL-1R2 compared to that of HC
(13). Taken together, it has been currently unknown whether
TLRs are related to the disease activity or the activation and
differentiation of T-cells in the pathogenesis of TAK.

In organisms, genes form molecular networks, these
molecular networks tend to be modular, and similar modules
combine to function (14-16). If a network has a high clustering
coefficient, it suggests the presence of local cliques or clusters of
connected molecules (17). Genes with high expression similarity
or linked by the shortest path are often involved in the same
biological pathway or are subjected to shared regulatory
pathways (18-21). The identification of stable and reliable gene

co-expression networks is essential to unravel the interactions
and functional correlations between genes (22). Analysis of the
gene co-expression network is one of basic approaches currently
adopted by research on the relations between two clusters of
genes (14, 15).

Additionally, in this study, we defined ‘co-stimulatory
molecules’ as both negative and positive co-stimulatory
molecules (23). After T cell receptor (TCR) activation, the fate
of the T cells is controlled by signals from T cell co-stimulatory
molecules and cytokines largely.

The aim of this study was to determine whether a relation
exists between TLRs and the activation and differentiation of T-
cells in TAK and to analyze the key molecules that play an
important role in this regulation. This study may provide
experimental evidence for targeting TLRs in the treatment
of TAK.

METHODS

Figure 1 Summarized the basic workflow of this study.

Gene Function Annotation
Universal Protein Resource (UniProt) SwissProt database was
used to annotate gene functions (24).

Functional Enrichment Analysis

Functional enrichment analysis was performed by the Metascape
webserver (25) (https://metascape.org/), and the pathway
databases consisted of Gene Ontology (GO) (26), KEGG (27),
and WikiPathways (28). Enrichment analysis was performed by
using a hypergeometric test with a p-value cutoft of 0.01. The
enrichment results were visualized using the R Package ggplot2,
the R Package Circlize, and Cytoscape V. 3.8.2.

Networks Based on Public Databases

The gene co-expression network was constructed using the
COEXPEDIA database (29) (www.coexpedia.org), and the
protein-protein interaction (PPI) networks were constructed
using the STRING database (30) (https://www.string-db.org/).

Patients

Treated TAK patients fulfilling the 1990 ACR criteria (31) were
enrolled. And we assessed the disease activity of TAK by the 1994
NIH criteria (32), which included the following.

1. Systemic features, such as fever, musculoskeletal (no other
cause identified).

2. Elevated ESR.

3. New onset or aggravated features of vascular ischemia or

inflammation, such as claudication, diminished or absent

pulse, bruit, vascular pain (carotodynia), asymmetric blood

pressure in either upper or lower limbs (or both).

Typical angiographic features.

If a TAK patient had two or more features, he was defined
as “active TAK patient”; otherwise, we diagnosed the patient was
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FIGURE 1 | The basic workflow of this study. (A) mRNA abundance of 29 target genes in PBMCs was measured using RT-qPCR, and these genes were highly
enriched in TLR signaling pathways and the function of the activation and differentiation of T-cells by functional enrichment analysis. (B) Sample clustering
analysis suggested that TAK patients had a different expression pattern of the selected genes from the healthy controls. Gene expression differential analysis
demonstrated the upregulation of TLR signaling pathway in TAK, but no substantial difference in TLR signaling pathway was found between the inactive-treated
TAK patients and the active-treated TAK patients. (C) Correlation analysis showed that the inactive-treated TAK group exhibited a unique pattern of inverse
correlations between the TLRs gene cluster and the gene cluster associated with T-cell activation and differentiation, while the active-treated TAK group did not.
And TLRs and their correlation cluster could distinguish active patients from inactive patients in TAK. (D) Dynamic gene co-expression network was constructed.
TLR-co-expression signature of different stages was observed, and the degree of functional association between the other genes with TLRs was assessed.

(E) To account for the co-expression in the greatest cluster of the inactive-treated TAK group, functional enrichment analysis, miRNA database prediction, and
miRNA sequencing of plasma exosomes was performed, which indicated that miRNAs might play an important role in the cross-talk between TLR and T-cell in
TAK patients.
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at remission stage, and the patient was defined as “inactive
TAK patient”.

A patient that never received any TAK medication was
defined as “untreated TAK patient”, and a patient that was
under treatment was defined as “treated TAK patient”. Both
the untreated and the treated patients were classified into the
inactive group and the active group.

Written informed consent was obtained from all participants
and the study was performed in accordance with the Declaration
of Helsinki. And this study was approved by the Institutional
Review Board of Peking Union Medical College Hospital,
Beijing, China (S-478).

Collection and Processing of Human
Blood Samples

PBMCs were isolated from patients by density-gradient
centrifugation. Total RNA was prepared from the PBMCs
using Trizol reagent (15596026, Thermo Fisher Scientific) (33).
The RNA samples were diluted in RNase-free water, denatured at
65°C for 10 min. RNA concentration and purity were determined
spectrophotometrically, and the RNA integrity was verified by
denaturing RNA gel electrophoresis.

Real-Time Fluorescence Quantitative
Polymerase Chain Reaction (RT-qPCR)

RNA was reverse transcribed using the PrimeScript * RT reagent
Kit with gDNA Eraser (RR047A, Takara). Genomic DNA (gDNA)
was eliminated at 42°C for 2 min. Reverse transcription was
performed using the following conditions: 37 °C for 15 min, 85°
C for 5 sec. RT-qPCR reactions were performed with the iTaqTM
Universal SYBR® Green Supermix (725124, Bio-Rad) and primers
were listed in Supplementary Table 1. The temperature cycle
parameters in an Applied Biosystem 7900HT1 were: 95°C for 30
sec and 40 cycles of 95°C for 30 sec, 56°C for 30 sec and 72°C for
40 sec followed by a hold at 72°C for 40 sec. Gene expression was
calculated using the 27**“4 method. Melting curve analysis was
performed from 65 to 95 °C.

The Targeted Genes

Total 29 genes were selected which were confirmed closely
related to TLR signaling pathways and the function of the
activation and differentiation of T-cells by GO and KEGG
enrichment analysis, including BCL6, CCL5, CD28, CD3
(CD247), CD40, CD40L (CD40LG), CD83, CTLA4, FOXP3,
GATA3, IxBo. (NFKBIA), LAG3, NR4A1, P50 (NFKBI1), P65
(RELA), PD-1 (PDCD1), PD-L1 (CD274), PD-L2 (PDCD1LG2),
RORC, T-bet (TBX21), TCR (TRA), TIGIT, TIM3 (HAVCR2),
TLR1, TLR2, TLR4, TLR6, TLRS, and TNF.

The Selection of Reference Genes

A list of 9 genes previously reported that were stably expressed in
human PBMCs from the literature was compiled, including
ACTB, B-glucuronidase, B2M, GAPDH, HPRT1, PGKl,
RPL13A, SDHA, and YWHAZ. We Assessed the gene
expression stability and selected the most appropriate
housekeeping genes for each analysis using the geNorm (34),
the NormFinder (35), and the BestKeeper software (36). As a

result, B2M and YWHAZ were used as the internal reference
genes for the comparison of healthy controls and untreated TAK
patients, B2M and SDHA were used for the comparison of
healthy controls and treated TAK patients and the comparison
of the active-treated and the inactive-treated TAK patients, and
HPRT1 and YWHAZ were used for the comparison of the
untreated and the treated TAK patients and correlation analysis.

Dynamic Gene Co-Expression Network

We constructed the gene co-expression network of the healthy
control group, the untreated TAK group, the treated TAK group,
the inactive-treated TAK group, and the active-treated TAK
group based on the qPCR dataset, respectively. The Pearson
correlation has an advantage in predicting the interaction of
molecules and is widely used as a measure of gene co-expression
in many public databases (37, 38), so it was adopted the main
approach in the network analysis and the results were available in
the main text. However, Spearman correlation has an advantage
in revealing the functional associations, so it was adopted as a
complementary approach and the results are available in the
Supplementary Information (39). Statistical analysis was
performed using IBM SPSS statistic V.23 (Armonk, New York,
USA). A p-value of less than 0.05 was considered significant.
Cytoscape V. 3.8.2 was used to edit the networks.

Unsupervised Hierarchical Clustering
Analysis and the Co-Expression Cluster
Samples were clustered based on the Pearson correlation
coefficient for the profile of those 29 genes using the R package
ggcorrplot. Hierarchical clustering of samples was carried out
using Pearson correlation and Spearman correlation respectively
(38). Data were partitioned into five clusters by cutting the
clustering tree at the height of 1.0 and the co-expression
clusters were defined which consist of similarly expressed
genes. The clustered heatmap and hierarchical clustering trees
were performed using the R package ggcorrplot and the R
package ggplot2 by R V.4.1.0. A p-value of less than 0.05 was
considered significant.

Scoring System for the Assessment of
Disease Activity

The disease activity score was calculated using the algorithm as
published before (40). To assess the disease activity of TAK,
highly co-expressed gene pairs (defined as |r| > 0.73, p < 0.01) of
the inactive-treated were selected. Regression equations were
calculated by linear least squares. To qualify how well the data of
an individual sample fit a regression line, we calculated the
relative error (RE) as the ratio of the absolute error (AE) and
the observed value of gene expression level. The AE is the
absolute value of the difference between the predictive value
and the observed value.

M-value was introduced which was equal to the RE:

M = | (ypredictive value _yabservatian)/yohservution| . (40)

Qualified the data of each sample to fit every regression line
one by one. The M-value of each active or inactive patient was
calculated. Then the patients were ranked by M-value. The
threshold was set using the Youden index and was adjusted
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when appropriate. A score of 1 was given if a patient had an M-
value less than the threshold, 0 if a patient had an M-value
greater than the threshold. The total score of a patient was the
sum of each score of M-value. The threshold of the total score
was set using the Youden index. Detailed protocols are available
in ref.

Evaluate the Closeness of Gene-to-Gene
Functional Relationships Between TLRs
and the Other Genes

To predict the functional relationship between TLRs and the
other genes through quantification, the following metrics were
employed, and its rationale has been published (19-21, 41-43).
Take BCL6 for an example.

1. The number of TLR-genes that were co-expressed with BCL6.

2. The number of common neighborhoods with TLRs. In the
metric, all TLRs were processed as a whole-body
corresponding to one gene.

3. The number of TLRs in the co-expression cluster that
consisting of BCL6, which cluster was cut at the height of 1.0.

One gene of each metric was counted as one point. Calculated
the total score of each gene assessed.

miRNA-Gene Network Prediction

The pipeline was composed of three major steps:

1. miRNAs targeting each gene were obtained from the
miRDB database, which is a miRNA target prediction
database (44, 45).

2. Counted the number of genes of each miRNA listed in (i),
and the miRNA which targets more than one gene was
selected.

3. Mapping according to the miRNA-gene pair list acquired in
(ii). In this step, the miRNAs were pooled for miRNA families
if there were more than one miRNA belonging to the same
miRNA family.

4. Ranked the miRNAs or the miRNA family according to the
number of genes targeted.

Plasma Preparation

Whole blood was collected from controls and TAK patients in
ethylenediaminetetraacetic acid (EDTA) tubes and stored at 4°C.
Plasma was isolated immediately from the whole blood by
centrifugation (4°C, 800 x g for 10 min) in 4 hours. Then, the
collected plasma was isolated by further centrifugation (4°C,
3,000 x g for 15 min) to remove cellular debris and large vesicles.
Plasma samples were stored at —80°C until analysis.

Exosome Isolation and Quantification for
miRNA Sequencing

Plasma samples were thawed at 37°C and filtered through a
filtration membrane (0.8 um). Next, the plasma was diluted 1:1.5
in filtered 0.01 M phosphate-buffered saline (PBS). Exosomes
were purified by consecutive steps of size exclusion
chromatography (SEC) on size exclusion columns and

ultrafiltration tubes (100 kDa cutoff, Amicon). Successful
exosome isolation was confirmed as follows.

1. Immunoblotting analysis revealed negative calnexin
(Proteintech), positive CD63 (SanTAK-Cruz), positive CD9
(Proteintech), and positive TSG101(Absin).

2. Immuno-electron microscope analysis and nanoparticle
tracking analysis (NTA) revealed that the isolated exosomes
were 30~150 nM in diameter.

RNA was isolated using miRNeasy Mini Kit (Qiagen) from
exosomes. All the RNA samples met the following RNA
quality threshold.

1. The ratio of OD260/280 was between 1.8 and 2.0.

2. The RNA concentration was greater than 300 pg/uL.

3. The Cq value of miRNA-130b was less than or equal to 23.
4. 16S rRNA (-).

miRNA Sequencing

Small RNA libraries were prepared with the QIAseq miRNA
Library Kit (QIAGEN). The quality of the libraries was validated
on an Agilent Bioanalyzer 2100 and qPCR. Pair-end sequencing
was performed on Illumina HiSeq2500.

Statistical Analysis

Normality was assessed with a Kolmogorov-Smirnov. Normally
distributed continuous variables were provided as mean *
standard deviation and non-normally distributed continuous
variables as median (interquartile). A Chi-square test was used
for reporting associations between two categorical variables.
Differences of continuous variables between groups were
analyzed by the Mann-Whitney test. The correlation between
gene expression levels was represented by the Pearson
correlation coefficient. The models were otherwise validated by
examining standardized residuals for normal distribution.
Statistical analysis was performed using IBM SPSS statistic
V.23 (Armonk, New York, USA). A p-value of less than 0.05
was considered significant.

RESULTS

Demographic Data, Clinical Features, and
Laboratory Findings of Patients

Twenty-seven TAK patients were included. Based on the definition
described above, 7 patients were classified into the untreated TAK
group, and 20 patients were classified into the treated TAK group.
Among them, 15 patients were assessed for remission, and 12 were
assessed as being at the active stage following the NIH criteria
described previously. Besides, 10 healthy subjects served
as controls.

The demographic data and laboratory findings of patients
were listed in Supplementary Table 2, and the individual patient
data were seen in Table 1. There was no significant difference
between the inactive-treated TAK group and the active-treated
TAK group in age (p=0.82), sex (p=0.35), disease duration
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TABLE 1 | Demographic data and clinical features of patients with Takayasu's arteritis.

Age (years) Gender Disease duration (months) ESR (mm/h)

(ref. range, 0~20)

Treated TAK patients (n=20)
Inactive (n=11)

#1 32 F 3 5
#2 51 F 12 21
#3 39 F 88 ihl
#4 34 F 51 12
#5 49 F 34 9
#6 28 F 40 7
#7 26 F 5 17
#8 59 F 43 12
#9 37 F 44 13
Active (n=9)

#10 36 F 133 16
#11 32 F 132 33
#12 50 F 380 19
#13 40 F 11 38
#14 25 F 19 16
#15 38 F 118 12
#16 34 F 58 6
#17 39 F 13 23
#18 49 F 7 5
#19 40 F 314 1
#20 50 M 200 16
Untreated TAK patients (n=7)

Inactive (n=3)

#21 34 F 176 7
#22 27 F 5 14
#23 38 F 48 5
Active (n=4)

#24 31 M 1 91
#25 25 F 1 19
#26 23 M 81 71
#27 29 F 4 127

hs-CRP (mg/L) Interleukin 6 (pg/mL) TNF-a (pg/mL)  Prednisone
(ref. range, 0~8.00) (ref. range, <5.9) (ref. range, <8.1) (mg/d)
1 4.4 8.8 24
2.86 3 7.5 10
2.92 2 6.4 0
0.84 2 4 5
017 2 6 7.5
0.91 2 6.1 7.5
0.31 2 11 45
0.44 2 4 35
0.21 2.4 5.6 10
0.77 2 7.8 40
5.4 5.8 6.1 10
14.7 5.7 8 15
7.8 9.3 7.6 15
23.7 7.5 4 10
3.64 - - 10
0.34 2 5.2 45
- 2.1 5.9 44
0.55 2.8 9.5 10
5.85 3.5 24.5 10
8.51 2 5.6 0
0.34 2 4.3 0
0.16 25.7 4 0
0.32 3 4 0
140.72 - - 0
11.28 6.3 5.2 0
77.36 6.3 6.2 0
113.62 22.2 8.4 0

M, male; F, female; ESR, erythrocyte sedimentation rate; hs-CRP, hypersensitive- C reactive protein; TNF-a, Tumor Necrosis Factor-o; ref., reference.

(p=0.1), erythrocyte sedimentation rate (ESR) (p=0.33), IL-6
(p=0.1), tumor necrosis factor (TNF)-a. (p=0.66), and the dose
of corticosteroid (p=0.37). The active-treated TAK group had a
higher hypersensitive-C reactive protein (hs-CRP) level than the
inactive-treated TAK group (p=0.02).

Functional Enrichment Analysis and
Interaction Analysis of Selected Genes

The function of the selected genes according to UniProt was
summarized in Supplementary Table 3. To gain further insight
into the function of the 29 selected genes, we performed a
functional enrichment analysis based on GO, KEGG, and
WikiPathways databases. The functional enrichment analysis
results confirmed that the 29 selected genes were closely
related to this research topic. Figure 2A showed these genes
were highly enriched in TLR signaling pathways and the function
of the activation and differentiation of T-cells. Figure 2B showed
the one-to-one correspondence between the genes and some GO
terms and KEGG pathways which were closely related to this
research topic, including positive/negative regulation of T-cell
activation, I-kappaB kinase/NF-kappaB signaling, and Toll-like
receptor signaling pathway., and other functions or pathways

that are crucial to the pathogenesis of AIDs, such as B-cell
mediated immunity, regulation of interleukin production,
external side of plasma membrane, NAD+ nucleosidase
activity, DNA-binding transcription repressor activity, RNA
polymerase II-specific, NOD-like receptor signaling pathway,
RIG-I-like receptor signaling pathway, PI3K-Akt signaling
pathway, and MAPK signaling pathway. The detailed
enrichment results were seen in Supplementary Table 4.

Next, to characterize possible molecular interactions across
these selected genes, we built a protein-protein interaction (PPI)
map using the STRING database. Figure 2C showed the PPI
network clustering-based K-means (k =3). The 3 clusters were
each labeled with a different color, in which the proteins were
functionally related. The genes labeled as red coded the first
signaling molecule of T-cell activation or co-stimulatory
molecules except FOXP3, the genes labeled as blue coded key
subset transcription factors, and most genes labeled as green
belonged to TLR signaling pathway. Notably, NR4A1 was in the
same cluster as RELA, NFKB1 and, NFKBIA. In addition to PPI
networks, we also identified gene interaction using gene co-
expression network (16). Figure 2D showed the gene co-
expression network based on Coexpedia database, indicating
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(B) The genes corresponding to the enrichment results of GO analysis and KEGG analysis. (C) The protein—protein interaction (PPI) analysis based on the STRING
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associations among these genes, and experimental co-expression relationships would be compared with these database-interactions for newly discovered co-

&
&
@i@é‘@
s
* .
o
LogP AL
5 o -
FF NR4AT
-10 ‘ 7% .
15 4 ad
20 L)
o 6"% ® 7 Pes
W X/
N ‘ e
Count OV iR %,
° s (0{\,,8' " < : . 2 ®
® 1 &‘74’5’“;,‘!40& (&
NF< g <!
[ B3 L - 2% 2
®
GO:0009897 external side of plasma membrane
G0:0005769 carly endosome
GO:0003953 NAD+ nucleosidase activity
. DNA-binding transcription repressor
G activity, RNA polymerase II-specific
GO0:0019724 B cell mediated immunity
GO:0050870 positive regulation of T cell activation
GO:0050868 negative regulation of T cell activation
GO:0007249  T-kappaB kinase/NF-kappaB signaling
hsa04620 Toll-like receptor signaling pathway
hsa04621 NOD-like receptor signaling pathway
hsa04622 RIG-I-like receptor signaling pathway
ko04151 PI3K-Akt signaling pathway
hsa04010 MAPK signaling pathway
D
CD40L T-bet
tacs
CD28 TLR4
_— \
GAT/

TLR2

TLR1
D3 /
BCL6
\
NFKBIA’—’CD“\\ PD-L1 PD-L2
Vi
TNF \ es0
NR4AT p65

the strong functional association among these genes. And these
interactions would align with our experimental results later.

Sample Clustering Analysis and Gene
Expression Differential Analysis in TLR
Signaling Pathway

The heat map displayed the expression levels of the selected
genes in individual samples, with red color indicating greater
expression level, which showed a distinct pattern of gene
expression in TAK patients compared with healthy controls, in
untreated patients compared with treated patients, and in
inactive patients compared with active patients (Figure 3A).
Next, to identify the power of the selected genes to distinguish
different sample groups, we performed the unsupervised
hierarchical clustering of different samples based on the gene

expression level calculated by Pearson correlation coefficients. A
sample-to-sample matrix revealed that 80% (8/10) of healthy
controls could be separated from the TAK patients by
hierarchical cluster analysis, which suggested that TAK
patients had a different expression pattern of the selected genes
from the healthy controls (Figure 3B).

Among the selected genes, TLR1, TLR2, TLR4, TLR6, TLRS,
CD83, IxBa, p50, p65, TNF, and CCL5 were key genes in TLR
signaling pathway. As gene expression differential analysis
showed, compared with the HC, the untreated TAK patients
had higher mRNA levels of TLR2 (p=0.043), TLR4 (p=0.014),
IkBo: (p=0.00021), p50 (p=0.00046), and p65 (p=0.00031), and the
treated TAK patients had higher mRNA levels of TLR2 (p=0.015),
TLR4 (p=0.044), and IxBa. (p=0.00016). Compared with the
untreated TAK patients, the treated TAK patients had lower

Frontiers in Immunology | www.frontiersin.org

28

January 2022 | Volume 12 | Article 792901


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Tian et al.

TLRs and T-Cells in TAK

Healthy control 7=10)
+ Untreated TAK n=7

o

>

.
H
H

.
- - .

Relative level of mMRNA

2 = i . X . -
£ 25 48 0 e LT 5T L e
, B 5 s
TLRI  TLR2 TLR4 TLR6 TLRS CDS3 IxBa PsO P6s TNF cCLs
Untreated TAK n=7|
s « Treated TAK 7=20
<
z .
&3
& 3 .
= &
52 . ' - o
3 . i . N < P = .
D R e T I T
ki 1 2 Iy 1 x +
LR MRS IR IR IR INE I8 IR IS IR ¢
o4

TLRI TLR2 TLR4 TLR6 TLRS CDS3 IxBa P6s  TNF  CCLS

Color Key
His
o Healthy control Treated TAK Untreated TAK
- 1 1 1
o ] 1\ T \r ;|
4 2.8 02 & Active Inactive Active Inactive
R ——r
co2s
FOXP3
TCR
I cosoL
| POL2
| | | B
| | T-oet
| | ccLs
1] | POLY
ma =
c040
1 . B e
GATAY
'] | | cTLae
| | RORC
] i
neir
| | P50
| | co83
TLR4
TLRS
| TLR1
| ] RS
B scs
nR2
PO-1
| | IxBa
l. ™
|
Takayasu’s arteritis [l Healthy control

FIGURE 3 | The gene expression levels. (A) The heatmap showing gene expression levels with corresponding dendrograms using hierarchical clustering (Euclidean
distance measure). (B) The heatmap of sample clustering using hierarchical clustering (Pearson correlation), suggesting that TAK patients had a different expression
pattern of the selected genes from the healthy controls. (C) Gene expression differential analysis of TLR signaling pathway. Mann-Whitney test. *o < 0.05. *p < 0.01,
***p < 0.001. The red center line represented the mean value of the mRNA level. TAK, Takayasu’s arteritis.

o Healthy control #=10)
il . + Treated TAK #=20
<
% =2
&
£
<
5
% s
_‘E: 3 R B & *
g . i: . L+ -
k] T % ; o 5
TS 3 IS T 00 IS IR L
TLRI TLR2 TLR4 TLR6 TLRS CDS3 IxBa  psO  P6S TNF  CCLS
Inactive-treated TAK #=9)
@l « Active-treated TAK #=11
< .
Z -
3
- .
s
324 . .
3 . ' 3 ' .
Py A s 1 = . = N By
Z {5; +e —}— wei G croden 27 ] —e -4 —T—! —';’
= 3 3 . * . H 3
S e ) H ?
3 04

TLRI TLR2 TLR4 TLR6 TLRS CDS3 IxBa P6s  TNF  CCLS

mRNA levels of p50 (p=0.013), and p65 (p=0.021). Compared the
active-treated TAK patients with the inactive-treated TAK
patients, p50 mRNA level (p=0.038) was higher and no increase
in the mRNA level of TLRs was observed. (Figure 3C). Although
there was evidence supporting the upregulation of TLR signaling
pathway in TAK, no substantial differences in TLR signaling
pathway were found between the inactive-treated TAK patients
and the active-treated TAK patients.

TLRs and Their Correlation Cluster
Distinguish Active Patients From Inactive
Patients in TAK

To more rigorously evaluate the functional relations among these
genes, we calculated the pairwise Pearson correlation and the
pairwise Spearman correlation between each pair of genes.

Although Pearson correlation is better suited for the
establishment regression equations, we adopted Spearman
correlation as a complementary analysis as Spearman
correlation has some advantages in reflecting the functional
associations between genes (39). Due to space limitations, most
of the results based on Spearman correlation were provided in
the supplementary materials, and Pearson correlation coefficient
was presented in the text and adopted in the subsequent
mathematical modeling. The most striking results to emerge
from the data was that the inactive-treated TAK group exhibited
a unique pattern of inverse correlations between the TLRs gene
cluster (including TLR1/2/4/6/8, BCL6, TIGIT, NR4A1l, IxBo,
p50, TNF, CD83, PD-1, PD-L1, and TIM3), and the gene cluster
associated with T-cell activation and differentiation (including
TCR, CD28, T-bet, GATA3, FOXP3, CCL5, CD3, CD40L,
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CTLA4, PD-L2), either performed by Pearson correlation
(Figure 4A) or Spearman correlation analysis (Supplementary
Figure 1A) analysis, while the active-treated TAK group did not
(Figure 4B and Supplementary Figure 1B). To more clearly
demonstrate this feature, Supplementary Figures 1C-F only
showed the high correlations (defined as |r| > 0.73, p < 0.01).
CCL5 is a potent chemoattractant for blood monocytes,
memory T-helper cells, and eosinophils, which is important in
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apoptotic cell death pathway in T cells (46). Among these inverse
correlations, CCL5 was negatively co-expressed with TLR1
(Pearson’s r= -0.675, p= 0.046), TLR2, TLR4 (Pearson’s r=
-0.878, p= 0.002), TLR6 (Pearson’s r= -0.903, p= 0.001), and
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p=0.005). We took the TLR4-CCLS5 pair, the TLR6-CCLS5 pair,
the TLR8-CCLS5 pair, and the TLR8-T-bet pair to establish linear
regression models to assess the disease activity, and the values of
AUC/sensitivity/specificity were 0.848/72.7%/100%, 0.818/
63.6%/100%, 0.828/90%/80%, and 0.778/54.5%/100%,
respectively (Figure 4C). We then calculated the total score
from the above 4 gene-pair models for each patient to assess
the disease activity as mentioned in Method, the AUC, the
sensitivity, the specificity, the positive predictive value, and the
negative predictive value were 0.939, 90.9%, 88.9%, 90.9%, and
88.9%, respectively, which had greater diagnostic accuracy than
did the single models (Figures 4D, E). The assessment of
individual patients was shown in Supplementary Table 5. The
above results suggest that TLRs have a potential relationship with
the disease activity of TAK, which requires further explanation.

Topological Analysis of Dynamic Gene Co-
Expression Network Identifies the
Functional Association Between TLRs and
T-Cell Activation in TAK

The More Active Communication Between TLRs and
T-Cell Activation in TAK Compared to Healthy
Control

Gene co-expression network analysis is a useful method to link
tightly co-expressed gene modules to phenotypic traits (47). To
determine gene modules associated with distinct disease stages of
TAK, we constructed a dynamic gene co-expression network for
each group based on the pairwise Pearson correlations or Spearman
correlations for all genes. (Figure 5 and Supplementary Figure 2).
Unsupervised hierarchical clustering was used to assess the function
of genes. As a result, genes were organized into 5 clusters by cutting
the clustering tree at the height of 1.0, which was indicated by red
frames. Notably, genes belonging to the same cluster were like to
have similar functions and were labeled with the same color. In
active-treated TAK, the 5 clusters were as follows.

1. Cluster No. 1 (cutting the clustering tree at the height of 2.0)
a. TLRI, TLR2, TLR4, TLR6, TLR8, and BCL6.
b. CD83, TNF,NR4Al, IxBo, p50, NR4A1, TIM3, and TIGIT.
c. CD40, PD-L1, PD-L2, LAG3, CD3, and p65.

2. Cluster No. 2 (cutting the clustering tree at the height of 2.0)
a. TCR, CD28, CD40L, CTLA4, GATA3, and RORC.
b. T-bet, CCL5, FOXP3, and PD-1

In inactive-treated TAK, the 5 clusters were as follows.

1. Cluster No. 1 (cutting the clustering tree at the height of 2.0)
a. TLRI, TLR4, TLR6, BCL6, and CD40.
b. TLR2, PD-1, TIM3, LAG3, TIGIT, and NR4A1.

2. Cluster No. 2 (cutting the clustering tree at the height of 2.0)
a. TCR, CD28, CD40L, CTLA4, FOXP3, and PD-L2.
b. CD3, CCL5, T-bet, GATA3, RORC, IkBa, and p65.
c. PD-L1, p50, CD83, and TNF.

Comparing the two results, it could be seen that the 29 genes
were divided into two broad categories: (i) TLR signaling
pathway and (ii) the activation and differentiation of T-cells.

But compared with the inactive group, CD83, TNF, IkBa, p50,
p65 as well as the co-stimulatory molecules (including PD-L1,
PD-L2, and LAG3) were more closely related to TLRs in the
active group. Besides, to present the main framework of the
network clearer, another dynamic network with the observed
value of the Pearson correlation was 0.01 was shown in the right
column of Figure 5 and Supplementary Figure 2. This co-
expression clustering revealed a functional association among
the genes, providing insight into gene functions and networks.
To assess the functional communication among these genes at
distinct stages, we calculated a number of topological network
parameters commonly used to describe the network. Each of
these networks had a short characteristic path length and a large
clustering coefficient, suggesting that they participate in the
biological processes that might be functionally related.
Additionally, compared with the healthy controls, the active-
treated TAK and the inactive-treated TAK showed shorter
characteristic path length (healthy controls vs. active-treated
TAK vs. inactive-treated TAK, Pearson correlation 3.265 vs.
2.362 vs. 2.333, Spearman correlation 4.410 vs. 2.439 vs. 3.392)
and a larger clustering coefficient (Pearson correlation 0.317 vs.
0.581 vs. 0.549, Spearman correlation 0.432 vs.0.489 vs. 0.470),
indicating the more active functional communication among
these genes in TAK groups compared to healthy controls. The
detailed parameters of these networks are shown in Table 2.

TLR-Co-Expression Signature: The Regression
Equation Relating the TLR6 mRNA Level to the TLR4
mRNA Level Serves as a Biomarker of Active
Disease in Treated TAK

There was a tight interplay among TLRs. Figure 6A was the PPI
network based on the STRING database analysis. TLRs function
as a homodimer or heterodimer, such as TLR1/TLR2, TLR2/
TLR6, and TLR4/TLR6. Besides, there is some cross-talk between
TLRs, for example, TLR7 and TLRY (Figure 6B). Interestingly,
the co-expressed-TLR-pairs in different groups were different
(Figure 6C). The inactive-treated TAK group had high co-
expression of TLR1 and TLR4 (r=0.804, p=0.009) which was
absent in the active-treated TAK group, the untreated TAK
group, or the HC group. The high co-expression of TLR4 and
TLR6 (r=0.892, p=0.001) exist in the HC group (r=0.847,
p=0.002) as well as the inactive-treated TAK group (r=0.892,
p=0.001), while was absent in the active-treated TAK group. The
different co-expressions might mean different functional
relationships between TLRs at different stages.

Studies have found that a heterodimer of TLR4 and TLR6
promote a protracted sterile inflammatory response after being
triggered by oxidized low-density lipoprotein (LDL) and (-
amyloid, which involves the pathogenesis of atherosclerosis
and Alzheimer’s disease (48-50). We found that the regression
equation relating the TLR6 mRNA level to the TLR4 mRNA level
might be a biomarker of active disease in treated TAK. Figure 6D
showed the scatter plots illustrating the difference in the co-
expression of TLR4 and TLR6 between the inactive-treated TAK
and the active-treated TAK. The points of the active-treated TAK
group, except the point presented Patient No. 12, were scattered
around the fitted line of the scatter points of the inactive-treated
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TABLE 2 | Parameters of gene co-expression networks.

Healthy control  Untreated patients with

Treated patients with

Treated patients with inactive Treated patients with active

(n=10) TAK (n=7) TAK (n = 20) TAK (n =9) TAK (n =11)
Pearson correlation
Nodes 29 29 29 29 29
Edges 46 42 95 79 72
Average number of 3.286 3.154 6.552 5.852 5.263
neighbors
Network diameter 7 11 4 6 6
Clustering coefficient 0.317 0.285 0.632 0.581 0.549
Characteristic path 3.265 4.025 2.155 2.362 2.333
length
Spearman correlation
Nodes 29 29 29 29 29
Edges 43 22 114 89 66
Average number of 3.071 2.222 8.143 6.357 4.714
neighbors
Network diameter 1 9 4 6 9
Clustering coefficient 0.432 0.213 0.597 0.489 0.470
Characteristic path 4.410 4144 1.910 2.439 3.392

length

TAK, Takayasu'’s arteritis.

TAK group. The regression model was established and the
threshold of M-value for assessing the disease activity was set
to 0.173 according to the Youden index. Patients with an M-
value of more than 0.173 got one score and were assessed as
being in the active stage. And the AUG, the sensitivity, specificity,
positive predictive value, and negative predictive value
were 0.919, 100%, 90.9%, 100%, and 90%, respectively
(Figures 6E, F). The details of the assessment were shown in
Supplementary Table 6. The results indicated that the inactive
stage of TAK could be characterized from the treated TAK by the
co-expression of several TLR genes.

Genes Key to the Cross-Talk Between TLRs and the
Activation and Differentiation of T-Cell in TAK
To identify genes closely related to TLRs in these genes key to the
activation and differentiation of T-cells, we assessed the degree of
functional association between the other genes were to TLRs, and
the evaluation protocol is described in Method. Specific scores
are shown in Table 3 and the results are detailed below. In
inactive-treated TAK, most of the genes exhibited functional
association with TLRs. The 7 genes with the highest scores were
BCL6 (12), CCL5 (11), FOXP3 (7), GATA3 (7), CD28 (6), T-bet
(6), and NR4A1 (6) according to Pearson correlation analysis,
and the 5 genes with the highest scores were BCL6 (16), TIGIT
(14), IxBo (13), NR4A1l (12), and FOXP3 (11) according to
Spearman correlation analysis. However, in the active-treated
group, the functional association between these genes and TLRs
did not seem to be as strong as the inactive-treated group (Table
3). The 3 genes with the highest scores were BCL6 (7), PD-1 (1),
and LAG3 (1) according to Pearson correlation analysis, and the
5 genes with the highest scores were BCL6 (3), CD40 (3), and
LAG3 (3) according to Spearman correlation analysis.

Due to space restrictions, we only showed the visualized
results of BCL6 and FOXP3. BCL6 is the master
transcriptional regulator of Tth cell differentiation, which is

required for germinal center formation and antibody affinity
maturation (51). As gene expression differential analysis showed,
compared to the healthy controls, both the untreated TAK group
(p=0.007) and the treated TAK group (p=0.006) had an increased
mRNA level of BCL6 (Figure 7A). In the inactive-treated TAK
group, BCL6 was co-expressed with TLR1 (Pearson’s r=0.700,
p=0.036. Spearman’s r=0.733, p=0.025), TLR2 (Pearson’s
r=0.783, p=0.013. Spearman’s r=0.900, p=0.001), TLR4
(Pearson’s r=0.890, p=0.0013. Spearman’s r=0.817, p=0.007),
and TLR6 (Pearson’s r=0.870, p=0.0023. Spearman’s r=0.900,
p=0.001) (Figure 7B). In the inactive-treated TAK group,
according to Pearson correlation analysis, BCL6 and TLR1/2/4/
6/8 shared 4 co-expressed genes, including FOXP3, CCLS5,
NR4A1, and CD28, and according to Spearman correlation
analysis, BCL6 and TLR1/2/4/6/8 shared 8 co-expressed genes,
including FOXP3, IkBa, TIGIT, CCL5, NR4A1, CD28, GATA3,
and TCR (Figures 7C-F).

FOXP3 is a transcriptional regulator which is crucial for the
development and inhibitory function of regulatory T-cells (Treg)
(52). As gene expression differential analysis showed, compared to
the inactive-treated TAK group, the active-treated TAK group had
an increased mRNA level of FOXP3 (p=0.004) (40) (Figure 8A).
In the inactive-treated TAK group, FOXP3 was co-expressed with
TLR1 (Pearson’s r=0.774, p=0.014. Spearman’s r=0.800, p=0.010),
TLR4 (Pearson’s r=0.883, p=0.0002. Spearman’s r=0.883,
p=0.002), and TLR6 (Pearson’s r=0.840, p=0.005. Spearman’s
r=0.917, p=0.001) (Figure 8B). In the inactive-treated TAK
group, according to Pearson correlation analysis, BCL6 and
TLR1/2/4/6/8 shared 4 co-expressed genes, including BCLS,
CCL5, NR4Al, and CD28, and according to Spearman
correlation analysis, BCL6 and TLR1/2/4/6/8 shared 8 co-
expressed genes, including BCL6, IkBa, TIGIT, CCL5, NR4A1l,
CD28, CD83, and TCR (Figures 8C-F).

NR4A1 is a key transcription factor that drives T cell
dysfunction and plays an important role in the apoptosis of
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FIGURE 5 | Dynamic gene co-expression networks based on Pearson correlation. Left panel, the gene co-expression networks consisting of correlation with a p-
value less than 0.05. Right panel, to more clearly demonstrate this feature, only the high correlations (defined as || > 0.73, p < 0.01) were shown. Middle panel, the
hierarchical clustering trees using complete method. As a result, genes were organized into 5 clusters by cutting the clustering tree at the height of 1.0, which was
indicated by red frames. Genes belonging to the same cluster were like to have similar functions and were labeled with the same color. The negative correlation was
indicated by the yellow edge, while the positive correlation was gray in the networks.

self-reactive T cells (53, 54). The results suggested that NR4A1 is
likely to be functionally related to TLRs in TAK. Compared to
the healthy controls, the untreated TAK group (p=0.0001) had
an increased mRNA level of NR4A1, and that compared to the
untreated TAK group, the treated TAK group (p=0.000005) had
a decreased mRNA level of NR4A1 (Supplementary Figure 3).

The details of the assessment were provided in
Supplementary Table 7.

Different Signaling Pathways at Distinct
Stages in TAK

To explore the possible mechanism and signaling pathways, we
summarized the co-expression variations across different conditions,
which reflected changes in the activated signaling pathways
(Figure 9A). Compared with the HC group, the untreated TAK
group had 35 gene co-expression relations uniquely and lost 39 gene
co-expression relations. Compared with the untreated TAK group, the
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treated TAK group had 80 gene co-expression relations uniquely and
lost 27 gene co-expression relations. Compared with the inactive-
treated TAK group, the active-treated TAK group had 47 gene co-
expression relations uniquely and lost 54 gene co-expression relations.
As the treated TAK group, the inactive-treated TAK group, and the
active-treated TAK group had so many gene co-expression relations
that the relations with a p-value less than 0.01 were listed only, and the
complete list was shown in Supplementary Table 8. We also built a
Venn diagram to visualize overlapping co-expressions among the five
conditions (Figure 9B). Besides, the newly discovered co-expression
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FIGURE 6 | TLR-expression signature serves as a biomarker of different disease and treatment stages in TAK. (A) The protein-protein interaction network using the
molecular complex detection (MCODE) algorithm performed by Metascape database, indicating the tight relationship among TLRs. (B) The schematic drawing of the
interaction or cross-talk between TLRs. (C) The TLR-expression signature of different disease and treatment stages of TAK and scatter plots, and the different co-
expressions might mean different functional relationships between TLRs at different stages. (D, E) The regression equation relating the TLR6 mRNA level to the TLR4
mRNA level serves as a biomarker of active disease in treated TAK. The scatter plots (D), the linear regression (D), the score for the disease activity assessment of
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relationships which had never been reported in STRING or Coexpedia
database were indicated red in Figure 9A. The results showed the
differences in signaling pathways at distinct stages.

Next, to classify the genes based on function, the heatmaps of
hierarchical clustering based on the Pearson correlation were
conducted (Figure 9C). The heatmap of the treated TAK group
was shown in Supplementary Figure 4. Notably, the five
heatmaps of five groups had different clustering structures. The
two largest clusters of each group for the subsequent analyses are
detailed below.
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TABLE 3 | Evaluation the closeness of gene-to-gene functional relationships between TLRs and the other genes.

Pearson correlation Spearman correlation
Gene The number of The number of The number of Score Gene The number of The number of The number of Score
co-expressed common TLRs in the co- co-expressed common TLRs in the co-
TLR-genes neighborhoods with expression cluster TLR-genes neighborhoods with expression cluster
TLRs TLRs

Treated patients with inactive TAK

BCL6 4 4 4 12 BCL6 4 8 4 16
CCL5 5 6 0 11 TIGIT 4 6 4 14
FOXP3 3 4 0 7 IxBo 4 5 4 13
GATA3 3 4 0 7 NR4A1 2 6 4 12
CD28 2 4 0 6 FOXP3 3 8 0 1
T-bet 3 3 0 6 CCL5 5 5 0 10
NR4A1 3 2 1 6 CD28 3 6 0 9
CD3 1 3 0 4 GATA3 3 4 0 7

CD40 0 0 4 4 T-bet 3 2 0 5
TIGIT 0 3 1 4 TCR 1 4 0 5
TCR 0 3 0 3 CD40L 0 5 0 5
CD40L 0 3 0 3 CD83 1 3 0 4
CTLA4 0 2 0 2 PD-L2 0 3 1 4
PD-1 1 0 1 2 LAG3 0 0 4 4
PD-L2 0 2 0 2 TNF 1 3 0 4
TIM3 0 1 1 2 CD3 0 2 0 2

CD83 0 1 0 1 P50 0 2 0 2

IkBou 0 1 0 1 CD40 0 1 0 1

P50 0 1 0 1 CTLA4 0 1 0 1

RORC 0 1 0 1 PD-L1 0 1 0 1

LAG3 0 0 1 1 P65 0 0 0 0
TNF 0 1 0 1 PD-1 0 0 0 0
P65 0 0 0 0 RORC 0 0 0 0
PD-L1 0 0 0 0 TIM3 0 0 0 0
Treated patients with active TAK

BCL6 2 0 5 7 BCL6 0 1 2 3
PD-1 0 1 0 1 CD40 0 1 2 3
LAGS3 0 1 0 1 LAG3 1 0 2 3
CD28 0 0 0 0 PD-L2 0 0 2 2

CD3 0 0 0 0 CD83 1 0 0 1

CD40 0 0 0 0 IkBou 1 0 0 1

CD83 0 0 0 0 P50 0 1 0 1

CTLA4 0 0 0 0 TIGIT 0 1 0 1

FOXP3 0 0 0 0 TIM3 0 1 0 1

GATA3 0 0 0 0 TNF 0 1 0 1

IkBou 0 0 0 0 NR4A1 0 1 0 1

P50 0 0 0 0 CD28 0 0 0 0
P65 0 0 0 0 CD3 0 0 0 0
PD-L1 0 0 0 0 CTLA4 0 0 0 0
PD-L2 0 0 0 0 FOXP3 0 0 0 0
RORC 0 0 0 0 GATA3 0 0 0 0
T-bet 0 0 0 0 P65 0 0 0 0
TCR 0 0 0 0 PD-1 0 0 0 0
TIGIT 0 0 0 0 PD-L1 0 0 0 0
TIM3 0 0 0 0 RORC 0 0 0 0
CCL5 0 0 0 0 T-bet 0 0 0 0
CD40L 0 0 0 0 TCR 0 0 0 0
TNF 0 0 0 0 CCL5 0 0 0 0
NR4A1 0 0 0 0 CD40L 0 0 0 0

BCL6, BCL6 transcription repressor; CD3, CD247; PD-1, programmed cell death 1, also known as PDCD1; PD-L1, CD274; PD-L2, PDCD1LG2; LAG3, lymphocyte activating 3; CTLA4,
cytotoxic T-lymphocyte associated protein 4; FOXP3, forkhead box P3; GATA3, GATA binding protein 3; IkBeo, NFkB inhibitor alpha; NFKB1 NFKB1, nuclear factor kappa B (NFxB)
subunit 1, also known as p50; RELA, RELA proto-oncogene NF B subunit, also known as p65; PD-L1, CD274; PD-L2, programmed cell death 1 ligand 2 also known as PDCD1LG2;
RORC, RAR related orphan receptor C; T-bet, T-box transcription factor 21, also known as TBX21; TCR, T cell receptor; TIGIT, TNF superfamily member 14, HAVCR2, hepatitis A virus
cellular receptor 2, also known as TIM3; CCL5, C-C motif chemokine ligand 5; CD40L, CD40LG; TNF, tumor necrosis factor; TAK, Takayasu'’s arteritis; TLRs, Toll-like receptors.
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FIGURE 7 | The close functional relationship between BCL6 and Toll-like receptors (TLRs) in inactive-treated TAK. (A) Gene expression differential analysis. Mann—
Whitney test. **p < 0.01. The red center line represented the mean value of the mRNA level, and the error bar showed the standard deviation. (B) The scatter plots
and the linear regression of the BCL6-TLR1 pair, the BCL6-TLR2 pair, the BCL6-TLR4 pair, and the BCLB-TLR6 pair in the inactive-treated TAK group, indicating
that BCL6 was co-expressed with multiple TLRs. (C)~(F) BCL6 and TLRs shared multiple co-expressed genes. (C) The gene co-expression network consisting of
BCL6 (left panel) or TLRs (right panel) and its/their neighborhoods based on Pearson correlation. (D) Intersections of the neighborhood-gene between BCL6 and
TLRs based on Pearson correlation. (E) The gene co-expression network consisting of BCL6 (left panel) or TLRs (right panel) and its/their neighborhoods based on
Spearman correlation. (F) Intersections of the neighborhood-gene between BCL6 and TLRs based on Spearman correlation. Healthy controls, n=10 people.
Untreated TAK, n=7 people. Treated TAK, n=20 people. Active-treated TAK. n=11 people. Inactive-treated TAK, n=9 people. TAK, Takayasu'’s arteritis.

1. In the active-treated TAK (Figure 10A). 2. In the inactive-treated TAK (Figure 10B).

a. Cluster 1 contained 14 genes, including CD274, LAG3, a. Cluster 1 contained 13 genes, including TLR1, TLR2,
RELA, PDCDI, CD247, TRA, CD40LG, CD28, TLR4, TLR6, TLR8, BCL6, NR4A1, NFKBIA, LAG3,
GATA3, CTLA4, FOXP3, TBX21, CCL5, and RORC. HAVCR2, TIGIT, PDCD1, and CD40.

b. Cluster 2 contained 7 genes, including NFKBI, b. Cluster 2 contained 6 genes, including TRA, CD40LG,
HAVCR2, TIGIT, NFKBIA, CD83, TNF, and NR4A1. CTLA4, PDCDI1LG2, CD28, FOXP3.
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Additionally, we performed GO enrichment analysis to further
explore the signaling pathways associated with the abovementioned
clusters using Metascape database, and visualized the enrichment
results using ClueGO to interrogate functionally grouped gene
ontology. The enrichment results are detailed below. As the
results showed, in the active-treated TAK group, genes in Cluster

1 were significantly enriched in the signaling pathways related to the
activation and differentiation of T-cells, while genes in Cluster 2
were significantly enriched for the regulation of cytokine
production and response to bacterium and lipopolysaccharide
(Figure 10C). In the inactive-treated TAK group, genes in Cluster
1 were enriched for the regulation of cytokine production, the
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FIGURE 9 | Characteristic gene co-expressions across different conditions. (A) A list of characteristic co-expressed gene pairs comparing the two adjacent groups,
which reflected changes in the activated signaling pathways. The newly discovered co-expression relationships which had never been reported in STRING or
Coexpedia database were indicated red. Pearson correlation analysis. Untreated TAK Vs. healthy controls, p < 0.05. Treated TAK Vs. Untreated TAK, p < 0.01.
Active-treated TAK Vs. inactive-treated TAK, p < 0.01. **p < 0.01. (B) Overlapping co-expressions among the five conditions. (C) Hierarchical clustering heatmaps of
the target genes with the distance calculated using Pearson correlation. TAK, Takayasu’s arteritis.

response to bacterium, peptide, and lipopolysaccharide, the TLR
signaling pathway, the I-kappaB kinase/NF-kappaB signaling
pathway, and the regulation of defense response, while genes in
Cluster 2 were enriched for the regulation of T-cell activation and
the regulation of IL-10 production (Figure 10D).

miRNAs Might Play an Important Role in
the Cross-Talk Between TLR and T-Cell in
TAK Patients

The co-expression in Cluster 1 of the inactive-treated TAK group
was not presently understood, while Cluster 1 of the active-treated

TAK group was led by the activation and differentiation of T-cells.
We surmised that the miRNA network might take part in the
expression of these genes, which could account for the co-
expression of Cluster 1 of inactive-treated TAK group. We
predicted the miRNA that targeted TLR1, TLR2, TLR4, TLR®6,
TLRS8, BCL6, NR4A1, NFKBIA, LAG3, HAVCR2, TIGIT, PDCD1,
and CD40 separately using the miRDB database (44, 45). Except for
LAG3 among these genes, there were multiple miRNAs for each
gene. We summarized the miRNA (rather than miRNA family) that
might regulate two or more genes (Supplementary Table 9) and
visualized the miRNA-gene regulatory network (Supplementary
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Figure 5), in which miRNAs belonging to the same family were
merged and represented by one node.

Next, to test whether the miRNAs in the miRNA-gene
network were differentially expressed, we sequenced miRNAs
from the plasma exosomes from healthy control and TAK
patients. We found that compared with the healthy controls,
miR-548ad-5p showed a 25.6-fold upregulation (p=0.0012), miR-
3613-5p showed a 2.35-fold upregulation (p=0.0012), and
miR-335-5p showed a 2.07-fold upregulation (p=0.0039); while
miR-335-3p showed a 3.23-fold downregulation (p=0.042)
and miR-584-5p showed a 2.01-fold downregulation
(p=0.0092). The network shown in Figure 11 only consisted of
the miRNA that might regulate three or more genes and two
differentially expressed miRNAs (miR-335-2p and miR-584-3p).
In the network, miR-548 was the node with the highest degree (7
genes), followed by miR-5692 (4 genes), miR-4763 (4 genes), and
miR-520 (4 genes). Figure 11 showed the results. The miR-548
family was associated with 7 genes (7/13) in Cluster 1 of the
inactive-treated TAK group, including TLR1, TLR2, TLR4, TLR6,
TLR8, BCL6, NFKBIA, NR4A1, and TIGIT, which suggested that
the miR-548 family plays an important role in the co-expression
of Cluster 1 of inactive-treated TAK group.

miRNA sequencing identified 29 differentially expressed
miRNAs, 17 of which were increased and 12 were decreased. To
validate whether the TLR signaling pathway might be regulated by

these differentially expressed miRNAs, we performed miRNA
sequencing analysis following the workflow in Figure 12A. First,
to identify whether the differentially expressed miRNAs could be
associated with specific functional categories, we performed an
unsupervised hierarchical clustering of miRNA expression level
based on Spearman correlation coefficient and conducted GO
enrichment analysis for each cluster based on DIANA-TarBase,
an experimentally validated database (55). Figure 12B showed
miRNAs were partitioned into three clusters by cutting the
clustering tree at the height of 1.1, and miRNAs belonging to the
same cluster might have a close functional association. Figure 12C
showed the hierarchical clustering heat map. The functional
enrichment analysis was described as follows.

1. In Cluster 1, the most highly significant GO term was cellular
nitrogen compound metabolic process (p-value= 9.44E-20),
followed by small molecule metabolic process (p-value=
8.68E-15) and biosynthetic process (p-value= 9.03E-14).
Notably, twelve ‘TLR signaling pathway’-related GO terms
were highly enriched in Cluster 1 (from 25th to 66th).

2. In Cluster 2, the most highly significant GO term was
organelle (1.29E-185), followed by cellular nitrogen
compound metabolic process (1.46E-92) and ion binding
(1.07E-66). And twelve “TLR signaling pathway’-related GO
terms were highly enriched in Cluster 1 (from 83rd to 146th).
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. In Cluster 1, the most highly significant GO term was organelle
(3.89E-189), followed by cellular nitrogen compound metabolic
process (9.33E-102) and biosynthetic process (2.21E-67). And
twelve “TLR signaling pathway’-related GO terms were highly
enriched in Cluster 1 (from 51st to 125th) (Figure 12D).

The experimentally validated database analysis indicated that
TLR signaling pathway might be one of the major targets of the
differentially expressed miRNA-mediated regulation, especially
of the miRNAs belonging to Cluster 1.

Next, to validate whether one differentially expressed miRNA
could target multiple selected genes, which might be involved in
the gene co-expression of the inactive-treated TAK group, we
constructed the miRNA-Gene-network based on the interactions
of miRNAs and genes in the miRTarBase database, another
experimentally validated database (56), and the screening

condition of “support type” was set to “Functional MTI
(miRNA target-interactions)”. Figure 12E showed the result.
Within the network, we identified 7 genes (including TLR1,
TLR2, TLR4, BCL6, NFKBIA, NR4A1, and RORC) that had been
validated to be regulated by the same miRNA, miR-335-5p, 4
genes (including TLR4, BCL6, FOXP3, and NFKB1) by miR-21-
5p, and 4 genes (including CD40, CD40LG, NFKBI1, and TNF)
by miR-34a-5p. The results demonstrated that as follows:

1. In TAK, differentially expressed miRNAs that targeted
multiple selected genes do exist.

2. TLRs, BCL6, and FOXP3 might be regulated by common
miRNAs in TAK.

To sum up, these results suggested that miRNAs might play an
important role in the cross-talk between TLR and T-cell in TAK patients.
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FIGURE 12 | Toll-like receptor signaling pathway might be one of the major targets of the differentially-expressed-miRNA-mediated regulation. (A) Workflow of
miRNA sequencing analysis. mMIRNA was from plasma exosomes in Takayasu'’s arteritis (TAK) patients (n=10) and healthy controls (n=5). (B) The hierarchical
clustering trees of MIRNA expression level based on Spearman correlation coefficient using complete method. (C) The hierarchical clustering heatmaps of mRNA
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DISCUSSION

There have been a number of studies demonstrating that TLRs
play an important role in the pathogenesis of many AIDs, such as
RA, SLE, and MS, but in TAK, it is currently unclear whether
TLRs are associated with the disease activity (1, 2). T-cell is one of
the major driving forces for the inflammatory response in TAK
progression (6). It has been currently unknown whether TLRs are
related to the disease activity or the activation and differentiation
of T-cells in TAK. In this work, we selected 29 genes that were
functionally enriched for the TLR signaling pathway and the
activation and differentiation of T-cells. Twenty-seven TAK
patients were enrolled which were grouped into the untreated
and the treated group (both were further separated into the

inactive and the active group), and 10 adult healthy controls
were included. The relative mRNA level data of PBMCs were
acquired by RT-qPCR. First, differential gene expression analysis
showed that the untreated TAK and the treated TAK had an
increased mRNA level of TLR2 and TLR4 compared to healthy
controls. A sample-to-sample matrix revealed that 80% of healthy
controls could be separated from the TAK patients. These findings
suggested that TAK patients had a different expression pattern of
the selected genes from the healthy controls. Second, we identified
the association between TLRs and the disease activity, as the linear
regression models consisting of the TLR4-CCLS5 pair, the TLR6-
CCL5 pair, the TLR8-CCLS5 pair, and the TLR8-T-bet pair could
distinguish between active and inactive disease in TAK [the AUC/
sensitivity/specificity, 0.939/90.9%/88.9%)]. Third, we identified the
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association between TLRs and the activation and differentiation of
T-cells in TAK according to the following evidence: (1) As the
dynamic gene co-expression network showed, compared with the
healthy control group, the active-treated TAK group, and the
inactive-treated TAK group had higher network connectivity,
shorter characteristic path length, and a larger clustering
coefficient, indicating the more active communication between
TLRs and T-cell activation in TAK. (2) The inactive-treated TAK
group exhibited a unique pattern of inverse correlations between
the TLRs gene clusters (including TLR1/2/4/6/8, BCL6, TIGIT,
NR4A1, and so on) and the gene cluster associated with T-cell
activation and differentiation (including TCR, CD28, T-bet,
GATA3, FOXP3, CCL5, and so on). Fourth, we explored the
genes key to the cross-talk between TLRs and the activation and
differentiation of T-cell in TAK. In inactive-treated TAK, BCL6,
CCL5, FOXP3, GATA3, CD28, T-bet, TIGIT, IkBa, and NR4A1
were likely to have a close functional relation with TLRs. However,
in the active-treated group, the association between these genes
and TLRs did not seem to be as strong as the inactive-treated

group, BCL6, PD-1, LAG3, and CD40 were likely to have a close
functional relation with TLRs. Fifth, we analyzed the activated
signaling pathways in the inactive-treated and the active-treated
TAK group. Last, we predicted the miRNAs that involved the
greatest cluster of the inactive-treated TAK group and validated
that miRNA might play an important role in the cross-talk
between TLR and T-cell in TAK by miRNA sequencing.
Besides, we proposed a new concept of the TLR-co-expression
signature which might distinguish different disease and treatment
stages of TAK, such as the co-expression of TLR4 and TLR6,
which serves as a biomarker of the active stage in treated TAK
(AUC/sensitivity/specificity, 0.919/100%/90.9%). These findings
were schematically summarized in Figure 13.

Elevated Levels of TLR2 and TLR4 in
PBMCs From TAK Patients

An increased level of TLRs in PBMCs has been detected in some
AIDs. For example, comparing SLE patients with healthy
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FIGURE 13 | Proposed working model depicting the association between Toll-like receptors (TLRs) and T-cell activation in Takayasu'’s arteritis (TAK). (A) @ The
activation of autoreactive T cells contributes to the disease activity of TAK. @ The mRNA level of TLR1, -2, -4, -6 or, -8 in peripheral blood mononuclear cells

(PBMCs) do not statistically change with alterations when patients with TAK enter the active phase, which was concluded from the comparison between the active
patients and the inactive ones. ® The gene co-expression of TLRs might serve as a biomarker that could distinguish active patients from inactive patients in TAK.
@ The negative gene co-expression between the TLRs cluster and the gene cluster associated with T-cell activation and differentiation is a characteristic of inactive-
treated TAK patients that is absent in the active ones. ® The inactive TAK patients and the active TAK patients share the characteristic of the positive co-expressed
gene cluster comprising several key genes involved in the activation and differentiation of T-cells. ® The inactive TAK patients and the active TAK patients have the
common positive co-expressed gene cluster comprising TLRs and BCL6. Notably, BCL6 s tightly related to TLRs, and the underlying mechanisms deserve further
exploration. Besides, miRNAs might play an important role in the above gene co-expression, and however, further investigation is needed to validate it. (B) The
proteins coded by the genes in the left gene cluster play a key role in the activation and differentiation of T-cells. APC, Antigen-presenting cell.
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controls, TLR2 expression on monocytes was reduced, and
intracellular TLR9 expression of CD19" B-cells was elevated
(57). Comparing Behcet’s disease patients with healthy controls,
TLR1 and TLR2 were elevated in B-cells, TLR1, 2, and 4 were
more highly expressed in both CD4%and CD8" T-cells,
granulocytes displayed a higher expression of TLRI, 2, 4, and
6, and the expressions of TLR2, 4, and 5 were significantly
increased on classical monocytes (58). However, few studies
probed the effect of the treatment on the expressions of the
TLRs in AIDs. For TAK, it has been unclear whether there are
abnormal expressions of the TLRs in TAK, except TLR4. Besides,
it also has been unclear whether the abnormal expressions of the
TLRs are related to the medication and the disease activity,
including TLR4. Our results complement and add to findings
from previous TAK studies in that the mRNA expression of
TLR4 and its ligand S100s in PBMCs from TAK patients were
higher compared to healthy controls (12). We found that both
the untreated and the treated TAK patients had increased mRNA
levels of TLR2 and TLR4, and there was no statistically
significant difference between the two groups, which
demonstrated that the increased mRNA levels of TLR2 and
TLR4 were independent from the medication. Besides, it was
unanticipated that there was no statistically significant difference
between the inactive and the active TAK patients in the mRNA
expression of TLR2 and TLR4, which suggested that the elevated
levels of TLR2 and TLR4 might be not resulted from the disease
activity in TAK. However, the treated patients in this study had a
relatively low serum level of TNF-o, which might imply
relatively inactive TLR-signaling pathways in their
peripheral blood.

Novel Association Between TLRs and
Disease Activity in AlIDs

Many studies have shown that TLRs play a dual role in the
disease activity of AIDs. On the one hand, TLRs promote disease
progression. TLRs can be activated by the DAMPs which are
released from the injured tissue, such as high mobility group
box-1 (HGMBI1) (59) and self-nucleic acids (60, 61). On the
other hand, TLRs although inhibit autoimmune inflammation.
In SLE, TLRs can promote sterile inflammation activated by
DAMPs released from damaged cells, which is closely related to
the disease progression and autoantibody production (62). For
example, TLR-7, -8, and -9, which are not only expressed in the
innate immune cells, such as neutrophils, macrophages and
dendritic cells (DCs), but also are expressed in the
lymphocytes, such as T-cells, and B-cells (60, 63, 64), can be
activated by the self-nucleic acids (DAMPs released from
damaged cells) (60, 61), and in recent years, there has been an
increasing interest in the mechanism of how TLRs directly
regulate the adaptive immune response without the innate
immune cells, which deepens our understanding of the role of
TLRs in the pathogenesis of AIDs. On the other hand, TLRs have
a dual role in the pathogenesis of SLE, and TLRs can protect the
body against autoimmune inflammation. Low expression of
TLR9 due to single nucleotide polymorphisms would increase
SLE susceptibility in humans (65), and deletion of TLR8 and

TLR9 would accelerate lupus development in mice (66-70). A
variety of mechanisms for TLR9 to promote and limit AIDs have
been discovered. The TLR9-dependent function of medullary
thymic epithelial cells is required for the generation of regulatory
T cells (Tregs) and the establishment of central tolerance (71).
TLRY can inhibit the production of autoantibodies mediated by
TLR7, such as anti-RNA Ab, anti-Sm Ab, anti-RNA Ab, anti-
IgG2a RF (68, 69, 72). The balance between TLR7 and TLR9 is
important for the formation of autoreactive B cells (73). And
UNC93B1 plays an important role in regulating the balance
between TLR7 and TLR9 (74-77). In the endoplasmic reticulum,
TLR7 competes with TLR9 to bind to UNC93B1, and the D34
position of UNC93B makes it biased to bind to TLR (78). In RA,
TLRs also promote sterile inflammation. For example, TLR4 can
be activated by high mobility group box-1 protein (HMGB1) in
RA (59). Besides, the activation of TLRs caused by PAMPs also
plays an important role in the pathogenesis of RA (79). In the
clinic, some cytokines induced by TLRs are immunotherapeutic
targets in AIDs, such as TNF-q, interleukin (IL)-6, interferon
(IFN)-o, and IL-1 (7). Recently, NI-0101, an anti-toll-like
receptor 4 monoclonal antibody was used in RA, which was
the first clinical trial to target TLRs to treat autoimmune diseases
(4). In this study, we observed a unique pattern of inverse
correlations between the TLRs gene clusters and the gene
cluster associated with T-cell activation and differentiation the
inactive-treated TAK group, which suggests a novel relationship
between TLRs and the disease activity in AIDs.

However, these potential mechanisms of these inverse
correlations need to be elucidated in depth, and there are
several fundamental questions to address. First, the inverse
correlations between TLRs and the activation of T-cell should
be described in more detailed, and some experimental data for
the difference in the T-cell activation status are needed to be
collected, including the expression of activation markers on T
cells (such as CD69, CD25 and HLA-DR) and some cytokines
(such as IFN-y'Thl, IL-4"Th2, and IL-17"Th17). Then,
association studies cannot be used to infer causality. While
there is a possible regulatory relationship between TLRs and T-
cells in TAK, it is also possible that TLRs and T-cells are under
the control of common upstream regulators. Furthermore,
another question is why the inverse correlations exist in
inactive TAK patients, but not in active TAK patients.

Activated Signaling Pathways in the

Inactive and the Active TAK Patients

T-cell is one of the main forces for the autoimmune
inflammation in TAK (6). It has been reported that multiple
T-cell subtypes are related to the pathogenesis of TAK, including
Th1, Th17, Th9, Tth, and Th2-like Treg cells (80-83). In this
study, the functional enrichment of the greatest cluster of the
active-treated TAK group was centered on the activation and
differentiation of T-cells, indicating the activation of T-cells at
the active stage, which is consistent with previously reported
studies. Notably, the functional enrichment of the greatest cluster
of the inactive-treated TAK group was centered on the regulation
of cytokine production, the response to bacterium, peptide, and
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lipopolysaccharide, the TLR signaling pathway, the I-kappaB
kinase/NF-kappaB signaling pathway, the regulation of defense
response, and so on, which suggested the activated TLR-
signaling pathways at the inactive stage.

The previous study has shown that BCL6 regulates nearly a
third of the TLR4-regulated transcriptome, and that 90% of the
BCL6 cistrome is collapsed following TLR4 activation in the
macrophages (84). In B-cells, PELI1, which is activated by TLR3
and TLR4, directly interacted with BCL6, inducing lysine 63-
mediated BCL6 polyubiquitination, and PELI1 expression levels
positively correlated with BCL6 expression (85). Our results
showed that BCL6 had a very similar expression pattern to
that of TLRs, indicating that there is a stronger and closer
association between multiple TLRs and BCL6, such as direct
interactions and regulatory relationships, and this association
warrants further study. The transcription factor BCL6 is required
for driving Tth cell differentiation and regulates their function.
Recent studies have demonstrated the implications of Tth cells
with the disease activity of TAK (82), and our results suggested
that TLRs might play a role in the regulation of Tth cells.

miRNA-548 Family

miRNAs play an important role in regulating gene expression
and the TLR-signaling pathways (86, 87). miRNAs with high
sequence similarity form the miRNA family, co-regulating
complex biological processes. Among them, the miR-548
family, with over 80 identified miRNAs, regulates the immune
process in some diseases, such as cancer (88, 89). A large amount
studies have shown that miRNA-548 suppresses tumor
proliferate by binding WNT2 (90), murine double minute 2
(91), metastasis tumor-associated protein-2 (92), specificity
protein 1 (93), cancerous inhibitor of protein phosphatase 2A
(94), HMGB1 (95), and so on. Inhibiting or down-regulating
miR-548 promotes the tumor proliferation (96). One study
proposed to serve miRNA-548 as a prognosis predictor in
primary central nervous system lymphoma (97). Our study
showed that miR-548 played an important role in the
pathogenesis of autoimmune disease, which might be related to
the TLR signaling pathway.

It is worth noting that miRNA-548 family was increased in
the serum exosomes from TAK patients than healthy controls,
while the expression levels of its potential target genes were not
decreased. While we have no clear explanation for this, we
speculated that miRNAs might play an important role in the
negative feedback regulation of TLR signaling pathways based on
previous studies. Studies have shown that miRNAs play an
important role as negative feedback to control inflammatory
responses maintaining a level, avoiding excess inflammatory
responses (98). For example, serum IL-6 levels increase with
aging, whereas miR-192 in extracellular vesicles alleviated the
prolonged inflammation associated with aging (99). Besides, the
expression level of miRNA-541 [can attenuate pro-inflammatory
cytokine expression (100)] in circulating extracellular vesicles
was negatively correlated with the pro-inflammatory cytokine
expression levels and the number of adverse local symptoms after
vaccination (101). In these cases, although the expression levels
of some targeted genes are still increased than normal, miRNAs

in circulating extracellular vesicles have functioned as avoiding
excessive inflammation. However, we have not been
demonstrated the correlations between miR-548 as the RNA
samples and serum exosomes were not from the
same participants.

TLR-Co-Expression Signature

There are certain functional relationships among TLRs. First,
TLRs function as a homodimer or heterodimer. TLR2 binds
TLR1 or TLR6 to recognize distinct PAMPs (102, 103).
The TLR4-TLR6-CD36 complex is activated by atherogenic
lipids and amyloid-beta to stimulate sterile inflammation (48,
49). Second, there is some cross-talk between TLRs. In SLE, TLR9
can inhibit the production of autoantibodies mediated by TLR7,
such as anti-RNA Ab, anti-Sm Ab, anti-RNA Ab, anti-IgG2a RF
(68, 69, 72). The balance between TLR7 and TLRY is important for
the formation of autoreactive B cells (73). And UNC93B1 plays an
important role in regulating the balance between TLR7 and TLR9
(74-77). In the endoplasmic reticulum, TLR7 competes with TLR9
to bind to UNC93B1, and the D34 position of UNC93B makes it
biased to bind to TLRY (78). In the endothelial cells transfected
with TLR1in septic, the ability of TLR4 in these cells to respond to
LPS was lost (104). TLR10 on peripheral blood monocytes reduces
TLR2-induced cytokine production in Parkinson’s disease (105),
which is also a co-receptor of TLR2. Third, some TLR-genes locate
the same gene cluster in the chromosome, and there are multiple
associated SNPs of TLRs, such as TLR1, TLR6, and TLR10. For
example, the observed multiple associated SNPs at the TLR6-
TLR1-TLRI10 gene cluster may play a role in prostate cancer risk
(106). STRING database analysis showed strong PPIs among TLRs
(Figure 6A). We observed the different co-expressed TLRs clusters
of different disease and treatment stages in TAK, which might
serve as a signature of transcriptome analysis for individualized
treatment decision. For instance, the co-expression TLR4 and
TLR6 could distinguish the active-treated TAK patients from the
inactive ones.

Limitations

In the correlation analysis results, there were many non-strong
correlations (0.01<p<0.05) between the expression levels, which
might be related to the sample heterogeneity. For instance, some
non-strong correlation in the treated TAK group became strong
correlations (p<or=0.01) after further stratifying patients into
subgroups according to disease activity. But the sample size is
relatively small, so the active or inactive group could not be
separated into subgroups.

Besides, there were limitations in the protocol for evaluating
the closeness of functional relationships between TLRs and the
other genes. Although the genes with a high score were likely to
be closely connected in function with TLRs, the genes with a low
score were not necessarily intimately linked with TLRs.

Notably, the reference genes had a large influence on the
correlation analysis results. Stably expressed reference genes help
find out the co-expression relations. Moreover, different
reference genes may cause some differences in the results, and
combining Pearson correlation and Spearman correlation help
partially address the problem.
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Last, larger clinical studies will be needed to validate our
findings and to calibrate the diagnostic thresholds. In this cohort,
the naive TAK patients will be also classified into the active group
and the inactive group as it might exhibit a different co-
expression network from the TAK patients under treatment.
Some experimental data for the difference in the T cell activation
status (activation markers and cytokines) will be also collected to
construct more accurate and more detailed models of the
association between TLRs and T-cell activation in TAK.

CONCLUSIONS

This study identified the association between TLRs and T-cell
activation in TAK, found a potentially novel role of TLRs in the
pathogenesis of autoimmune diseases, and highlighted the
function of miRNAs in the cross-talk between TLRs and T-
cells in TAK, and more investigation is needed to further confirm
the role of miRNAs in the cross-talk between TLR and T-cell in
TAK patients and to elucidate the mechanisms.
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Severely ill children in low- and middle-income countries (LMICs) experience high rates of
mortality from a broad range of infectious diseases, with the risk of infection-related death
compounded by co-existing undernutrition. How undernutrition and acute illness impact
immune responses in young children in LMICs remains understudied, and it is unclear
what aspects of immunity are compromised in this highly vulnerable population. To
address this knowledge gap, we profiled longitudinal whole blood cytokine responses to
Toll-like receptor (TLR) ligands among severely ill children (n=63; 2-23 months old) with
varied nutritional backgrounds, enrolled in the CHAIN Network cohort from Kampala,
Uganda, and Kilifi, Kenya, and compared these responses to similar-aged well children in
local communities (n=41). Cytokine responses to ligands for TLR-4 and TLR-7/8, as well
as Staphylococcus enterotoxin B (SEB), demonstrated transient impairment in T cell
function among acutely ill children, whereas innate cytokine responses were exaggerated
during both acute illness and following clinical recovery. Nutritional status was associated
with the magnitude of cytokine responses in all stimulated conditions. Among children
who died following hospital discharge or required hospital re-admission, exaggerated
production of interleukin-7 (IL-7) to all stimulation conditions, as well as leukopenia with
reduced lymphocyte and monocyte counts, were observed. Overall, our findings
demonstrate exaggerated innate immune responses to pathogen-associated molecules
among acutely ill young children that persist during recovery. Heightened innate immune
responses to TLR ligands may contribute to chronic systemic inflammation and
dysregulated responses to subsequent infectious challenges. Further delineating
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mechanisms of innate immune dysregulation in this population should be prioritized to
identify novel interventions that promote immune homeostasis and improve outcomes.

Keywords: sepsis, toll-like receptor, lipopolysaccharide, malnutrition, pediatric, innate immunity,

adaptive immunity

INTRODUCTION

Sepsis continues to be a significant cause of pediatric morbidity
and mortality worldwide. Although pediatric mortality from
sepsis has steadily decreased in well-resourced settings, in low-
and middle- income countries (LMICs) the resources required to
support patients with sepsis are scarce and outcomes remain
exceptionally poor (1-7). Coupled with undernutrition, a highly
prevalent condition among young children in LMICs, acute
infection manifesting initially as diarrhea or pneumonia often
progresses to sepsis, and these common infections continue to be
primary drivers of death in children less than 5 years old
worldwide (8-11).

Children in LMICs who present to hospital with acute illness
are often severely stunted and/or wasted, with underlying
environmental enteric dysfunction (EED) (12-15). EED is
believed to be a major driver of recurrent infections, immune
activation, and chronic inflammation during childhood. Changes
in small bowel function accompanied by altered mucosal
architecture results in malabsorption and an increase in pathogen
translocation that predisposes young children to invasive infection
and drives immune dysregulation (12-14, 16-21). Young children
with EED often become trapped in a vicious cycle of malnutrition,
infection, and inflammation that has been associated with
compromised linear growth and neurodevelopment, impaired
thymic development, intestinal dysbiosis, and nutritionally-
acquired immunodeficiency syndrome (22-31).

The immune response to invasive infection is complex and
highly variable due to the multitude of pathogens capable of
inducing disease, and underlying host conditions such as age
and presence of co-morbidities (32, 33). Studies of critically ill
adults and children in resourced settings have suggested that
specific immune phenotypes and responses are associated with
poor outcomes (34). Both pro- and anti-inflammatory responses
are involved: the former contributes to clearance of infection and
recovery but can also lead to collateral tissue damage and organ
failure; the latter limits local and systemic tissue injury by
weakening the immune response, but can lead to secondary
infections (33, 35, 36). Cells of the innate immune system, such
as monocytes, dendritic cells, and natural killer cells, play a pivotal
role in initiation of the immune response against pathogens, and
in shaping subsequent adaptive immune responses. Pattern
recognition receptors (PRR) on the innate cell surface [toll-like
receptors (TLRs) and C-type lectin receptors [CLRs)], in the
endosome (TLRs), and in the cytoplasm [retinoic acid-inducible
gene-I-like receptors (RLRs) and nucleotide-binding
oligomerization domain-like receptors [NLRs)] interact with
pathogen-associated molecular patterns (PAMPs) to initiate pro-
inflammatory immune responses against pathogens (37).
However, the resultant tissue damage from this response releases

alarmins and damage-associated molecular patterns (DAMPs)
that perpetuate the pro-inflammatory response by autocrine
action and can lead to organ dysfunction (38). Anti-
inflammatory and tissue-repair immune responses are also
elicited during both acute and convalescent phases of severe
illness (39), and may contribute to secondary infections among
patients who survive their initial infection. This post-sepsis
response has been described as “immunoparalysis”, or a state of
cellular senescence, where immune cells remain locked in a
functionally impaired state by either extrinsic (repeated
pathogenic insult, global DAMP expression) or intrinsic (altered
T cell repertoires, increased inhibitory receptor expression) factors
(40). During sepsis-induced immunoparalysis, there is a massive
attrition of lymphocytes that leads to the perpetuation of ongoing
infectious foci, an increase in secondary infections, reactivation of
latent viremias, and re-admission to hospital with poor outcomes
(41-45).

For young children in LMICs, there remains a high mortality
rate during hospitalization for severe infection, as well as an
increased risk of death for several months following hospital
discharge for those children who survived the acute phase of
illness (46). The Childhood Acute Illness & Nutrition (CHAIN)
Network (47-49) is a network of investigators and sites in LMICs
dedicated to understanding biologic and social determinants of
survival among highly vulnerable young children during and
following severe illness. Working with young, undernourished
children in LMICs admitted to hospital with severe illness as part
of the CHAIN observational cohort study, and who survived
through hospital discharge, we characterized TLR-induced
whole blood cytokine responses during acute and convalescent
phases of illness. Moreover, we sought to understand if underlying
nutritional status was associated with altered host immune
responses, and if immune profiles could be used to identify
those acutely ill children who would go on to experience an
event (death or re-admission) following hospital discharge.
Interrogation of immune responses among highly vulnerable
young children during severe illness is a critical first step to the
identification of specific immunologic pathways associated with
poor versus thriving outcomes, and in the development of novel
interventions to improve pediatric post-hospitalization outcomes
in LMICs.

MATERIALS AND METHODS

Participant Recruitment and Ethics
Statement

Participants were enrolled in the Childhood Acute Illness &
Nutrition (CHAIN) Network from January 2016-December 2019
(47-49). The CHAIN study protocol was reviewed and approved
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by the Oxford Tropical Research Ethics Committee (OxTREC),
the Scientific and Ethics Review Unit (SERU) of the Kenya
Medical Research Institute (KEMRI), and the Makerere
University College of Health Sciences, School of Biomedical
Sciences Research and Ethics Committee, as well as the
institutional review boards of all partner sites. Participating
CHAIN sites were Kampala, Uganda, and Kilifi, Kenya.
Written informed consent was obtained from a parent or
guardian for all participating children prior to enrollment.

Study Design and Participant
Demographics

Children requiring hospitalization at the Kampala and Kilifi
CHAIN network sites, who survived their inpatient admission
and had blood available for immunologic-based investigations,
were eligible for inclusion in the present study. Children were
admitted to hospital predominately for severe diarrhea,
pneumonia, malaria, and/or anemia, and were commonly
found to be malnourished. Children presenting with acute
trauma or poisoning were ineligible; for a complete list of
inclusion and exclusion criteria in the CHAIN Network study,
please refer to Diallo et al. (49). Three subsets of children were
included in this analysis: hospitalized children who experienced
post-discharge events of re-admission or death (n=22);
hospitalized children who did not experience a post-discharge
event and survived to month 6 study end point (n=41);
non-hospitalized age-matched, well children recruited
from local neighborhoods (community participants/CP)
serving as a reference group for comparison to hospitalized
participants (n=41). Participant demographics are provided in
Table 1. Nutritional status was stratified by mid-upper arm
circumference (MUAC), defined by the CHAIN Network as:
not wasted, MUAC 212.5cm (age 26 months) or MUAC >12cm
(age <6 months); moderate wasting, MUAC 11.5 to <12.5cm (age
>6months) or MUAC 11 to <12cm (age <6 months); severe
wasting or kwashiorkor, MUAC <11.5cm (age =6 months) or
MUAC <11lcm (age <6 months) or bilateral pedal oedema not
explained by other medical causes.

Whole Blood Cytokine Assay

Blood was collected for immunologic assays within 48 hours of
hospital admission, the day of hospital discharge, and 6-months
following index hospital admission (among survivors). For CP,
blood was obtained at study enrollment only. Peripheral blood
was drawn and collected in 2 ml sodium-heparin tubes (BD,
catalog #367671) using a standardized SOP for venipuncture that
included sterile technique and preparation of the skin with 70%
alcohol. 200 ul of undiluted whole blood was aliquoted to individual
2 ml polypropylene tubes (Sarstedt, Germany) pre-prepared with
the following stimulants diluted at 5x final concentration in 50 pl
RPMI-1640: 1) none (resting condition); 2) ultrapure
lipopolysaccharide (LPS, TLR-4 ligand, 0.2 ug/ml, In vivogen,
catalog #tlrl-smlps); 3) CLO75 (thiazoquinoline derivative, TLR-7/
8 ligand, 5 ug/ml, In vivogen, catalog #tlrl-c75-5); 4) staphylococcal
enterotoxin B (SEB, monovalent T cell mitogen, 1 pg/ml, Toxin
Technology, catalog #BT202). Whole blood stimulation was
performed in a water bath at 37°C for 12 hours. Stimulation
conditions and incubation time were selected based on previous
literature (50-57). To collect materials for cytokine analysis, tubes
were spun at 2000 rpm (300 rcf) in a tabletop centrifuge, and the
supernatant drawn off and stored at -80°C until batch analysis.

Multiplex Cytokine Analysis

A custom multiplex cytokine bead array was created using the
existing EMD Millipore platform. The following panel of 25
cytokines/chemokines were included: G-CSF, GM-CSF, IFN-0.2,
IEN-v, IL-10, MCP-3, IL-12p70, IL-15, sCD40L, IL-17A, IL-1RA,
IL-1a, IL-9, IL-1B, IL-2, IL-4, IL-6, IL-7, IL-8, IP-10, MCP-1,
Mip-1o, Mip-1B3, RANTES, TNF-o.. Frozen supernatants were
gently thawed and diluted 1:5 using RPMI-1640 prior to
performing the assay according to manufacturer’s instructions.
All conditions were plated in duplicate. The quality-control
samples provided by the manufacturer were included on each
plate. A minimum of 50 beads captured was set as the cutoft for
each analyte; no analytes fell below this minimum during data
acquisition. Plates were run on a Luminex 200™ machine and
analyzed using xPONENT® software.

TABLE 1 | Participant demographics.

Hospitalization cohorts Community participants P-value
Post-discharge event (n=22) No post-discharge event (n=41) (n=41)

Recruitment (Uganda) 9 (41%) 15 (37%) 15 (37%) 0.90°
Age (months; SD) 11.1 (6.9 12 (4.7) 12.2 (6.1) 0.712
Sex (female) 9 (41%) 19 (46%) 16 (39%) 0.80°
Nutritional status’
Severe wasting 12 (55%) 17 (41%) 0 <0.0001°
Moderate wasting 3 (14%) 7 (17%) 2 (5%) 0.21°
Non-wasted 7 (32%) 17 (41%) 39 (95%) <0.0001°
Mean MUAC" (cm) 11.19 12.52 13.82 <0.00012
HIV-exposed 5 (23%) 5 (12%) 4 (10%) 0.34%
HIV-infected 4 (18%) 1(2%) 0 0.05*

"Nutritional status as determined by mid-upper arm circumference (MUAC) at hospital admission (hospitalized cohorts) or enroliment (community participants).

2Three-way comparisons performed using ANOVA.
SThree-way comparisons performed using Chi squared test.

“Two-way comparison between children with and without post-discharge events performed using Fisher's Exact test.
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Research Blood Analysis

All participants had complete blood counts with automated
differential performed at all time points. Blood was analyzed
using a Coulter Ac*T 5diff CP (Cap Pierce) Hematology
Analyzer (Beckman Coulter).

Statistical Approach

Initial analysis compared resting and stimulated whole blood
production of individual cytokines/chemokines between sick,
hospitalized children versus children from the same
communities (community participants/CP). For the stimulation
conditions, background correction was performed prior to
analysis and all cytokine/chemokine data underwent log2
transformation to achieve a normalized distribution. For the
hospitalized cohort, quantitative cytokine/chemokine results
from three time points corresponding to acute illness (hospital
admission), early convalescence (hospital discharge), and late
convalescence (6-months following initial admission), were
compared to those obtained from CP at a single time point. To
determine if an individual cytokine/chemokine response in the
resting or a stimulation condition was predictive of belonging to
the hospitalized versus community cohort, a multivariable logistic
regression model incorporating age, sex, recruitment site, and
MUAC (at relevant time point) as covariates was applied. Odds
ratios and 95% confidence intervals are reported.

To determine the relationship between nutritional status and
cytokine/chemokine responses among children in the hospitalized
cohort, multivariable linear regression models including age, sex,
and site as covariates were applied. Here, individual cytokine/
chemokine responses from the resting and stimulation conditions
were compared to MUAC at each relevant time point. Parameter
estimates, referring to the slope of the relationship between
MUAC and the individual cytokine/chemokine response, were
calculated; negative and positive parameter estimates denote an
indirect or direct relationship, respectively.

A composite cytokine signature that was predictive of
belonging to the hospitalized versus community cohort for the
resting and each stimulation condition was created, and used to
assess the impact of nutritional status on each signature’s
predictive value for recent hospitalization. Using a stepwise
logistic regression model with both forward and backward
elimination for each stimulation condition, individual cytokines
and chemokines showing an effect (threshold for selection was
p<0.2) on the (log) odds of belonging to the hospitalized cohort
were combined to find the best predictive immune signature, with
age, sex and site included as covariates. The predictive (log) odds
of each cytokine signature were then plotted against MUAC.

In addition, a logistic regression model including MUAC, age,
sex, and site was developed to evaluate the relationship between
stimulated cytokine/chemokine responses at hospital discharge
and the odds ratio of a child experiencing a post-discharge event.
Total white blood cell (WBC) and absolute lymphocyte,
monocyte, and neutrophil counts were also compared between
hospitalized children with and without post-discharge events in
an unadjusted analysis, comparing medians to avoid the

influence of outliers in data, using the Mann-Whitney test. To
determine whether covariates had any effect on these differences,
the data was winsorized at the lower 5" and upper 95"
percentiles to exclude outliers, and a linear regression model
including MUAC, age, sex and site as additional covariates
was employed.

Due to the limited sample size of this pilot study, comparisons
where unadjusted p-values were <0.05 are reported, as are p-
values adjusted for multiple comparisons with false discovery
rate (FDR) <0.1 using the Benjamini-Hochberg procedure.

RESULTS

Participants

A total of 63 hospitalized children (24 Kampala; 39 Kilifi) and 41
CPs (15 Kampala; 26 Kilifi) were included for analysis. The
demographic breakdown of these participants, including age, sex,
MUAG, nutritional status, and HIV status is listed in Table 1.

Children Hospitalized for Severe lliness
Have a Reduced Innate Resting Cytokine
Profile as Compared to Children in the
Community During Both Acute and
Convalescent Phases of lliness

We first examined the resting cytokine profiles in children who
were hospitalized for severe illness (hospitalized cohort), as
compared to CP. Whole blood cytokine/chemokine responses of
hospitalized children at admission, discharge, and at 6-months
post-discharge, were compared to CP at a single time point
(enrollment). Hospitalized children had lower innate pro-
inflammatory cytokine/chemokine levels compared to CP, that
persisted throughout the acute and convalescent phases of illness.
Lower resting values were predictive of recent hospitalization for
numerous innate cytokines (Figures 1A-C). No evidence of
increased baseline production of pro-inflammatory cytokines
was observed in hospitalized children at any time point.

We next examined the relationship between nutritional status
and resting immune profiles among hospitalized children during
the early convalescent phase of illness when acute illness has
resolved (hospital discharge), considering each cytokine
individually. Comparing the relationship between MUAC and
resting cytokine response, we observed a significant indirect
relationship between MUAC and resting values for G-CSF,
GM-CSF, IFN-02, and IL-6 (Figure 1D).

To visualize how nutritional status interacts with the resting
host cytokine signature during the early convalescent phase of
illness, we created a model incorporating the resting whole blood
cytokine responses that best discriminate between hospitalized
and CP children (G-CSF, GM-CSF, MCP-3, IL-6, Mip-1f), and
compared this to nutritional status as indicated by MUAC at
time of hospital discharge in only hospitalized children. Here we
observed that the identified resting cytokine signature was a poor
predictor of recent hospitalization regardless of MUAC (Figure 1E).
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FIGURE 1 | Children hospitalized for severe illness show reduced levels of innate cytokines and chemokines compared to children in the community that persist into
convalescence. Whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission to hospital (n=43, A), hospital discharge
(n=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using logistic regression taking into account
age, sex, recruitment site, and MUAC (at relevant time point). Odds ratios denote higher or lower responses in hospitalized cohort compared to CP cohort.

(D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAGC, in hospitalized participants at discharge (n=60)
using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship between MUAC and cytokine or
chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A=D), filled circles indicate significance of
p<0.05; open circles indicate significance of p<0.1 when adjusting for multiple comparisons. (E) To better understand the relationship between cytokine responses
and nutritional status in hospitalized participants, a model was created using the cytokine signature (G-CSF, GM-CSF, MCP-3, IL-6, Mip-1-beta) that best
discriminated between hospitalized (discharge time point) and CP cohorts. Here, the model adjusted for participant sex, age, and recruitment site, and the predictive
strength of the model to reflect recent hospitalization (Y-axis) was plotted against participant MUJAC as measured at hospital discharge (X-axis).

Impaired Adaptive Th-1 Responses and
Elevated Innate Responses to LPS Are
Observed Among Hospitalized Children
During the Acute and Convalescent
Phases of lliness

To determine if cytokine responses to the TLR-4 agonist LPS were
intact among young hospitalized children, we compared LPS-
stimulated whole blood responses of the hospitalized cohort to
those identified in the CP cohort. A cross-sectional comparison of
these responses at hospital admission, discharge, and after 6-months
of follow-up demonstrated that, as compared to children in the
community, hospitalized children displayed a significantly
enhanced innate pro-inflammatory cytokine response to TLR-4
stimulation during acute and early convalescent phases of illness.
Increased cytokine values were predictive of recent hospitalization
for several cytokines (Figure 2). IL-8 and Mip-1P remained elevated
at the 6-month follow-up visit (Figure 2C). Conversely, hospitalized
children showed an impaired Th-1 response to LPS during acute
illness, as indicated by decreased IFN-y and IP-10 responses
compared to CP, that resolved during early convalescence. Here,
reduced IFN-y and IP-10 were predictive of recent hospitalization
(Figures 2A-C).

We next examined the relationship between nutritional status
and LPS-induced immune profile among hospitalized children
during the early convalescent phase of illness when acute illness
has resolved (hospital discharge), looking at each cytokine
individually. Comparing the relationship between MUAC and
LPS-induced cytokine response, we observed a direct relationship
between LPS-induced G-CSF, GM-CSF, and sCD40L, whereas the
relationship between MUAC and LPS-induced MCP-3 was
indirect (Figure 2D).

To visualize how nutritional status interacts with the LPS-
induced host cytokine signature during the early convalescent

phase of illness, a model was created using the whole blood
cytokine signature best discriminating between hospitalized and
community children (G-CSF, IFN-y, Mip-1f, IL-6, IL-8), and
compared to nutritional status as indicated by MUAC at time of
hospital discharge in only hospitalized children. Here we observed
that the identified LPS-induced cytokine signature was highly
variable in its ability to predict recent hospitalization regardless of
MUAC (Figure 2E).

Innate and Th-1-Specific Adaptive Cytokine
Responses to Thiazoquinoline, a TLR-7 and
-8 Agonist, Are Impaired During the Acute
and Convalescent Phases of lliness

Next, we assessed the immune responses of hospitalized children
to thiazoquinoline (CL075), a compound that signals through
the TLR-7 and -8 pathways. Whole blood cytokine responses in
the hospitalized cohort demonstrated impaired innate and
adaptive (Th-1) responses during both acute and convalescent
phases of illness, as compared to CP cohort. GM-CSF, IFN-v, IL-
12p70, IL-10,, IL-1PB, IP-10, and TNE-o. were all lower at hospital
admission compared to CP, with depressed IFN-y and IL-12p70
persisting through 6-months of follow-up. These depressed
cytokine values were associated with increased odds of recent
hospitalization (Figures 3A-C).

We examined the relationship between nutritional status and
CL075-induced immune profile among hospitalized children
during the early convalescent phase of illness when acute
illness has resolved (hospital discharge), looking at each
cytokine individually. Comparing the relationship between
MUAC and CL075-induced cytokine response, we observed a
direct relationship between CL075-induced IL-12p70, IL-4, IL-7,
and sCD40L, whereas the relationship between MUAC and
CL075-induced MCP-3 was indirect (Figure 3D).
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FIGURE 2 | Children hospitalized for severe illness show impaired Th-1 responses and increased innate responses to LPS when compared to children in the
community that persist into convalescence. LPS-stimulated whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission
to hospital (=43, A), hospital discharge (n=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using
logistic regression taking into account age, sex, recruitment site, and MUAC (at relevant time point). Odds ratios denote higher or lower responses in hospitalized
cohort compared to CP cohort. (D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAC, in hospitalized
participants at discharge (n=60) using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship
between MUAC and cytokine or chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A-D),
filled circles indicate significance of p<0.05; open circles indicate significance of p<0.1 when adjusting for multiple comparisons. (E) To better understand the
relationship between cytokine responses and nutritional status in hospitalized participants, a model was created using the cytokine signature (G-CSF, IFNg, Mip-1-
beta, IL-6, IL-8) that best discriminated between hospitalized (discharge time point) and CP cohorts. Here, the model adjusted for participant sex, age, and
recruitment site, and the predictive strength of the model to reflect recent hospitalization (Y-axis) was plotted against participant MUAC as measured at hospital

discharge (X-axis).
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FIGURE 3 | Children hospitalized for severe illness show impaired Th-1 and innate responses to TLR-7/8 stimulation when compared to children in the community
that persist into convalescence. CLO75-stimulated whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission to
hospital (=43, A), hospital discharge (n=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using
logistic regression taking into account age, sex, recruitment site, and MUAC (at relevant time point). Odds ratios denote higher or lower responses in hospitalized
cohort compared to CP cohort. (D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAC, in hospitalized
participants at discharge (n=60) using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship
between MUAC and cytokine or chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A-D),
filled circles indicate significance of p<0.05; open circles indicate significance of p<0.1 when adjusting for multiple comparisons. (E) To better understand the
relationship between cytokine responses and nutritional status in hospitalized participants, a model was created using IFNg, a cytokine that best discriminated
between hospitalized (discharge time point) and CP cohorts. Here, the model adjusted for participant sex, age, and recruitment site, and the predictive strength of
the model to reflect recent hospitalization (Y-axis) was plotted against participant MUAC as measured at hospital discharge (X-axis).

We next visualized how nutritional status interacts with CL075- Staphylococcus Epterotoxm B-Induced
induced host cytokine signature during the early convalescent phase T Ce" Rgsponse:s in Whole BlO(_)d of
of illness. A model was created using the whole blood cytokine Hospitalized Children Are Impaired
During Acute lliness but Improve During

signature best discriminating between hospitalized and community
children (IFN-y only), and compared to MUAC at hospital ~Convalescence

discharge among hospitalized children. We observed no clear
relationship between the predictive value of CL075-induced IFN-
v responses for recent hospitalization and nutritional status as

reflected by MUAC (Figure 3E).

To assess T cell responses to polyclonal activation, we stimulated
whole blood with the superantigen staphylococcus enterotoxin B
(SEB). As compared to children in the community, T cell
responses to SEB were transiently impaired at hospital

Frontiers in Immunology | www.frontiersin.org

54

February 2022 | Volume 12 | Article 748996


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Uebelhoer et al.

TLR-Induced Immune Responses in Children

admission, as indicated by decreased IFN-y, IL-2, IL-9, and IL-17A
(Figure 4A). However, all T cell responses, except for IFN-y, had
recovered to that seen in CP by hospital discharge (Figure 4B).
Further, when assessed at 6-month follow-up, these responses
were equivalent to those observed in CP (Figure 4C). Notably,
innate cytokine responses (IL-6, IL-8, MCP-1 and Mip-1f) were
elevated during the last convalescence phase of illness as compared
to children in the community (Figure 4C).

We examined the relationship between nutritional status and
SEB-induced immune profile among hospitalized children
during the early convalescent phase of illness when acute
illness has resolved (hospital discharge), looking at each
cytokine individually. Comparing the relationship between
MUAC and SEB-induced cytokine response, we observed a
direct relationship between SEB-induced IL-4 and sCD40L; no
other direct or indirect relationships were observed (Figure 4D).

We next visualized how nutritional status interacts with SEB-
induced host cytokine signature during the early convalescent
phase of illness. A model was created using the whole blood
cytokine signature best discriminating between hospitalized and
community children (IFN-y only), and compared to MUAC at
hospital discharge among hospitalized children. Here we
observed no clear relationship between the predictive value of
SEB-induced IFN-y responses for recent hospitalization and
nutritional status as reflected by MUAC (Figure 4E).

White Blood Cell Counts and IL-7
Production Are Altered Among Children
With Post-Discharge Events

Children who experienced post-discharge events of hospital re-
admission or death showed significantly lower total white blood
cell counts, including absolute lymphocyte and monocyte counts,
when compared to children who did not experience post-

discharge events throughout 6-months of follow-up. This effect
remained significant when the data was adjusted using a linear
model taking into account MUAC, age, sex and site (Figure 5).
No difference in absolute neutrophil count was noted in this
analysis (Figure 5D). In addition, whole blood immune
responses to TLRs and SEB were compared between children
with and without post-discharge events (Figure 6). Increased IL-
7 production to all tested stimuli among children with post-
discharge events was observed. This increase in IL-7 responses
was associated with increased odds of a post-discharge event
(Figures 6B-D). No significant association between IL-7 levels
and absolute lymphocyte counts were found in children with
post-discharge events (data not shown). There was no significant
impairment in cytokine production to any tested stimuli
observed when comparing children with and without post-
discharge events (Figures 6A-D).

DISCUSSION

In this study we examined resting and stimulated whole blood
cytokine responses among young children living in LMICs,
including children who required hospitalization for severe illness
and well children recruited from local communities. The TLR
agonists utilized in this study served as a method of interrogating
functional host immune responses that may have been deranged as
a result of severe acute illness and undernutrition, both common
among children in LMICs. We specifically selected LPS, an agonist
for TLR-4, to model innate responses to gram-negative pathogens
that commonly cause severe illness in this population (58). CL075,a
dual agonist for TLR-7 and TLR-8 that mimics single-stranded
RNA, was selected for study given the high burden of viral infections
in young children.
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FIGURE 4 | Children hospitalized for severe illness exhibit an impaired T cell response to polyclonal stimulation when compared to children in the community that
improves during convalescence. SEB-stimulated whole blood cytokine and chemokine responses were assessed in hospitalized participants at admission to hospital
(n=43, A), hospital discharge (=60, B), and 180 days-post-discharge (n=51, C), and compared to community participants (CP) at enrollment (n=41) using logistic
regression taking into account age, sex, recruitment site, and MUAC. Odds ratios denote higher or lower responses in hospitalized cohort compared to CP cohort.
(D) Whole blood cytokine and chemokine responses were compared to nutritional status, as measured by MUAC, in hospitalized participants at discharge (n=60)
using linear regression taking into account age, sex, and recruitment site. Parameter estimate refers to the slope of the relationship between MUAC and cytokine or
chemokine responses; negative and positive parameter estimates denote an indirect or direct relationship, respectively. For (A-D), filled circles indicate significance of
p<0.05; open circles indicate significance of p<0.1 when adjusting for multiple comparisons. (E) To better understand the relationship between cytokine responses
and nutritional status in hospitalized participants, a model was created using IFNg, a cytokine that best discriminated between hospitalized (discharge time point) and
CP cohorts. Here, the model adjusted for participant sex, age, and recruitment site, and the predictive strength of the model to reflect recent hospitalization (Y-axis)
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FIGURE 5 | Total lymphocyte, leukocyte, and monocyte counts are associated
with post-discharge adverse events in children hospitalized for severe illness.
Complete blood counts with differential were performed at hospital discharge
and compared between participants with (n=20) and without (n=41) post-
discharge events of death or re-admission to hospital. Shown are median values
with interquartile range for white blood cell counts (A), absolute lymphocyte
counts (B), absolute monocyte counts (C), and absolute neutrophil counts
(D), displayed as cell number x10 */ul of blood. P-values were calculated
using Mann-Whitney test. Filled circles and open circles indicate participants
from Kilifi, Kenya and Kampala, Uganda sites, respectively.

Based on prior studies of severely ill adults and children
performed in well-resourced settings (40, 59-62), we anticipated
that hospitalized children would exhibit limited pro-inflammatory
cytokine/chemokine responses to the tested stimuli, with
malnourished children and children who experience post-
discharge events exhibiting the most muted responses. Our data
revealed that the immune response to each stimulus was distinct,
with heightened innate cytokine responses to LPS among
hospitalized children that persisted through late convalescence,

while cytokine responses to CL075 were compromised during
both acute and early convalescent stages of illness. Responses to
the T cell mitogen SEB demonstrated compromised production of
several T-cell-associated cytokines (IFN-y, IL-17A, IL-2, and IL-9)
during acute illness, with exaggerated production of pro-
inflammatory innate cytokines continuing through late
convalescence. Our data suggest that the hospitalized cohort
studied here may in fact not be suffering innate immune cell
deficits; rather, the innate immune compartment in these children
is primed for heightened responses to LPS. Children with post-
discharge readmission or death were found to have significant
depression in total white blood cell counts at the time of discharge,
as well as lymphocyte and monocyte counts, a finding that mirrors
similar observations made in adult sepsis cohorts from well-
resourced settings (34, 40, 63). Surprisingly, there was no
evidence of a compromised pro-inflammatory cytokine response
at discharge among children with post-discharge events; rather,
heightened production of IL-7 was observed against all tested
stimuli. Although we did not identify a statistically significant
correlation between IL-7 production and absolute lymphocyte
counts in our limited sample size, our findings suggest a
heightened drive to restore T cell homeostasis among children
who would go on to have poor outcomes.

Our comparison of resting (unstimulated) and stimulated
innate cytokine profiles among hospitalized children revealed
unexpected findings. Specifically, unstimulated samples from
hospitalized children exhibited lower levels of numerous innate
cytokines during both acute and convalescent phases of illness as
compared to children in the community. Interestingly, innate
responses to LPS in this same cohort were elevated throughout
the length of this study. This contrasts with a previously
published study in a well-resourced setting suggesting that
children with severe illness experience immunoparalysis and
innate immune deficiencies (64). We also found no evidence
for “LPS tolerance,” a phenomenon where innate immune cells
undergo metabolic and epigenetic alterations due to repeat
immune challenge, resulting in cellular reprogramming and an
overall reduction in the pro-inflammatory response (65-68).
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and those who completed 6-months of follow-up with no event (n=41). Shown are odds ratios of experiencing post-discharge event in unstimulated (A) and PAMP-
stimulated (B-D) whole blood, using logistic regression taking into account age, sex, recruitment site, and MUAC. Filled circles indicate significance of p<0.05; open
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Rather, the sustained, altered innate cytokine responses to TLR-4
stimulation in our current young cohort is suggestive of the
phenomenon of trained immunity. Trained immunity has been
described following immunization with Bacillus Calmette-
Gueérin, as well as exposure to PAMPs including LPS (69) and
B-glucan. Trained immunity refers to epigenetic reprogramming
of innate cells that develops following an infectious insult or
vaccination, leading to long term alterations in functional
responses to subsequent stimuli (70, 71). We hypothesize that
some hospitalized children in this cohort may have experienced
an acute infection with a gram-negative pathogen that altered
their long-term response to subsequent in vitro LPS-
stimulations. In support of this, de Laval and colleagues
recently demonstrated persistent immune alterations in mice
after LPS stimulation that increased responsiveness of associated
immune genes to secondary stimulation (69).

CLO075 is a dual stimulant of endosomal TLR-7/8, targeting
TLR-7-expressing plasmacytoid dendritic cells (pDCs) and B
cells, and TLR-8-expressing monocytes and myeloid dendritic
cells (mDCs) (72). TLR-7 activation in pDCs classically drives
intracellular signaling via MyD88, induction of IRF-7, and
endpoint secretion of IFN-o. for anti-viral defense. Conversely,
activation of TLR-8 in mDCs via the same signaling cascade
results in secretion of IL-12p70, which polarizes activated naive
T cells towards IFN-y-secreting Th-1 subsets. When compared to
community counterparts, hospitalized children exhibited a
sustained impairment in the secretion of all 3 cytokines (IFN-
o, IL-12p70 & IEN-y; Figures 3A-C), suggesting an upstream
impact of illness and malnutrition on DC function. Furthermore,
our data showed that IL-12p70 secretion was directly linked to
MUAC (Figure 3D) even after adjusting for multiple
comparisons, indicating that poor nutritional status may
directly exacerbate poor DC function. A previous study
assessing the impact of malnutrition on DC function in 81
Zambian children reported decreased total numbers and low
activation during acute infection, which improved after recovery
from illness. However, a subset of children (17%) with
endotoxemia had ‘anergic’ type immature IL-10-secreting DCs
which failed to drive T cell proliferation (73). DCs are pivotal
regulators of immunity, performing individual innate functions
and playing a key role in kick-starting adaptive immune
responses. Failure of upstream DC responses thus have an
obvious negative impact on downstream T cell responses, and
we hypothesize that the altered response to LPS, low levels of
IFN-vy in hospitalized children, and dysregulated IL-7 secretion
could be a consequence of impaired DC responses to TLR-
stimulation. Our evidence highlights the DC-T cell activation
axis as a novel immune pathway for target therapies aiming to
improve both innate and adaptive immunity among
young children.

The hospitalized cohort presented here is potentially
confounded by differences in nutritional status, with many
children experiencing severe wasting in addition to severe,
acute illness. Examining cytokine/chemokine responses in our
whole blood assay among hospitalized children only (children in
CP cohort were predominantly not wasted), we found that

higher cytokines responses were directly related to improved
nutritional status, as determined by MUAC. The notable
exception to this was monocyte-chemotactic protein 3 (MCP-
3), which showed an inverse relationship with MUAC. Both
MCP-1 and MCP-3 are readily produced by adipocytes which
are highly responsive to metabolic status and able to secrete
bioactive molecules with downstream effects on immunity (74).
Although MCP-1 is known to be increased in obese adults (75),
as well as malnourished Ugandan children who have undergone
re-feeding therapy (76), MCP-3 was not assessed in these prior
studies. To our knowledge, this is the first report of MCP-3
expression in the context of infant nutritional status.

In addition to assessing the relationship between production
of individual cytokines and nutritional status, we developed a
cytokine signature to each tested stimulus and examined its
relationship with MUAC. Here we observed that the resting and
LPS-induced cytokine signatures were highly variable in their
ability to predict recent acute illness among children, and this
was not altered or improved by nutritional status. When only
one dominant cytokine was utilized (IFN-y), as when examining
the relationship between CL075- and SEB-induced cytokine
response and MUAC, the ability of the cytokine response to
predict recent hospitalization was more consistent regardless of
nutritional status. Our analysis indicates that composite cytokine
and chemokine signature modeling in the context of
nutritionally diverse severely ill pediatric cohorts may not be
ideal for small sample sizes, as was available in this analysis.

Despite implementation of international guidelines,
undernourished young children in LMICs with acute illness
continue to have a markedly increased risk of death during
hospital admission that persists following discharge. To further
define risk factors that contribute to these post-discharge events,
we analyzed the immune responses in our hospitalized cohort by
separating children who died or were re-admitted to hospital
from those who successfully completed 6-months of follow-up.
Of all cytokines and chemokines analyzed, only increased IL-7
responses were associated with post-discharge events. IL-7 is a
master regulator of both the naive and memory T cell
compartments; signaling through the IL-7 receptor is necessary
for death, survival, and turnover of both CD4+ and CD8+ T cells
(77). Low levels of IL-7 are detectable in human serum, and
increased IL-7 production is thought to be a compensatory effect
of lymphopenia in numerous disease states (78-82). Notably, IL-
7 replacement therapy was recently studied in a Phase IIb trial
among adults with sepsis (83). Although the study was not
powered to observe difference in mortality, and baseline IL-7
levels were not reported, patients who received IL-7 therapy had
significant increases in CD4+ and CD8+ T cell counts, and the
treatment was well tolerated. We reviewed complete blood
counts in our hospitalized cohort, and found significant
decreases in total white blood cell, lymphocyte, and monocyte
counts. It is likely that increased IL-7 production seen in children
with post-discharge events reflects an increased drive for T cell
proliferation and reduction in T cell apoptosis in an effort to
restore adaptive immune homeostasis. Given these children had
poor outcomes, this IL-7 compensatory response may have been
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insufficient. Future studies in larger cohorts of young children
are critical to identify specific targets for immune-based
therapeutics that improve outcomes from severe infection.

Our study provides a longitudinal assessment of immune
responses in an East African cohort of young children, with
varied nutritional and illness status. It is important to note that
this pilot study had a limited sample size, and children were
hospitalized with a diversity of serious illnesses that limited our
capacity to interrogate immune function in the context of specific
presenting illness. Our study did not include cell phenotyping by
flow cytometry, and thus we were unable to assess cellular
phenotype and its association with disease state and outcome.
However, the longitudinal nature of our study with defined
clinical outcomes and access to a reference population of well
children from the same community, combined with interrogation
of two distinct TLR pathways and the mitogen SEB, has provided
comprehensive insight into how serious acute illness in early
childhood is associated with perturbations in both acute and
long-term immune function and clinical outcomes. Importantly,
our data suggest that the immune system of a child hospitalized for
severe illness in LMICs is altered during the acute illness phase, as
well as the early and convalescent phases of recovery. Notably,
heightened innate responses to LPS and reduced Th-1 responses to
CLO075 persisted for up to 6 months following hospitalization, and
may predispose children to a dysregulated immune response to
subsequent infectious challenge. We have also shown that children
who go on to have poor outcomes following hospitalization exhibit
leukopenia at hospital discharge, as previously reported in well-
resourced settings, and a trend towards heightened IL-7 response to
all tested stimuli. These findings suggest that acute severe illness
during early childhood may have a lasting impact on immune
function, and emphasizes the importance of performing
longitudinal studies to better understand how illness-associated
immune dysregulation can be corrected to promote
healthy outcomes.
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Background: Transgender women (TW) are at increased risk for both human
immunodeficiency virus (HIV) and cardiovascular disease (CVD). Antiretroviral therapy-
treated HIV has been associated with a two-fold increased risk of CVD, potentially due to
dysregulated Toll-like receptor (TLR)-induced immune activation. Use of estrogens in
feminizing hormone therapy (FHT) may enhance inflammatory responses and the risk of
cardiovascular mortality in TW. Despite this, the immunomodulatory effects of estrogen
use in TW with HIV have been inadequately explored.

Methods: As an in vitro model for FHT, cryopreserved PBMCs (cryoPBMCs) from HIV
negative (HIV-), HIV+ ART-suppressed (HIV+SP), and HIV+ ART-unsuppressed
(HIV+USP) cisgender men were cultured overnight in the presence of 17-f estradiol or
17-a ethinylestradiol with and without the TLR4 agonist LPS or the TLR8 agonist ssPolyU.
Monocyte activation (CD69, HLA-DR, CD38) was assessed by flow cytometry. Cytokine
levels (IL-6, TNF-a, IL-1B, and IL-10) were measured in cell culture supematants by
Legendplex. Levels of phosphorylated TLR signaling molecules (JNK, MAPK p38) were
assessed by Phosflow. Plasma levels of immune activation biomarkers (LPS-binding
protein, monocyte activation markers sCD14 and sCD163, and inflammatory molecules
IL-6 and TNF-a receptor I) were measured by ELISA.

Results: PBMCs from people with HIV (PWH) produced greater levels of inflammatory
cytokines following exposure to LPS or ssPolyU compared to levels from cells of HIV-
individuals. While estrogen exposure alone induced mild changes in immune activation,
LPS-induced TLR4 activation was elevated with estrogen in cisgender men (CM) with HIV,
increasing monocyte activation and inflammatory cytokine production (IL-6, TNF-o).
Interestingly, testosterone inhibited LPS-induced cytokine production in CM regardless
of HIV status. Plasma markers of immune activation and microbial translocation (e.g.,
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sCD14, sCD163, LPS-binding protein) were generally higher in PWH compared to HIV-
CM, and these markers were positively associated with in vitro responsiveness to
estrogen and LPS in CM with HIV.

Conclusions: Our in vitro data suggest that estrogen exposure may enhance innate
immune activation in PWH. Further examination is needed to fully understand the complex
interactions of FHT, HIV, and CVD in TW, and determine optimal FHT regimens or
supplementary treatments aimed at reducing excess immune activation.

Keywords: estrogen, inflammation, monocytes, toll-like receptor 4, human immunodeficiency virus, cardiovascular

disease, transgender women

INTRODUCTION

Transgender women (TW) are an underserved population in
medicine. Treatment with gender-affirming, feminizing
hormone therapy (FHT) using estrogen-based supplementation
can significantly improve quality of life (1, 2). Despite the success
of FHT, long-term estrogen use may contribute to increased
prevalence of chronic co-morbidities including metabolic,
pulmonary, cardiovascular, and immunologic complications
(3-5).

Prevalence of human immunodeficiency virus (HIV) and
cardiovascular disease (CVD) is higher in TW compared to the
general population (6-11). TW have an approximately 3-fold
greater risk of myocardial infarction (MI) compared to their
cisgender counterparts (11). Additionally, MI prevalence is
greater in TW receiving FHT compared to TW not on FHT
(9). Studies have identified a 3-fold increased risk of
cardiovascular mortality with estrogen use in TW (4). Despite
these findings, mechanisms underlying FHT-associated CVD
risk have been incompletely explored.

Increased CVD risk as a consequence of FHT may be
particularly concerning in TW with HIV as HIV is linked to
heightened CV morbidity and mortality (12). Globally, the
prevalence of HIV in TW is 19% compared to < 1% in the
general population; the CDC reports TW are 49 times more
likely to live with HIV than cisgender women (CW) (6, 7).
Current antiretroviral therapy (ART) regimens successfully
manage HIV progression, however, persistent immune
activation is a strong predictor of CVD in people with HIV
(PWH) (13-16). Chronic immune activation may be driven by
multiple factors, including the activation of Toll-like receptors
(TLRs) by microbial products that translocate through damaged
gut lumen or by products of low-level HIV replication (14-30).
Increased monocyte and macrophage activation has been
implicated in the pathogenesis of HIV-associated CVD (31-
33). Exposure to bacterial (e.g., lipopolysaccharide (LPS) or
flagellin) or viral products (e.g., single-stranded polyuridine
(ssPolyU), imiquimod, or HIV-1) triggers cellular activation
and production of pro-inflammatory mediators. Compared to

Abbreviations: TW, Transgender women; CM, Cisgender men; CW, Cisgender
women; FHT, Feminizing hormone therapy; 17B, 17-B estradiol; 17A, 17-o
ethinylestradiol; HIV-, HIV negative; HIV+SP, HIV+ Suppressed; HIV+USP,
HIV+ Unsuppressed.

those without HIV, exposure of myeloid cells from PWH to TLR
ligands can result in elevated inflammatory cytokines levels
including IL-6, a molecule linked to increased morbidity and
mortality in PWH (34-36).

Several studies demonstrate that estrogen may enhance
inflammatory responses to TLR ligands (37-41). We have
measured cardiometabolic profiles and associated
inflammatory biomarkers in cisgender men (CM) and TW and
reported increased immune activation in the latter, regardless of
HIV status. We also observed slight elevations in the CVD-
associated molecules TNF-o. receptor I (TNFRI), oxidized low-
density lipoprotein (oxLDL), and human extracellular newly-
identified receptor for advanced glycation end products binding
protein (EN-RAGE) in TW on FHT compared to those off FHT
(42). Further work is needed to elucidate the mechanisms that
contribute to cardiometabolic risk in TW with HIV. Here, we
explored the in vitro consequences of estrogen (17-f3 estradiol or
17-o. ethinylestradiol) exposure to TLR-stimulated peripheral
blood mononuclear cells (cryoPBMCs) from CM who were HIV
negative (HIV-), HIV-positive with ART suppression (HIV+SP),
or HIV-positive and ART-naive/unsuppressed (HIV+USP) to
test our hypothesis that estrogen can enhance TLR
responsiveness in monocytes from PWH compared to those
without HIV. While this work will be limited in its
generalizability to TW, as these individuals may experience
greater health disparities associated with CVD due to minority
stress and marginalization when compared to CM (43), this work
serves as a model to elucidate the immune modulatory effects of
exogenous estrogen in those assigned male at birth with HIV.

MATERIALS AND METHODS

Sample Collection and Cell
Culture Methods
For HIV- donors, blood samples were collected by EDTA-
containing Vacutainer tubes (BD Biosciences) from which
PBMCs and plasma were isolated. PBMCs were freshly isolated
by centrifugation over Ficoll-Hypaque and cryopreserved in
freezing media made with 90% DMSO and 10% FBS at 1 ml
per 1 x 10 cells. To isolate plasma, EDTA tubes were centrifuged
for 10 minutes at 470 g.

CryoPBMCs and plasma from ART HIV+SP (viral load < 20
copies/mL) and HIV+USP (viral load > 10,000 copies/mL) PWH
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were supplied by the Center for AIDS Research Network of
Integrated Clinical Systems repository (CFAR CNICS). All
cryopreserved cells were thawed with pre-warmed phenol red
free RPMI 1640 (Gibco) that contained 10% Human Male AB
OTC Serum, heat inactivated (ATCC Lot #A18049). Trypan Blue
staining (1:1) was used to assess viability of thawed PBMC:s. Cells
were rested overnight (1 x 10%/ml) in 12 well culture plates before
stimulating with 0.001% of ethanol (vehicle control), 1 uM of 17-
B estradiol (Sigma-Aldrich), 1 uM of 17-o. ethinylestradiol
(Sigma-Aldrich), or 1 uM of testosterone (Sigma-Aldrich) in
the absence or presence of 100 ng/ml lipopolysaccharide (Sigma-
Aldrich) or 1 pg/ml ssPolyU (In vivogen) overnight in 37°C
incubator with 5% CO,. All hormones were obtained in powder
form and solubilized in 100% ethanol before filtering.
Concentrations of hormones were selected based on initial
dose response assays. For phosphoflow experiments, cells were
exposed to 0.001% of ethanol or 1 UM of 17-f estradiol in the
presence or absence of 100 ng/ml lipopolysaccharide for 20
minutes in 37°C incubator before cell collection.

Flow Cytometry

Cells were collected and supernatants stored in -80°C for
cytokine analysis. Cells were washed in 1X Dulbecco
Phosphate Buffered Saline (PBS; Gibco) followed by flow wash
buffer. Cells were stained for 15 minutes at room temperature in
the dark, washed, and fixed in 1% paraformaldehyde
(Thermoscientific). Monocytes were identified by size,
granularity, and surface expression of CD14 (anti-CD14 Pacific
Blue or Pacific Blue isotype; BD Biosciences Cat# 558121, RRID :
AB_397041 or BD Biosciences Cat# 558118, RRID : AB_397039,
respectively). Monocyte activation markers were measured using
anti-CD38 (phycoerythrin [PE]; BD Biosciences Cat# 555460,
RRID : AB_395853), anti-CD69 (PE-Cyanine7 [PeCy7]; BD
Biosciences Cat# 335792, RRID : AB_1937286), anti-HLADR
(APC-Cyanine7 [APCCy7]; BD Biosciences Cat# 335814, RRID :
AB_399991) or their respective isotypes (BD Biosciences Cat#
555749, RRID : AB_396091; BD Biosciences Cat# 348798, RRID :
AB_400386) by Miltenyi MACSQuant Analyzer 10 flow
cytometer (Miltenyi Bioscience MACSQuant Analyzer 10,
RRID : SCR_020268) and MACSQuant analysis software
(MACSQuantify, RRID : SCR_020943).

Phosphoflow Cytometry

Cells were collected and washed in PBS and flow wash buffer,
similar to above protocol, then stained for surface expression of
CD14 (anti-CD14 V500 or isotype; BD Biosciences Cat# 561392,
RRID : AB_ 10611862 or BD Biosciences Cat# 561221, RRID :
AB_10566127 respectively) for 20 minutes in the dark at 37°C.
Monocyte intracellular expression of phosphorylated proteins
were measured using an intracellular staining protocol. Cells
were lysed at 37°C for 10 minutes with lyse/fix buffer (BD
Phosflow), washed with PBS, and permeabilized at 4°C for 30
minutes with Perm Buffer III (BD Phosflow). Cells were washed
3 times in stain buffer (BD Phosflow) before staining in the dark
at room temperature for 1 hour with anti-JNK (pT183/pY185)
(PE; BD Biosciences Cat# 562480, RRID : AB_11153134) and
anti-p38 MAPK (pT180/pY182) (peridinium-chlorophyl-

protein Complex-Cyanine 5.5 [PerCP-Cy5.5]; BD Biosciences
Cat# 560406, RRID : AB_164529). Cells were analyzed by the
MACSQuant Analyzer 10 and analysis software. Monocytes were
again identified by size, granularity, and surface expression
of CD14.

RNA Isolation, cDNA Conversion, and
Quantitative Polymerase Chain Reaction
Cells were stimulated as described above with 0.001% of ethanol,
1 uM of 17-B estradiol, or 1 uM of 17-a ethinylestradiol in the
absence or presence of 100 ng/ml lipopolysaccharide or 1 pg/ml
ssPolyU for 24 hours in the 37°C incubator. Cells were collected,
washed in PBS, and placed in 1% 2-Mercaptoethanol (Sigma
Aldrich) supplemented lysing buffer (Qiagen) and stored at
-80°C overnight for optimal cell lysing. Cell supernatants were
collected for cytokine analysis and stored at -80°C. RNA was
extracted using the RNeasy Mini Kit (Qiagen) and RNase-Free
DNase set (Qiagen). Extracted RNA was converted to cDNA
using the iScript cDNA Synthesis Kit (Bio-rad) and S1000
thermal cycler (Bio-rad). Resultant cDNA along with IQ Sybr
Green Supermix (Bio-rad) and relevant forward and reverse
primers were used for qPCR analysis. This analysis assessed
expression of cytokines IL6 (F: 5CCAGGAGCC
CAGCTATGAAC 3’, R: 55CCCAGGGAGAAGGCAACTG 3’)
and TNF-o (F: 5GAGGCCAAGCCCTGGTATG 3’, R:
5’CGGGCCGATTGATCTCAGC 3°) utilizing MicroAmp
Optical 6-well reaction plates and Real-Time PCR System
Quant Studio 3 (Applied Biosystems; QuantStudio 3 Real Time
PCR System, RRID : SCR_018712). Results were analyzed using
QuantStudio design and analysis software.

MAPK p38 Inhibition

Cryopreserved PBMCs were rested overnight (1 x 10®/ml) in 12
well culture plates before stimulating with 0.001% of ethanol
(vehicle control) or 1 pM of 17-f estradiol (Sigma-Aldrich) in
the absence or presence of 100 ng/ml lipopolysaccharide (Sigma-
Aldrich) with or without 10 uM of p38 inhibitor SB203580
(Sigma-Aldrich) overnight in 37°C incubator with 5% CO,.
Supernatants were collected for cytokine analysis and stored
at -80°C.

Measurement of Cytokine Expression

Levels of inflammatory cytokines were measured in supernatants
using the LEGENDplex HU Anti-virus response panel (13-plex)
w/VDP (Biolegend). Supernatants collected from cells stimulated
with ssPolyU or no stimulation were diluted 1:5 in provided
assay buffer while those stimulated with LPS were diluted 1:100.
LEGENDplex was run on MACSQuant 10 flow cytometer and
analyzed by the LEGENDplex Data Analysis Software.

Plasma Biomarker Assessment

Plasma biomarker levels were measured by enzyme-linked
immunosorbent assay (ELISA; R&D unless otherwise stated)
using a SpectraMax 190 plate reader (SpectraMax 190 microplate
reader, RRID : SCR_018932). These biomarkers include soluble
CD14 (sCD14), soluble CD163 (sCD163), tumor necrosis factor
receptor 1 (TNFR-1), high sensitivity interleukin 6 (HS IL6),
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LPS-binding protein (LBP, Hycult Biotech), and f D-glucan
(BDG, MyBioSource). Data was collected in SoftMax Pro 7.0.2
(SoftMax Pro Data Acquisition and Analysis Software, RRID
: SCR_014240).

Statistical Analysis

Statistical analysis for flow, gene expression, and cytokine
analyses were performed in GraphPad Prism 8 (GraphPad
Prism, RRID : SCR_002798) utilizing nonparametric paired
and unpaired f tests along with nonparametric 1- way
ANOVA analysis to compare data between our 3 donor groups
with our different stimulations. Statistical analysis for ELISA and
demographic data were also performed in GraphPad Prism 8
utilizing nonparametric 1- way ANOVA analysis to compare
clinical and plasma biomarker data between donor groups.
Spearman correlations were utilized to assess relationships
between measured plasma biomarkers, plasma biomarkers and
clinical data, and plasma biomarkers and changes in cytokine
production levels. Correlation heatmaps were created with R
software to assess relationships between clinical information,
baseline immunoinflammatory profiles, and cytokine responses.

RESULTS

Plasma Biomarkers of Immune Activation
and Microbial Translocation are

Elevated in PWH

Several studies, including our own, have reported increased levels
of pro-inflammatory molecules in PWH and in TW on and off
FHT compared to levels in CM, regardless of HIV status. Here,
we explored the in vitro effects of estrogen on TLR-induced
monocyte activation profiles in PWH. As a model for in vivo
processes in TW initiating FHT, we utilized cryoPBMCs from 18
CM not known to have HIV and 29 CM with HIV, including
individuals with HIV+SP (n=14) and HIV+USP (n=15) viral

replication. Median viral loads (20 copies/mL and 98,138 copies/
mL) and CD4" T-cell counts (708 and 334 cells/uL) were
significantly different in HIV+SP and HIV+USP participants
(p<0.001). While median age was not significantly different
among groups (HIV- 45.0; HIV+SP 50.5; HIV+USP 49.0,
p>0.05), racial identification was different between HIV-
individuals and PWH, with more White and Asian
participants among the former group (p<0.01) (Table 1).
Participants were approved for enrollment under the IRB
protocol ID 2019H0113.

Plasma biomarkers were measured to assess in vivo immune
activation in participants with available samples (HIV- n=11, HIV
+SP n=14, HIV HIV+USP n=15, Table 1), including potential
drivers of inflammation in PWH (BDG and LBP), inflammatory
molecules (IL-6, TNFRI), and monocyte activation markers
(sCD14, sCD163). Of these, only CD14 and CD163 were
significantly different between groups (p<0.05, p<0.001). Post
hoc analysis revealed significant differences between HIV- and
HIV+USP for both markers (CD14 p<0.05, CD163 p<0.001) and
between HIV+SP and HIV+USP for CD163 (p<0.05). TNFRI was
elevated in USP donors, while IL-6 and LBP increased in both
groups with HIV compared to HN participants (p>0.05).

Antiretroviral Therapy Suppressed PWH
Demonstrate Significant Positive
Associations Between Markers of Immune
Activation and LPS-Binding Protein

We assessed correlations among biomarkers and contributing
mediators of immune activation in PWH to better understand
activation profiles in participant groups. We found significant
positive associations among LBP, IL-6, TNFRI, CD14, and
CD163 in HIV+SP donors (p<0.05, Figure 1B). These
associations, while not all statistically significant, remained in
the HIV+USP group. Viral loads and CD4" T cell counts were
negatively associated in HIV+USP donors (p<0.05); however,
viral loads were not significantly associated with markers of

TABLE 1 | Baseline clinical characteristics and biomarkers of immune activation and inflammation in plasma of HIV- and HIV+ antiretroviral therapy-suppressed and

-unsuppressed donors.

Clinical Data & Biomarkers CM, HIV- (n=11) CM, HIV+ ART-suppressed (n=14) CM, HIV+ ART-unsuppressed (n=15) P value
Age (years) 45,0 (25, 68)* 17 50.5 (23, 60) 49.0 (28, 55) p=0.8932
Race (%)* p=0.003
White 61.1%* (19 35.7% 40.0% -
Black 11.1%* (19 64.3% 60.0% -
Asian 27.8%* (19 0.0% 0.0% -
Viral Load (copy/mL) N/A 20 98138 (13464, 443509) p<0.0001
CDA4 T cell count (cells/ulL) N/A 708 (315, 1253) 334 (12, 866) p=0.0002
BDG (pg/mL) 310.35 (236.33, 456.76)* © 273.94 (175.08, 904.11)* (1?) 287.04 (191.17, 426.24) p=0.5438
LBP (ng/mL) 12332.9 (5129.84, 15806.41) 15881.42 (4306.69, 28272.54) 16233.13 (4.4, 26356.45) p=0.2816
IL-6 (pg/mL) 1.53 (0.43, 3.16) 1.96 (0.366, 22.18) 2.71 (0.818, 9.321) p=0.2069
sCD14 (pg/mL) 1616.31 (1000.01, 1756.68) 1662.94 (1077.22, 2544.94) 1948.18 (974.50, 2573.15) p=0.0186
sCD163 (ng/mL) 502.89 (265.19, 800.31) 620.35 (337.24, 1451.93) 1233.86 (473.86, 2668.30) p=0.0004
TNFRI (pg/mL) 1145.50 (794.34, 1440.69) 1072.40 (686.92, 1966.95) 1298.50 (764.51, 2064.37) p=0.1308

Medlian values (and range) reported. Biomarker data was obtained from plasma samples of participants, if available, utilizing enyzme linked immunosorbent assay. CM, cisgender men;
ART, antiretroviral therapy; BDG, -d-Glucan; LBP, lipopolysaccharide binding protein; IL-6, interfeukin-6; sCD14, soluble CD14, sCD163, soluble CD163; TNFRI, TNF-o.Receptor I; N/A,
not applicable; *# represents if the n is different than listed where *(#), with # representing any number, indicates n=# as a result of plasma or clinical data availability; significance by one-way
ANOVA or * chi-square test. Significant data bolded (p<0.05).

Frontiers in Immunology | www.frontiersin.org 64 June 2022 | Volume 13 | Article 879600


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kettelhut et al.

Estrogen May Enhance TLR4

inflammation (Figure 1C). Fewer associations were seen in HIV-
donors, with only one association reaching significance (p<0.05,
Figure 1A). Age and LBP were significantly and negatively
associated in HIV- donors, otherwise age was not significantly
associated with immune activation in any participant group.

PWH Enhance Responses to Toll-Like
Receptor Agonism

Alterations in TLR expression and function have been reported
in PWH (36, 44, 45). We examined the effects of TLR ligands on
monocyte activation markers (CD69, HLA-DR, CD38, n=10 all
groups) and cytokine production (IL-6, TNF-c, IL-1f, IL-10,
HIV- n=15, HIV+SP n=12, HIV HIV+USP n=15) from
cryoPBMCs. The proportion of monocytes that expressed
CD69 and the mean fluorescence intensities (MFIs) of HLA-
DR and CD38 were increased in all groups following exposure
to LPS or ssPolyU. TLR-induced expression of activation
markers tended to be higher in PWH compared to expression
on cells from people without HIV (Figures 2A-C). Exposure of
cells to LPS or ssPolyU also increased production of
inflammatory cytokines from all participant groups. Despite
higher baseline cytokine production in HIV- participants, LPS
exposure resulted in greater production of cytokines from the
cells of PWH compared to cells from HIV- individuals
(Figures 2D-G).
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17-B Estradiol Enhances LPS-Induced
Activation Profiles in PWH

Estrogen may enhance TLR expression and function (37), therefore,
we assessed alteration in cellular responses to LPS stimulation with
estrogen treatment in our participants. Exposure of cells to either
17-B estradiol (17B) or 17-o. ethinylestradiol (17A) alone
inconsistently reduced expression of activation markers on
monocytes from all participant groups (Supplemental
Figures 1A-C). Exposure of cells from PWH to 17B, however,
increased cytokine production, with significantly higher IL-6
production from HIV+SP versus HIV- cells (p<0.05,
Supplemental Figures 1D-G).

Based on these results, and as 17B is the preferred estrogen for
FHT (46), we focused on the effects of 17B in follow-up
experiments. In combination with LPS, estrogen exposure
typically enhanced monocyte activation marker expression in
HIV+SP participants. HLA-DR expression levels were increased
significantly in HIV+SP participants with the combination of
estrogen and LPS compared to expression induced by LPS alone
(p<0.05; Figure 3A). Cells from all groups increased cytokine
production with combined treatment compared to LPS alone; IL-
6 production was significantly increased with combined stimulation
in HIV+SP PWH (p<0.05, Figure 3B). Greater production of IL-6
and TNF-o was seen in PWH compared to HIV- participants.
Changes in mRNA expression of IL-6 and TNF-o. reflected results
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FIGURE 1 | Plasma biomarkers show significant positive associations between LBP and immunoinflammatory markers in PWH. Spearman Rank Correlation
between clinical and plasma biomarker data in (A) HIV negative (n=11), (B) HIV+ ART-suppressed (n=14), and (C) HIV+ ART-unsuppressed (n=15) donor groups.
PWH, people with HIV; ART, antiretroviral therapy; BDG, B-d-Glucan; LBP, lipopolysaccharide binding protein; IL-6, interleukin-6; sCD14, soluble CD14; sCD163,
soluble CD163; TNFRI, TNF-o. Receptor |; *#, where # represents any number, indicates a different n than listed where #* is equivalent to n=# due to issues in

plasma availability; white stars represent significance of p<0.05.
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FIGURE 2 | Toll-like receptor stimulation increases monocyte activation markers and cytokine production with greater increases in PWH. HIV+ ART-suppressed (HIV
+SP), HIV+ ART-unsuppressed (HIV+USP), and HIV negative (HIV-) cryopreserved peripheral blood mononuclear cells (PBMCs) from CM were thawed and rested
overnight in phenol red free RPMI supplemented with 10% Human AB Serum. Cells were treated overnight with no stimulation (NS), 100 ng/mL of TLR4 agonist
LPS, or 1 pg/mL of TLR8 agonist ssPolyU. (A=C) Cells were collected and stained for CD14+ monocytes and analyzed for levels of relevant activation markers
(CDB9, CD38, HLA-DR) expressed as percent positive cells or mean fluorescent intensity (MFI) (0=10 all groups). (D-G) Supernatants were collected for protein
analysis of inflammatory cytokines (IL-1B, IL-6, TNF-a., IL-10) by multiplex bead assay (HIV- n=15, HIV+SP n=12, HIV+USP n=15). Data is represented as mean and
standard error of measure in (A-C) raw or (D-G) log format and was analyzed by *Wilcoxon signed rank test, * Mann Whitney U, or *one-way ANOVA (***p<0.05).
CM, cisgender men; ART, antiretroviral therapy; LPS, lipopolysaccharide; ssPolyU, single stranded polyuridine; TLR, Toll-like receptor; NS, no stimulation; PWH,
people with HIV; IL, interleukin; TNF, tumor necrosis factor.

seen at the protein level (Supplemental Figures 2-4). For  tended to increase with testosterone alone - albeit to a lesser
comparison, we tested cryoPBMC responses to testosterone in the  degree than estrogen alone for IL-6 and TNF-o - but testosterone
absence or presence of LPS. Combined treatment with LPS showed ~ decreased cytokine production when combined with LPS in all
increases in activation marker expression on monocytes from all ~ groups compared to levels from cells exposed to LPS alone
groups (Supplemental Figures 5A, B). Cytokine production  (Supplemental Figures 5C, D).
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FIGURE 3 | Estrogen differentially modulates monocyte activation and cytokine production with LPS stimulation. HIV+ ART-suppressed (HIV+SP), HIV+ ART-
unsuppressed (HIV+USP), and HIV negative (HIV-) cryopreserved peripheral blood mononuclear cells (PBMCs) from CM were thawed and rested overnight in phenol
red free RPMI supplemented with 10% Human AB Serum. Cells were treated overnight with 0.001% ethanol (vehicle) or 1 uM of either 178 estradiol (17B) (17A) +/-
100 ng/mL of LPS. (A) Cells were collected and stained for CD14+ monocytes and analyzed for levels of relevant activation markers (CD69, CD38, HLA-DR)
expressed as percent positive cells or mean fluorescent intensity (MFI) (n=10). (B) Supernatants were collected for protein analysis of inflammatory cytokines (IL-1B,
IL-6, TNF-a., IL-10) by multiplex bead assay (HIV- n=15, HIV+SP n=12, HIV+USP n=15). Data is normalized to LPS + vehicle and is represented as delta change (A)
of marker or cytokine expression with mean and standard error of measure shown. Data in (B) represented in log format. Data was analyzed by *Wilcoxon signed
rank test which assessed for significant differences in activation marker expression or cytokine production between LPS + vehicle and LPS + 17B stimulation for
each donor group (*p<0.05). Mann Whitney U and one-way ANOVA analyses were also run, but no significant differences were found. CM, cisgender men; ART,
antiretroviral therapy; LPS, lipopolysaccharide; IL, interleukin; TNF, tumor necrosis factor.
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In Vivo Activation Profiles May Influence
Ex Vivo Responsiveness to Estrogen and
TLR Stimulation in PWH

We next examined relationships between in vivo profiles of
inflammation and immune activation in our participant groups
and the ex vivo responsiveness of PBMCs to TLR and estrogen
stimulations. LPS-stimulated HIV- PBMCs showed negative
associations between plasma IL-6 and LBP levels and ex vivo
cytokine production (Figure 4A). Negative associations were
also seen among several plasma biomarkers and LPS-induced
cytokine production in our HIV+SP group (Figure 4B). In
PWH, positive associations were observed between estrogen-
induced cytokine production and participant activation profiles
(Figures 4B, C). In those without HIV, however, estrogen-
induced cytokine production had mixed associations with
activation profiles. The relationships seen between estrogen-
induced cytokine production and immune activation profiles
remained consistent with the addition of LPS in both HIV- and
HIV+SP participant groups. Combined LPS- and estrogen-
induced cytokine production in HIV+USP participants no
longer showed positive or significant associations with immune
activation profiles.

Inhibition of MAPK p38 Abates 17
Enhanced LPS-Induced Inflammatory
Responses

Estrogen may modulate activation of intracellular signaling
including the phosphorylation of MAPK p38 and JNK,
molecules that influence inflammatory responses to TLR
stimulation (47-49). We analyzed phosphorylation of these
signaling molecules in the monocytes of our participant groups
in the presence or absence of TLR4 stimulation. Although not

statistically significant, HIV- individuals on average showed
upregulation of both the proportion of monocytes that had
phosphorylated JNK and MAPK p38, as well as the MFI of
these phosphorylated molecules, while variable responses were
seen in the cells of HIV+SP and HIV+USP participants exposed
to LPS (Figure 5). Treatment with 17B alone or in combination
with LPS showed significant alterations in the percent positive
(PP) monocytes for phosphorylated JNK (pJNK) in HIV- and
HIV+USP individuals, while minor changes were induced in
HIV+SP participants. Phosphorylated MAPK p38 (pMAPK p38)
showed decreased or little change in the PP monocytes with 17B
treatment alone, however, the addition of 17B to LPS stimulation
significantly increased pMAPK p38 in HIV+SP participants
when compared to HIV- individuals (p<0.05, Figure 6). As
previously demonstrated, 17B stimulation enhances LPS-
induced production of IL-6 and TNF-o to a greater degree in
PWH (Figure 3). To further understand the mechanism by
which estrogen may enhance inflammatory responses and the
importance of MAPK p38 signaling in PWH, we inhibited
MAPK p38 activation with SB203580. Inhibition of MAPK p38
decreased LPS-induced cytokine production in both HIV- and
HIV+ SP groups (Figure 7). Inhibition appeared to also reduce
estrogen’s synergistic effects on IL-6 and TNF-o. production with
LPS stimulation, compared to production with LPS alone, in
HIV+SP individuals (Figures 7C, D). The role of p38 activation
in estrogen-induced cytokine production requires further study.

DISCUSSION

Transgender women are a clinically unique population who are
especially vulnerable to both HIV and CVD. As HIV-induced

A HIV Negative

Age H
TNFRI
sCD163
sCD14
1L-6
LBP
BDC
NI\
BEEER
A17B

&\
\Vv\

A17A

Q S
v
\\/\ “

ALPS+17B

PV IV
ALPS

A ssPolyU

C HIV+ ART Unsuppressed

e —
CD4 T eell
Viral Load
Age
TNFR
SCDI63
D14
16
LBP
BDG

o o

NS NI
SET

ALPS

N
RALLTD
SYSGYY

A17B

S

AssPolyU

SEESNY VES

ALPS+17B

ATA

B HIV+ ART Suppressed

CD4 T celll

TNFRI|
sCD163|
sCD14

BDG

Age

IL-6
LBP| B
S R NIy
TS <
MNMETNVESTIVE TSR
ALPS A17B A1TA ALPS+17B

A ssPolyU

FIGURE 4 | Baseline in vivo inflammatory profiles may play a role in response to in vitro stimulations. Spearman Rank Correlation between clinical or plasma
biomarker data and delta change (A) in cytokine production, determined by ELISA or bead assay respectively, by TLR and/or estrogen stimulation in (A) HIV negative
(n=8), (B) HIV+ ART-suppressed (n=12), and (C) HIV+ ART-unsuppressed (n=15) donor groups. ART, antiretroviral therapy; LPS, lipopolysaccharide; ssPolyU, single
stranded polyuridine; 17B, 17 estradiol; 17A, 17 ethinylestradiol; BDG, B-d-Glucan; LBP, lipopolysaccharide binding protein; IL-8, interleukin-6; sCD14, soluble
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FIGURE 5 | LPS increases phosphorylation levels of JNK and p38 in HIV- and HIV+USP, but not HIV+SP, participants. HIV+ ART-suppressed (HIV+SP), HIV
+ ART-unsuppressed (HIV+USP), and HIV negative (HIV-) cryopreserved peripheral blood mononuclear cells (PBMCs) from CM were thawed and rested
overnight in phenol red free RPMI supplemented with 10% Human AB Serum. Cells were treated for 20 minutes with no stimulation or 100 ng/mL of LPS.
Cells were collected and stained for CD14+ monocytes and analyzed for intracellular levels of (A, C) phosphorylated c-Jun NH2-terminal kinase (n=4 all
except HIV+SP n=3) or (B, D) mitogen activated protein kinase mammalian p38 (n=4 all) (pJNK or pMAPK p38 respectively) expressed as (A, B) percent
positive cells or (C, D) MFI. Data is represented as mean and standard error of measure and was analyzed by Wilcoxon signed rank test, Mann Whitney U,
or one-way ANOVA although no significant differences were found. CM, cisgender men; ART, antiretroviral therapy; LPS, lipopolysaccharide; TLR, Toll-like
receptor; NS, no stimulation; MFI, mean fluorescent intensity.
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FIGURE 6 | Phosphorylation of MAPK p38 in HIV+SP participants is upregulated with 17B treatment in the presence of LPS, but not alone. HIV+ ART-suppressed
(HIV+SP), HIV+ ART-unsuppressed (HIV+USP), and HIV negative (HIV-) cryopreserved peripheral blood mononuclear cells (PBMCs) from CM were thawed and
rested overnight in phenol red free RPMI supplemented with 10% Human AB Serum. Cells were treated for 20 minutes with 0.001% ethanol (vehicle) or 1 uM of
either 17 estradiol (17B) (A) alone (n=4 all except HIV+SP n=3) or (B) with 100 ng/mL of LPS (n=4 all). Cells were collected and stained for CD14+ monocytes and
analyzed for intracellular levels of phosphorylated c-Jun NH2-terminal kinase or mitogen-activated protein kinase mammalian p38 (pJNK or pMAPK p38) expressed
as delta change (A) in percent positive cells. Data is represented as mean and standard error of measure and normalized to vehicle control (A) alone or (B) with 100
ng/mL of LPS. Data was analyzed by *Mann Whitney U or *one-way ANOVA (**p<0.05). CM, cisgender men; ART, antiretroviral therapy; LPS, lipopolysaccharide;
TLR, Toll-like receptor.
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chronic immune activation and inflammation can contribute to
CVD risk, and estrogen exposure may exacerbate inflammatory
responses, research is needed to elucidate the effects of FHT in
TW with HIV.

ART reduces AIDS morbidity and mortality in PWH. Despite
its ability to suppress viral replication to undetectable levels and
allow restoration of peripheral CD4" T cell counts in most
individuals, gut permeability is often persistently altered in
PWH due to incomplete restoration of CD4" T cells in the gut
mucosa. LPS, a bacterial product which can translocate through
the gut lining, may drive HIV-induced inflammatory states
through activation of myeloid cells by TLR4 ligation (50). As
expected, levels of LPS-binding protein, monocyte activation
markers, and inflammatory molecules tended to be increased
in PWH compared to levels in people without HIV (51-53). In
this study, significant positive correlations among markers of
monocyte activation, inflammation, and our marker of microbial
translocation were identified within PWH, relationships that
were not seen among the HIV- group, signaling that microbial
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FIGURE 7 | Inhibition of MAPK p38 in the presence of LPS and 17B may downregulate IL-6 and TNF-a. production in ART-suppressed participants. 6 HIV+ ART-
suppressed and HIV negative cryopreserved peripheral blood mononuclear cells (PBMCs) from CM were thawed and rested overnight in phenol red free RPMI
supplemented with 10% Human AB Serum. Cells were treated overnight with 0.001% ethanol (vehicle) or 1 uM of 178 estradiol (17B) +/- 100 ng/mL of LPS in the
presence or absence of MAPK p38 inhibitor SB203580 10 uM (p38-1). Supernatants were collected for protein analysis of inflammatory cytokines (A, C) IL-6 or

(B, D) TNF-o by multiplex bead assay. Data presented in (A, B) log or (C, D) raw format and was analyzed by *Wilcoxon signed rank test. CM, cisgender men; ART,
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antiretroviral therapy; LPS, lipopolysaccharide; IL, interleukin; EtOH, ethanol; TNF, tumor necrosis factor.

translocation may play an influential role in altering immune
activation in this cohort.

The expression and function of TLRs are thought to be altered
in PWH due to chronic exposure to bacterial and viral products
from microbial translocation, HIV replication, or co-infections.
In this cohort, exposure of PBMCs to either TLR4 or TLR8
agonists, LPS and ssPolyU, increased inflammatory cytokine
production and monocyte activation marker expression
regardless of HIV serostatus. TLR-induced activation was
notably higher in PWH despite reduced baseline levels. Altered
immune responses to microbial products may have arisen in
these individuals after long-term exposure to chronic
inflammatory stimuli prompting epigenetic or metabolic
reprogramming of innate immune cell responses, a
phenomenon known as trained immunity. In PWH, trained
immunity may optimize inflammatory responses to successive
pathogens; in the setting of chronic TLR activation, however, a
persistently elevated inflammatory response may promote
pathways associated with cardiometabolic risk (54, 55).
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Additional studies are needed to further assess the role of trained
immunity in chronic HIV infection.

Several in vivo markers of monocyte activation and
inflammation were inversely related to levels of cytokine
production following in vitro LPS exposure among ART-
suppressed PWH in our cohort. LPS desensitization, or
reduced responsiveness to repeated exposure, in myeloid cells
is an adaptive response to limit inflammation during chronic LPS
exposure (56). Similar trends existed in HIV- individuals with
elevated immune activation and LBP compared to those with
reduced profiles of immune activation. While similar
relationships were not consistently seen in HIV+USP
individuals, there may be a unique interplay between high
levels of HIV replication and products of microbial
translocation that should be considered. Viral and bacterial
products may trigger independent immune pathways and may
differentially alter functional responses to TLR stimuli.

Chronic exposure to inflammatory stimuli in vivo may play a
role in producing altered functional responses to TLR ligation.
Studies of endogenous estrogen in human and animal models
suggest estrogen modulates inflammation and TLR responsiveness
(37). We hypothesized that estrogen exposure to HIV- cells would
result in downregulation of immune activation, as estrogen may
play an atheroprotective role, but these effects could be reversed in
PWH due to functional reprogramming of cells after exposure to
chronic inflammatory environments in vivo. While estrogen had
mild effects on cellular activation in all donor groups, the
directionality of the response to estrogen differed by HIV
serostatus, with increases in inflammatory cytokines in PWH.
Interestingly, estrogen’s atheroprotective role in HIV- individuals
may be reflected by the reduced cytokine production in those with
greater in vivo activation profiles. In contrast, PWH tended to
increase inflammatory cytokines in response to estrogen in
individuals with greater in vivo immune activation, indicating a
potential shift in the cellular response to estrogen with concurrent
HIV infection.

Studies of HIV in CW have revealed faster progression to
AIDS compared to men with HIV and similar viral loads, as well
as altered levels of plasma markers of microbial and immune
activation after treatment among CW versus CM with HIV (57,
58). These differences may be explained by estrogen’s ability to
modulate TLR-mediated pro-inflammatory pathways, which
contribute to chronic immune activation associated with CV
morbidity and mortality (57-61). The addition of 17-f3 estradiol
tended to enhance LPS-induced expression of the activation
marker HLA-DR on monocytes, and production of cytokines
IL-6 and TNF-o from the PBMCs of PWH regardless of ART
status; enhancement of these molecules by the addition of
estrogen was reduced in those without HIV. Among HIV-
individuals, increased immune activation was inversely
associated with LPS-induced cytokine production following
estrogen exposure, while cytokine production was directly
related to in vivo immune activation in PWH. In the latter
group, this effect differs from the indirect relationship seen with
LPS alone indicating the presence of estrogen may alter
functional desensitization to LPS in suppressed individuals

with greater activation profiles. Previous cross-sectional
biomarker data identified increased levels of inflammatory
molecules associated with CVD risk, such as EN-RAGE,
oxLDL, and TNFRI, in TW both on and off FHT compared to
CM (42). In the presence of estrogen, elevated immune
activation profiles in TW with HIV may indicate risk for
enhanced inflammatory responses associated with CVD.

Estrogen can modulate the phosphorylation, and activation,
of important intracellular signaling molecules in the TLR
pathway including JNK and MAPK p38 (48, 49). Both of these
kinases can induce upregulation of transcription factors
associated with immune activation. While phosphorylation of
JNK seemed to play a minor role in either HIV- or suppressed
donors, phosphorylation of MAPK p38 in the presence of LPS
stimulation was induced by 17-f estradiol in only ART-
suppressed individuals. This may suggest that estrogen can
upregulate activation of important TLR4 signaling molecules,
and subsequent inflammation, during suppressive ART, but not
among HIV- individuals. Inhibition of MAPK p38 normalized
LPS and estrogen-induced cytokine production to levels seen
with LPS alone in HIV+ SP, suggesting that MAPK p38 may play
a partial role in additive effects of estrogen and LPS on cytokine
production. While MAPK p38 phosphorylation in ART-
suppressed individuals may be one mechanism by which
estrogen alters HIV-induced inflammatory pathways,
estrogen’s effects are likely complex and multifactorial, as
many factors are hypothesized to influence the effects of
endogenous estrogen in humans. Multiple cellular receptors
have been identified for estrogen, but their functions are
incompletely understood. Further research is needed to unravel
the intersections among estrogen, TLRs, and drivers of
inflammation in PWH.

Limitations exist in this study, including the small number of
participants. As an exploratory study, these numbers were
satisfactory in revealing trends that require further elucidation.
Another limitation of this study was the use of cryopreserved
PBMCs, as baseline activation of cells may be elevated, although
cell viability was not a concern. To mitigate this issue, cells were
rested overnight with supplemented media and human serum. A
dose-response study was utilized to select a concentration for
estrogen. While the dose chosen was greater than physiological
estrogen levels, higher levels of estrogen are associated with more
anti-inflammatory responses (37) furthering our hypothesis that
estrogen use in biological males may have altered effects on
inflammation. Due to limitations in human subject enrollment
from COVID-19 restrictions, we utilized cells from CM to best
replicate the biological environment present in TW pre-FHT.
While a convenient solution, studies would better represent this
population with cells from TW, as these individuals have
increased risk for co-morbidities such as obesity, diabetes, lipid
dysregulation, and CVD regardless of HIV. Further study is also
needed to understand the full effects of FHT, as FHT can utilize
both estrogens and anti-androgens that block the effects of
testosterone. We report here that testosterone may play a role
in lowering LPS-induced inflammation in PWH. Despite these
factors, our findings demonstrate the need for clinical studies
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aimed at understanding the mechanistic role of estrogen to
reduce CV mortality in TW with HIV.

Overall, this work suggests complex interactions may exist
among HIV, CVD, and FHT in TW. As PWH are living longer,
both increased frequency and severity of multiple end-organ
diseases, such as CVDs, have been uncovered. While estrogen is a
known modulator of TLR expression and function, the
intensified responses to TLR activation with estrogen treatment
in PWH cannot be fully explained by this phenomenon when
compared to responses in HIV- individuals. This work
demonstrates a unique synergistic effect of microbial-and-
estrogen-induced immune activation in PWH independent of
the increased activation seen with TLR ligation or estrogen
treatment alone. Our findings may reflect alterations in cellular
response due to chronic inflammatory stimuli that result in
enhanced inflammatory pathways associated with CV morbidity.

To appropriately address clinical disparities in TW, current
research assessing treatments aimed to reduce pivotal drivers of
inflammation and downstream immune signaling underlying
HIV-induced co-morbidities should be considered. As
previously reviewed, studies range from altering the microbiota
in the gut to reduce translocation of microbial products, to
blocking the actions of important inflammatory molecules
associated with HIV morbidity and mortality such as IL-6 (62).
A multi-pronged approach with ART may be a beneficial route
to provide equitable care. By understanding the mechanism
behind estrogen-induced modulation of TLR pathways, we
may identify important clinical indications for additional
therapies in TW on FHT or identify alternative estrogen-like
drugs designed to reduce deleterious immune effects in TW
with HIV.

CONTRIBUTIONS

Estrogen has been recognized as an important modulator of
immune activation including alterations in inflammation and
Toll-like receptor function in innate immune cells. Mechanisms
by which estrogen exerts these effects are incompletely
understood and may depend on estrogen concentration, cell
type, and cellular environments. While the use of estrogen in
feminizing hormone therapy can improve quality of life in
transgender women, research is needed to understand the side
effects of long-term high dose usage. This is particularly
concerning in the setting of HIV-associated chronic
inflammation as Toll-like receptor 4 activation is linked to
elevated systemic lipopolysaccharide and inflammation. Based
on current literature, we propose that estrogen may upregulate
immune activation of myeloid cells in people with HIV as a result
of Toll-like receptor functional changes. The elevated immune
activation seen here has been associated with increased risk for
co-morbidities such as cardiovascular disease and higher
mortality rates in people with HIV. As estrogen use in
transgender women has been linked to three-fold increased
risk of cardiovascular mortality, these results may provide a
potential mechanism by which estrogen exerts deleterious effects

and potential biomarkers that may indicate a need for additional
immunotherapies or alternative estrogen-based therapies in
people with HIV.
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Case Report: mRNA vaccination-
mediated STAT3 overactivation
with agranulocytosis and clonal
T-LGL expansion
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Vaccines against SARS-CoV-2 are the most effective measure against the COVID-
19 pandemic. The safety profile of mMRNA vaccines in patients with rare diseases has
not been assessed systematically in the clinical trials, as these patients were
typically excluded. This report describes the occurrence of agranulocytosis
within days following the first dose of an mRNA-1273 vaccination against
COVID-19 in a previously healthy older adult. The patient was diagnosed with a
suspected STAT3 wild-type T-cell large granular lymphocytic leukaemia (T-LGL).
Neutropenia was successfully treated with IVIG, glucocorticoids, and G-CSF. In
vitro experiments aimed at elucidating the pathways potentially causing the mRNA
vaccine-associated neutropenia indicated that the mRNA, but not the adenoviral
Ad26.COV2.S vector vaccine, triggered strong IL-6/STAT3 activation in vitro,
resulting in excessive T-cell activation and neutrophil degranulation in the
patient but not in controls. mMRNA-1273 activated TLR-3 suggesting TLR
mediated IL-6/STAT3 pathway activation. To complete the primary series of
COVID-19 immunization, we used a single dose of Ad26.COV2.S vector vaccine
without reoccurrence of neutropenia. The T-LGL clone remained stable during the
follow-up of more than 12 months without ongoing therapy. Our data suggest that
switching the immunization platform may be a reasonable approach in subjects
with rare associated hematologic side effects due to excess STAT3-mediated
stimulation following mRNA vaccination. Using in vitro testing before re-
administration of a (COVID) vaccine also has relevance for other rare immune
events after (MRNA) vaccination.

KEYWORDS

T-LGL, STATS3, IL-6, neutropenia, COVID-19, mRNA vaccine, TLR (Toll like receptors), TLR3
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Introduction

Large granular lymphocyte (LGL) leukaemia is a rare
lymphoproliferative disease of the mature T cell or natural killer
lineages (1). Patients can be asymptomatic, present with non-specific
symptoms, or with neutropenia or neutropenic fever (2). Autoimmune
diseases, most prominently rheumatoid arthritis (RA), have been
associated with expansions of T-LGL clones or T-LGL leukaemia. In
T-LGL cohorts, up to 26% of patients also have RA (2, 3), and in RA
cohorts, T-LGL clones can be found in about 3.6% of the patients (4).
T-LGL pathogenesis involves resistance to activation-induced cell
death due to constitutive activation of the signal transducers and
activators of transcription 3 (STAT3), providing survival signals to
the T-cell clones (5). In many cases, STAT3 gain-of-function (GoF)
mutations are found (6). In CD8 T-LGL, about 40% carry a STAT3
GoF mutation (7), but frequencies vary from 11-75% amongst cohorts
(6). In contrast, CD4+ T-LGL is rarely associated with a STAT3 GoF
mutation, but 15-55% of CD4+ T-LGL patients carry STAT5b
mutations (6). Interleukin-6 (IL-6) signals via STAT3 and inhibits
apoptosis in T-LGL (8). T-LGL populations may expand during
infections (9-12) or after transplantation (13).

During the COVID-19 pandemic, novel mRNA vaccines were
approved. The mRNA can cause activation of innate immune sensors,
including toll-like receptor-3 (TLR-3) (14-16). TLR-3 activation induces
TL-6/STAT3-activation. Subjects with immune diseases were excluded
from the clinical mRNA vaccine trials. Hence, safety assessment in such
patients depends on post-marketing vaccine safety surveillance and
case reporting.

Methods

The local ethic commission approved the study (Ethikkommission
Nordwest- und Zentralschweiz (EKNZ 2015-187)), and the patient
provided written informed consent. Immunophenotyping was
performed on peripheral blood mononuclear cells (PBMC) using:
CD3 (AF®700, OKT3), CD4 (BV510"", SK3), CD8 (Pe-Cy7, SK1),
TCRab (AF®488, IP26), CD57 (APC, HNK-1), CD95 (PE, DX2), and
CD69 (BV785TM, FN50). All samples were acquired on a BD
LSRFortessa and analyzed using Flow]Jo v10.8.1.

For in vitro stimulations, we used mRNA-1273 [1:200]
(Moderna®) or Ad26.COV2.S [1:200] (Janssen) on cells with or
without 30 minutes pre-incubation with siltuximab [0.01-1.0 pg/ml]
or tocilizumab [30pg/ml] for IL-6 blocking experiments, or IVIG
[30pg/ml] as a control. For immuno-stainings assessing
phosphorylation of STAT3 and TLR3, permeabilization was
performed with Perm III buffer (BD Biosciences) and the following
antibodies were used: anti-human pSTAT3 (Cell Signaling) or anti-
human pTLR3 (Tyr759) (Invitrogen) (Cell Signaling) followed by anti-
rabbit IgG detection antibody (AF®647 conjugate, Invitrogen). For
intracellular cytokine stainings we used antibodies against IFNy (APC,
4S.B3). The interferon-stimulated gene MX1 and IL-6 were quantified
by qPCR. Reverse-transcription PCR was performed with GoTaq
qPCR Master Mix in triplicates in a 7500 Fast Real-Time PCR
System (Applied Biosystems). Genes were quantified by qPCR using
the following primers: MX1 fwd: 5-TTAACCTCCACAGAACCGCC-
3, rev: 5-GCGGAT CAGCTTCTCACCTT-3, IL-6 fwd: 5°- ACTCAC
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CTCTTCAGAACGAATTG-3, rev: 5-AGCCATCTTTGGAAGGTT
CAG-3. qPCR data were normalized to two reference genes (GAPDH
and PGK1) using previously described methods (17). Gene expression
was normalized to the mean of n=5 healthy controls, and the fold
~AACE method.

Gene sequencing for pathogenic STAT3 or STAT5b mutations

change to the controls determined using the 2

was done on the Ion Torrent S5 platform using a validated
customized Oncomine Lymphoma Panel (for details, see
supplementary methods) (18).

Results

Clinical presentation of agranulocytosis
following mRNA-1273 vaccination

In June 2021, a previously healthy woman in her 60s was referred
with neutropenic fever. She had fatigue and malaise, starting 24 hours
following the first dose of the COVID-19 vaccine mRNA-1273. On the
sixth day post-vaccination, she developed fever (39°C), sore throat,
coughing and vomiting. She denied taking non-steroidal anti-
inflammatory drugs that could cause neutropenia (i.e. NSAIDs or
metamizole). She is a non-obese, non-smoker and has no diabetes or
hypertension. The only available blood count from four years earlier
was normal. The physical examination was unremarkable. Specifically,
it revealed no palpable lymph nodes or splenomegaly and no petechia,
rash, or pharyngitis. The CT scans showed several marginally increased
cervical lymph nodes without organomegaly, especially without
splenomegaly. Systemic inflammation markers were very high with a
C-reactive protein (CRP) of 285 mg/I (reference <5mg/l) and a ferritin
peak level of 5276 ng/ml (reference <300ng/mL), compatible with
macrophage activation (Figure 1). Tests for SARS-CoV2 and other
infections (blood cultures, multiplexed PCR panels from stool and
nasal swabs, serology for hepatitis viruses, CMV, and Parvovirus B19)
were negative. PET-CT revealed pronounced diffuse hypermetabolism
of the hematopoietic bone marrow and spleen. Bone marrow biopsy
showed infiltration of CD8" T cells and hypercellularity with severely
reduced granulopoiesis, consistent with pure white cell aplasia
(Figure 2A). Interstitial T-cell lymphocytosis with some linearity and
intravascular spread of the T cells was suggestive of T-LGL (19)
(Figure 2B). Immunophenotyping of the lymphocytes in the
peripheral blood and bone marrow identified a large CD8+ T cell
population (~45% of all T cells) expressing CD5%™, CD7, CD16P*",
TCRofB, HLA-DR and that was negative for CD56, TCRy3, CD30,
CD10, CD25, and PD1 in the clinical routine lab, compatible with T-
LGL. The T- and B-cell clonality and translocation analysis (20)
showed a dominant TCRy-rearrangement with a base pair length of
200 bp (type V-I) on a polyclonal background. There was no evidence
of B-cell clonality or translocations (t(11;14), t(14;18)). Next-
generation sequencing applying a custom lymphoma panel covering
68 genes commonly mutated in lymphomas (21, 22) identified no
mutation, particularly not in STAT3 or STAT5b. A diagnosis of possible
T-LGL leukemia with pure white cell aplasia was made.

Treatment with a broad-spectrum antibiotic and recombinant
human G-CSF was initiated, but peripheral agranulocytosis persisted.
Only after treatment with intravenous immunoglobulins (IVIG 30g;
given in four doses) and dexamethasone (16mg/day) was started
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FIGURE 1

Clinical course and in vitro stimulation with mRNA-1273. (A) Longitudinal peripheral leucocyte and lymphocyte counts are shown. The black lines
indicate the normal reference range of the granulocyte count, and the dotted lines the reference range for the lymphocyte count. (B) Longitudinal
measurements of hemoglobin (red), c-reactive protein (CRP; green), and ferritin (orange) serum levels as markers of systemic inflammation are indicated.
Shaded areas indicate the reference range for the markers (color coded). Treatments are indicated at the top of the graphs: DEXA, dexamethasone; G-
CSF, granulocyte stimulating factor; IVIG, intravenous immunoglobulin.

agranulocytosis and systemic inflammation instantly resolved (Figure 1),
and after two weeks, she recovered completely. During follow-up, the T-
LGL population declined to about 34% of all T cells. No further treatment
was initiated as she remained asymptomatic.

In January 2022, she was referred to our immunology clinic for
counseling regarding completing the COVID-19 immunization
series. She had a tonsillectomy for recurrent tonsillitis as a young
adult. She never experienced an episode of cytopenia or
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FIGURE 2

Immunohistochemistry of the bone marrow compatible with T-LGL. (A) H&E staining shows a hypercellular bone marrow with slightly increased and left-
shifted megakaryopoiesis, substantially reduced and left-shifted myelopoiesis, and interstitial lymphocytosis. (B) Immunohistochemistry for anti-CD3 (T
cells) confirmed significant interstitial T-cell lymphocytosis with some linearity and intravascular spread (shown as an insert in the figure; anti-CD34 was
used to mark the vessels). Magnification 400x (CD3) and 630X (insert; CD34). (C) Flow cytometry plots (left) and data summary graph (right) show high
CD95 and CD57 expression on T cells of the patient compared to healthy controls (ctrl; n=5). FSC-H= forward scatter height.
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lymphocytosis prior to the here described event, and had no history of
autoimmunity or opportunistic infections. Detailed patient history
revealed mild oral sicca and recurrent arthralgias but no arthritis.
Anti-nuclear antibodies (ANA), anti-neutrophilic cytoplasmatic
antibodies (ANCA), rheumatoid factor and anti-citrullinated
protein antibodies (ACPA) were negative. She had been vaccinated
according to the Scottish immunization plan and never experienced
relevant side-effects from a vaccine. Her sister has rheumatoid
arthritis and her brother retroperitoneal fibrosis.

At his time, the clinical exam was unremarkable. She had no
lymphadenopathy or splenomegaly. The white blood count (WBC)
and CRP were normal. Anti-SARS-CoV-2-N(ucleoprotein)-IgG/IgM
were negative and anti-S(pike)-IgG/IgM at low levels (61.8 U/mL
(<0.7); Roche Elecsys® assay). The T-LGL clone was stable at about
800/ul. The CD8" T cells expressed high levels of CD95 and CD57,
typical for T-LGL (Figure 2C).

MRNA-1273 mediated IL-6/STAT3 pathway
activation via TLR stimulation

The patient’s bone marrow T cells at diagnosis (Figure 3A), but not
those of a control bone marrow (Supplementary Figure S1), and the
patient’s peripheral blood immune cells during follow-up (Figure 3B),
showed high spontaneous STAT3 phosphorylation (pSTAT3). In vitro
stimulation of peripheral blood mononuclear cells of the patient with
the mRNA-1273 vaccine resulted in distinct STAT3 protein

ex vivo

10.3389/fimmu.2023.1087502

phosphorylation in monocytes and T cells of the patient (Figure 3C).
This was associated with mRNA-vaccine-induced IL-6 production in
vitro (Figure 3D). pSTATS3 activation could be blocked by the anti-IL-6
blocking antibody siltuximab and the anti-IL-6 receptor blocker
tocilizumab (TCZ) (Figure 3E and Supplementary Figure S2),
indicating IL-6 mediated pSTAT3 upregulation. The mRNA vaccine
also activated T cells IL-6-dependently (Figure 3F).

The IL-6/STAT3 pathway can be activated by toll-like receptors,
including TLR-3 (15). Virus-derived double-stranded RNA (dsRNA),
but also endogenous mRNA, can act as activators of TLR3 (23). The
novel mRNA vaccines were modified to dampen RNA-mediated
TLR3 activation by reducing dsRNA formation and introducing
nucleotides with less inflammatory properties (16). However, even
modified mRNA vaccines activate innate immunity via TLR3 (16).
We confirmed TLR3 activation by stimulating peripheral blood
mononuclear cells with mRNA-1273 resulting in increased
phosphorylation of TLR3 (Figure 3G). Combined, our data suggest
that the mRNA-1273 activates (innate) immune cells via TLR to
secrete IL-6, subsequently resulting in STAT3 phosphorylation.

Distinct immune activation following
MRNA-1273 vs. AD26.COV2 stimulation

We next tested for differences in the in vitro immune activation
between different COVID-19 vaccines, specifically mRNA-1273 and the
adenoviral vector vaccine Ad26.COV2.S. We observed lower pSTAT3
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Enhanced STAT3/IL-6 pathway activation in the bone marrow and in vitro by mRNA-1273 stimulation. (A) Immunohistochemical staining for
phosphorylated-STAT3 (pSTAT3) showing scattered positive interstitial cells, morphologically consistent with lymphocytes, suggestive of STAT3 activation
at diagnosis; note the negatively staining erythropoiesis and the nuclear negativity of the megakaryocytes. Immunoperoxidase staining; original

(CD4* and CD8") and monocytes (CD14%) directly ex vivo. (C) STAT3 phosphorylation
(pSTAT3) following in vitro stimulation of peripheral blood immune cells with the mRNA-1273 vaccine. (D) Supernatants of PBMC stimulated with mRNA-
1273 show higher IL-6 production (ELISA). (E) mRNA vaccine induced in vitro STAT3 phosphorylation was dose-dependently blocked by the anti-IL-6
antibody siltuximab and the IL-6 receptor blocker tocilizumab (TCZ; used at 30 ug/ml, which corresponds to the serum concentration of treated
subjects (see also Supplementary Figure S2). (F) mRNA stimulation induced T cell activation, as indicated by IFNy positive T cells, was inhibited by IL-6
blockade (siltuximab or TCZ). (G) mRNA-1273 stimulation resulted in TLR3 phosphorylation in monocytes of healthy controls, and even more
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activation (Figure 4A), IFNYy production in CD8" T-cells (Figure 4B), as
well as interferon-stimulated genes (ISG) (Figure 4C) and IL-6
(Figure 4D) induction when stimulating the patients’ PBMC with
Ad26.COV2.S compared to mRNA-1273. Additionally, direct ex vivo
stimulation of whole blood with the mRNA vaccine resulted in strong
neutrophil degranulation in the patient, which could not be recapitulated
after polyclonal T-cell stimulation with agonistic anti-CD3/28
antibodies, suggesting a T cell-independent effect (Supplementary
Figure S3). Whether this in vitro observed degranulation occurs in vivo
will need to be tested.

Based on the in vitro data, we speculated that a strong mRNA
vaccine-mediated IL-6/STAT3 activation contributed to the adverse
reaction by TLR-mediated innate immune cell activation and indirectly
by T-cell activation. Since the vector vaccine showed weaker stimulation
of these pathways in vitro, we completed her COVID-19 immunization
series with a single dose of Ad26.COV2.S, which was well tolerated and
caused only mild T-cell-intrinsic STAT3 phosphorylation (Figure 4E).
Her blood counts, including neutrophil count, remained stable.

Discussion

We provide evidence that the mRNA-1273 vaccine, and to a
much lesser extent the Ad26.COV2.S vector vaccine induces STAT3
activation through TLR stimulation with the potential risk of
exacerbating STAT3-dependent disease(s). We hypothesize that
mRNA-vaccine-mediated STAT3 activation stimulated the T-LGL

10.3389/fimmu.2023.1087502

clone via IL-6 and activated innate cells in the reported case. Notably,
clonal STAT3 mutations have been directly linked to neutropenia in
T-LGL (8). The increased IFNy production in T cells following in
vitro mRNA vaccine stimulation suggests that T cells may be activated
either directly or via IL-6. Whether high IFNYy secretion contributed
to the overactivation of innate immunity or neutropenia in vivo
cannot be concluded based on the in vitro data and a single case.
Interestingly, expansion of T cells causing progressive
lymphadenopathy following mRNA vaccination has been reported
in a patient with angioimmunoblastic T Cell lymphoma (24).

Based on the follow-up, the T-LGL clone persisted over months,
but in the absence of symptoms and without the need for therapy, the
T-LGL expansion may have been reactive and not reflect T-
LGL leukemia.

The incidence of neutropenia following immunization with the
mRNA vaccine BNT162b2 was reported as 2.6 per 100’000 vaccinated
subjects. Notably, none of these cases was severe (defined as <500/ul
neutrophils) and the incidence of neutropenia is about 40-times
higher in patients with COVID-19 (88.4 per 100°000 cases) (25). In
a cohort of 342 patients with inborn errors of immunity (IEI), one
patient with common variable immunodeficiency developed severe
neutropenia three days following BNT162b2 immunization. The
patient required treatment with granulocyte stimulating factor and
systemic corticosteroid therapy. Interestingly, the patient was
subsequently diagnosed with T-LGL (26). To our knowledge, there
are no other reports of severe neutropenia in T-LGL. Recently, good
COVID-vaccine immunogenicity was demonstrated in a small cohort
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FIGURE 4

Immune activation by mRNA-1273 and Ad26.COV2.S vaccines. (A) STAT3 phosphorylation in CD8+T cells (left) and monocytes (right) following in vitro
stimulation of peripheral blood immune cells with the mRNA-1273 vaccine or Ad26.COV2.S vector vaccine (pre-vaccine dose 2; i.e. different timepoint
than in Figure 1D). (B) Vector vaccine stimulation induced lower T cell activation in vitro than the mRNA vaccine. (C) MX1 (=Interferon stimulated gene
(ISG)) and (D) IL-6 induction upon in vitro stimulation with mRNA-1273 or Ad26.COV2.S is shown by gPCR. (E) Mild in vivo pSTAT3 activation 24 hours
following vaccination with Ad26.COV2.S. Data is expressed as fold change of STAT3 or pSTAT3 activation 24h-post-vaccination normalized to an
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of mostly treated T-LGL patients (27). Safety data were not reported
in this study.

Based on the in vitro findings, we completed immunization with
the Ad26.COV2.S, which was well-tolerated. Thus, there was no
rationale to re-expose her to an mRNA vaccine to test for causality.
Our observation suggests that an alternative vaccination platform may
be a personalized option for subjects experiencing STAT3-mediated
adverse events following immunization with an mRNA vaccine.

Data availability statement

The original contributions presented in the study are included in the
article/Supplementary Material. The NGS sequencing data presented in
the study are deposited in the European Nucleotide Archive (ENA)
repository, accession numbers PRJEB58739 and ERP143807. Further
inquiries can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by ethics committee of Northwestern and Central
Switzerland. The patients/participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this article.

Author contributions

JRH designed and performed experiments, analyzed data, and
drafted the manuscript. AT, IA, MR, TD, and SP collected and

References

1. Bigas A, Rodriguez-Sevilla JJ, Espinosa L, Gallardo F. Recent advances in T-cell
lymphoid neoplasms. Exp Hematol (2022) 106:3-18. doi: 10.1016/j.exphem.2021.12.191

2. Lamy T, Loughran TPJr. Clinical features of large granular lymphocyte leukemia.
Semin Hematol (2003) 40(3):185-95. doi: 10.1016/s0037-1963(03)00133-1

3. Dhodapkar MV, Li CY, Lust JA, Tefferi A, Phyliky RL. Clinical spectrum of clonal
proliferations of T-large granular lymphocytes: a T-cell clonopathy of undetermined
significance? Blood (1994) 84(5):1620-7. doi: 10.1182/blood.V84.5.1620.1620

4. Schwaneck EC, Renner R, Junker L, Einsele H, Gadeholt O, Geissinger E, et al.
Prevalence and characteristics of persistent clonal T cell Large granular lymphocyte
expansions in rheumatoid arthritis: A comprehensive analysis of 529 patients. Arthritis
Rheumatol (2018) 70(12):1914-22. doi: 10.1002/art.40654

5. Lamy T, Moignet A, Loughran TP]Jr. LGL leukemia: from pathogenesis to treatment.
Blood (2017) 129(9):1082-94. doi: 10.1182/blood-2016-08-692590

6. Teramo A, Barila G, Calabretto G, Vicenzetto C, Gasparini VR, Semenzato G, et al.
Insights into genetic landscape of Large granular lymphocyte leukemia. Front Oncol
(2020) 10:152. doi: 10.3389/fonc.2020.00152

7. Koskela HL, Eldfors S, Ellonen P, van Adrichem AJ, Kuusanmaki H, Andersson EI,
et al. Somatic STAT3 mutations in large granular lymphocytic leukemia. N Engl ] Med
(2012) 366(20):1905-13. doi: 10.1056/NEJMoal114885

8. Teramo A, Gattazzo C, Passeri F, Lico A, Tasca G, Cabrelle A, et al. Intrinsic and
extrinsic mechanisms contribute to maintain the JAK/STAT pathway aberrantly activated
in T-type large granular lymphocyte leukemia. Blood (2013) 121(19):3843-54, S1.
doi: 10.1182/blood-2012-07-441378

9. Delobel P, Godel A, Thebault S, Alric L, Duffaut M. Transient clonal expansion of T-
large granular lymphocytes during primary cytomegalovirus infection. J Infect (2006) 53
(2):e65-7. doi: 10.1016/j.jinf.2005.10.013

Frontiers in Immunology

10.3389/fimmu.2023.1087502

analyzed data and edited the manuscript. CTB designed and funded
the study, analyzed the data, and drafted the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

The study was funded by independent research funds to CTB.
CTB and AT are supported by research grants from the Botnar
Research Centre for Child Health, Basel, Switzerland.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1087502/
full#supplementary-material

10. Rossi D, Franceschetti S, Capello D, De Paoli L, Lunghi M, Conconi A, et al.
Transient monoclonal expansion of CD8+/CD57+ T-cell large granular lymphocytes after
primary cytomegalovirus infection. Am J Hematol (2007) 82(12):1103-5. doi: 10.1002/
ajh.20981

11. Smith P, Helbert M, Raftery M, Forster G, Cavenagh J. Paraproteins and
monoclonal expansion of CD3+CD8+ CD56-CD57+ T lymphocytes in a patient with
HIV infection. Br ] Haematol (1999) 105(1):85-7. doi: 10.1111/j.1365-2141.1999.01293.x

12. Kondo H, Mori A, Watanabe ], Takada J, Takahashi Y, Iwasaki H. Pure red cell
aplasia associated with parvovirus B19 infection in T-large granular lymphocyte leukemia.
Leuk Lymphoma (2001) 42(6):1439-43. doi: 10.3109/10428190109097777

13. Nann-Rutti S, Tzankov A, Cantoni N, Halter J, Heim D, Tsakiris D, et al. Large
Granular lymphocyte expansion after allogeneic hematopoietic stem cell transplant is
associated with a cytomegalovirus reactivation and shows an indolent outcome. Biol Blood
Marrow Transplant (2012) 18(11):1765-70. doi: 10.1016/j.bbmt.2012.07.007

14. Vlatkovic I. Non-immunotherapy application of LNP-mRNA: Maximizing efficacy
and safety. Biomedicines. (2021) 9(5):530. doi: 10.3390/biomedicines9050530

15. Hu'Y, Cong X, Chen L, Qi J, Wu X, Zhou M, et al. Synergy of TLR3 and 7 ligands
significantly enhances function of DCs to present inactivated PRRSV antigen through
TRIF/MyD88-NF-kappaB signaling pathway. Sci Rep (2016) 6:23977. doi: 10.1038/
srep23977

16. Kariko K, Buckstein M, Ni H, Weissman D. Suppression of RNA recognition by
toll-like receptors: the impact of nucleoside modification and the evolutionary origin of
RNA. Immunity. (2005) 23(2):165-75. doi: 10.1016/j.immuni.2005.06.008

17. Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J. qBase relative
quantification framework and software for management and automated analysis of real-
time quantitative PCR data. Genome Biol (2007) 8(2):R19. doi: 10.1186/gb-2007-8-2-r19

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1087502/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1087502/full#supplementary-material
https://doi.org/10.1016/j.exphem.2021.12.191
https://doi.org/10.1016/s0037-1963(03)00133-1
https://doi.org/10.1182/blood.V84.5.1620.1620
https://doi.org/10.1002/art.40654
https://doi.org/10.1182/blood-2016-08-692590
https://doi.org/10.3389/fonc.2020.00152
https://doi.org/10.1056/NEJMoa1114885
https://doi.org/10.1182/blood-2012-07-441378
https://doi.org/10.1016/j.jinf.2005.10.013
https://doi.org/10.1002/ajh.20981
https://doi.org/10.1002/ajh.20981
https://doi.org/10.1111/j.1365-2141.1999.01293.x
https://doi.org/10.3109/10428190109097777
https://doi.org/10.1016/j.bbmt.2012.07.007
https://doi.org/10.3390/biomedicines9050530
https://doi.org/10.1038/srep23977
https://doi.org/10.1038/srep23977
https://doi.org/10.1016/j.immuni.2005.06.008
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.3389/fimmu.2023.1087502
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hirsiger et al.

18. Vela V, Juskevicius D, Prince SS, Cathomas G, Dertinger S, Diebold J, et al.
Deciphering the genetic landscape of pulmonary lymphomas. Mod Pathol (2021) 34
(2):371-9. doi: 10.1038/s41379-020-00660-2

19. Morice WG, Kurtin PJ, Tefferi A, Hanson CA. Distinct bone marrow findings in T-
cell granular lymphocytic leukemia revealed by paraffin section immunoperoxidase stains
for CD8, TIA-1, and granzyme b. Blood. (2002) 99(1):268-74. doi: 10.1182/
blood.v99.1.268

20. Meier VS, Rufle A, Gudat F. Simultaneous evaluation of T- and b-cell clonality, t
(11;14) and t(14;18), in a single reaction by a four-color multiplex polymerase chain
reaction assay and automated high-resolution fragment analysis: a method for the rapid
molecular diagnosis of lymphoproliferative disorders applicable to fresh frozen and
formalin-fixed, paraffin-embedded tissues, blood, and bone marrow aspirates. Am J
Pathol (2001) 159(6):2031-43. doi: 10.1016/S0002-9440(10)63055-6

21. Juskevicius D, Lorber T, Gsponer J, Perrina V, Ruiz C, Stenner-Liewen F, et al.
Distinct genetic evolution patterns of relapsing diffuse large b-cell lymphoma revealed by
genome-wide copy number aberration and targeted sequencing analysis. Leukemia (2016)
30(12):2385-95. doi: 10.1038/leu.2016.135

Frontiers in Immunology

80

10.3389/fimmu.2023.1087502

22. Juskevicius D, Muller A, Hashwah H, Lundberg P, Tzankov A, Menter T.
Characterization of the mutational profile of 11 diffuse large b-cell lymphoma cell lines.
Leuk Lymphoma (2018) 59(7):1710-6. doi: 10.1080/10428194.2017.1387903

23. Kariko K, Ni H, Capodici J, Lamphier M, Weissman D. mRNA is an endogenous ligand
for toll-like receptor 3. J Biol Chem (2004) 279(13):12542-50. doi: 10.1074/jbc.M310175200

24. Goldman S, Bron D, Tousseyn T, Vierasu I, Dewispelaere L, Heimann P, et al. Rapid
progression of angioimmunoblastic T cell lymphoma following BNT162b2 mRNA vaccine booster
shot: A case report. Front Med (Lausanne) (2021) 8:798095. doi: 10.3389/fmed.2021.798095

25. Sing CW, Tang CTL, Chui CSL, Fan M, Lai FTT, Li X, et al. COVID-19 vaccines
and risks of hematological abnormalities: Nested case-control and self-controlled case
series study. Am ] Hematol (2022) 97(4):470-80. doi: 10.1002/ajh.26478

26. Milito C, Cinetto F, Garzi G, Palladino A, Puca M, Brambilla E, et al. Safety of
mRNA COVID-19 vaccines in patients with inborn errors of immunity: an Italian
multicentric study. J Clin Immunol (2022), 1-9. doi: 10.1007/s10875-022-01402-6

27. Cheon H, Elghawy O, Shemo BC, Feith DJ, Loughran TPJr. LGL leukemia patients
exhibit substantial protective humoral responses following SARS-CoV-2 vaccination.
EJHaem. (2022) 3(3):919-923. doi: 10.1002/jha2.472

frontiersin.org


https://doi.org/10.1038/s41379-020-00660-2
https://doi.org/10.1182/blood.v99.1.268
https://doi.org/10.1182/blood.v99.1.268
https://doi.org/10.1016/S0002-9440(10)63055-6
https://doi.org/10.1038/leu.2016.135
https://doi.org/10.1080/10428194.2017.1387903
https://doi.org/10.1074/jbc.M310175200
https://doi.org/10.3389/fmed.2021.798095
https://doi.org/10.1002/ajh.26478
https://doi.org/10.1007/s10875-022-01402-6
https://doi.org/10.1002/jha2.472
https://doi.org/10.3389/fimmu.2023.1087502
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

Oliver Planz,
University of Tubingen, Germany

Sam Basta,

Queen'’s University, Canada

Karen Bohmwald,

Pontificia Universidad Catdlica de Chile,
Chile

Byung S. Kim
bskim@northwestern.edu

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

17 February 2023
11 April 2023
20 April 2023

Kim BS (2023) Critical role of TLR activation
in viral replication, persistence, and
pathogenicity of Theiler's virus.

Front. Immunol. 14:1167972.

doi: 10.3389/fimmu.2023.1167972

© 2023 Kim. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

Mini Review
20 April 2023
10.3389/fimmu.2023.1167972
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pathogenicity of Theiler’s virus
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Theiler's murine encephalomyelitis virus (TMEV) establishes persistent viral
infections in the central nervous system and induces chronic inflammatory
demyelinating disease in susceptible mice. TMEV infects dendritic cells,
macrophages, B cells, and glial cells. The state of TLR activation in the host
plays a critical role in initial viral replication and persistence. The further activation
of TLRs enhances viral replication and persistence, leading to the pathogenicity
of TMEV-induced demyelinating disease. Various cytokines are produced via
TLRs, and MDA-5 signals linked with NF-xB activation following TMEV infection.
In turn, these signals further amplify TMEV replication and the persistence of
virus-infected cells. The signals further elevate cytokine production, promoting
the development of Thl7 responses and preventing cellular apoptosis, which
enables viral persistence. Excessive levels of cytokines, particularly IL-6 and IL-1j,
facilitate the generation of pathogenic Th17 immune responses to viral antigens
and autoantigens, leading to TMEV-induced demyelinating disease. These
cytokines, together with TLR2 may prematurely generate functionally deficient
CD25-FoxP3+ CD4" T cells, which are subsequently converted to Th17 cells.
Furthermore, IL-6 and IL-17 synergistically inhibit the apoptosis of virus-infected
cells and the cytolytic function of CD8+ T lymphocytes, prolonging the survival
of virus-infected cells. The inhibition of apoptosis leads to the persistent
activation of NF-xB and TLRs, which continuously provides an environment of
excessive cytokines and consequently promotes autoimmune responses.
Persistent or repeated infections of other viruses such as COVID-19 may result
in similar continuous TLR activation and cytokine production, leading to
autoimmune diseases.

KEYWORDS

TLRs, chronic viral infection, inflammation, apoptosis, autoimmunity

Abbreviations: MS, multiple sclerosis; CNS, central nervous system; TMEV, Theiler’s murine
encephalomyelitis virus; TMEV-IDD, TMEV-induced demyelinating disease; Tg, transgenic mice; TCR, T

cell receptor; MHC, major histocompatibility complex.
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1 Theiler's virus

Theiler’s murine encephalomyelitis virus (TMEV) belongs to the
family of picornavirus, possessing a single positive RNA genome (1, 2).
The picornavirus family includes a wide range of human pathogens,
including rhinoviruses, cardioviruses, enteroviruses, and aphthoviruses,
and TMEV belongings to the cardioviral group (3, 4). Two major
subgroups of TMEV have been identified. One subgroup including
GDVII and FA viruses, causes rapid and fatal encephalitis. Another
subgroup including the BeAn8386 and DA strains, is known as
Theiler’s original (TO) viruses. The inoculation of TO viruses
intracerebrally into susceptible mice results in a biphasic neurological
disease (2, 5-9). The early, acute phase displays flaccid limb paralysis
and the degeneration of neurons (poliomyelitis). The late phase
exhibits chronic, inflammatory demyelination (2). In contrast to the
DA strain, the BeAn strain of the TO virus group is known to induce a
clinically undetectable early-phase disease, although it results in a
severe late-phase demyelinating disease (8, 9).

Viruses such as TMEV have been associated with CNS diseases
including multiple sclerosis (10-14). Multiple sclerosis (MS) is a long-
lasting autoimmune-mediated disease, resulting in demyelination in the
white matter of the central nervous system (15). To understand the
underlying pathogenic mechanisms of MS, several virus-induced
models have been investigated (5, 7, 16, 17). Among virus-induced
models, TMEV-induced demyelinating disease in mice has been
extensively investigated because of the similarities in its
histopathologic characteristics (2, 5, 18, 19). In addition, Saffold virus
is an emerging human Theiler’s virus group, infecting more than 90%
of human populations, which implicates potential importance in public
health (20-22). MS may therefore involve chronic viral infections
associated with the development of pathogenic immune responses
reactive to viral and/or self-antigens. To explain virus-induced
demyelinating disease in mice, several hypotheses have been
proposed. First, “bystander” damage to CNS tissues occurs because of
the host immune response against viral determinants (23, 24). Second,
autoimmune responses to myelin proteins from damages to the CNS by
anti-viral immune responses cause the disease development (19, 25, 26).
Third, CNS damage incurred by persistent antiviral and autoimmune
responses are induced by chronic over-stimulation via TLRs and other
pathogen pattern recognition receptors (19, 27). Defining the
underlying pathogenic mechanisms associated with TLR engagement
with well-defined disease system like TMEV-induced demyelination
has paramount importance in understanding the role of TLRs on viral
persistence, cytokine production, and development of pathogenic
immune responses, including autoimmune responses.

Infection with TMEV causes demyelinating disease only in certain
mouse strains. C57BL/6 (B6) mice represent a resistant strain and SJL/J
(SJL) mice represent a susceptible strain (28, 29). The viral loads in the
spinal cords of resistant C57BL/6 mice are significantly lower than
those of susceptible SJL mice throughout the viral infection period (30).
Various cell types are permissive to TMEV infection, and these include
oligodendrocytes, microglia, and astrocytes in the CNS and the
dendritic cells, macrophages, and B cells in the CNS and periphery
(31-35). The major cell populations that support viral persistence
during chronic TMEV infection are microglia and/or macrophages in
the CNS (36-39). Viral replication in microglia from susceptible SJL
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mice is significantly higher than that in microglia from resistant C57BL/
6 mice and the viral load is similarly greater in microglia from SJL mice
infected with TMEV compared with microglia from C57BL/6 mice
(39). Because TMEV persistence in the CNS is a critically important
prerequisite in the pathogenesis of demyelination (30, 40, 41), viral
persistence may lead to continuous inflammatory cytokine production
and the consequent pathogenic immune responses in the development
of TMEV-induced demyelinating disease (Figure 1).

2 TLR expression and activation status
may determine the susceptibility to
viral infection

Toll-like receptors (TLRs) include a family of members, which
recognize microbial products. This family of receptors is known to
closely associate with the induction of initial innate immune
responses following bacterial and viral infections (42, 43).
mRNAs for TLR1-9 are expressed in microglia and stimulation of
TLRs on the cells upregulates the expression of MHC class II and
costimulatory molecules, which enable the microglia to present
antigens to CD4" T cells (38). Activated and/or differentiated cells
are far more supportive of TMEV infection/replication (44-46).
Consequently, the cytokine production levels in APCs, including
microglia, in susceptible SJL mice are higher than those in resistant
B6 mice (30, 39). For example, higher levels of TNFa, IL-6 and IL-
1P are produced in microglia and macrophages from susceptible SJL
mice after TMEV infection, compared with cells from resistant B6,
B6.S, or B10.S mice (47-49). Similarly, viral loads in glia and

1:(1-3dpi) 2:(4-8dpi) 3:(9-30dpi) 4:(31-80 dpi)
Initial viral Early viral Late viral Chronic viral
infection & replication &  persistence &  persistence &
replication Immune Immune Autoimmune
responses responses responses
- 4 14 14

B6/B6.S mice

Viral persistence
Autoimmunity

aTreg =) Th17

FIGURE 1

(1) 1-3 d post-infection: initial viral infection; (2) 4-8 d post-
infection: early viral infection; (3) 9-30 d post-infection; (4) 31-80 d
post-infection: chronic viral persistence. Resistant mice such as B6
and B6.S mice show rapid clearance of virus within 2-3 weeks,
whereas susceptible SIL mice fail to clear viral persistence.
Consequently, persistent TLR activation throughout infection leads
to elevated levels of cytokines such as type | IFNs, IL-6, and IL-
1beta, which favors stimulation of pathogenic Th17 response over
protective Thl response. Such pathogenic immune responses lead
to the development of demyelinating disease in TMEV-infected SJL
mice.
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antigen-presenting cells (APCs) from susceptible SJL mice with
TMEV-induced demyelinating disease are significantly greater than
that in cells from resistant B6.S, B6, and F1(B6XSJL) mice (34, 39).
However, the levels of costimulatory molecule expression on APCs
from susceptible mice and their ability to stimulate T cells during
chronic TMEV infection are significantly poorer, which steers the
pathogenic T cell responses (34, 39). Elevated TLR2, 3, 4, and 7
signaling in APCs enhances viral infection and replication (39, 50).
Thus, persistent viral infection accompanied by continuous
excessive cytokine production leads to viral persistence and the
development of pathogenic immune responses. The association of
TLR signals with pathogenesis is further supported by the fact that
the administration of bacterial lipopolysaccharide (LPS), a ligand
for TLR4, or poly I:C, a ligand for TLR3, increases viral loads and
elevates the level of inflammatory response (50, 51). Thus, the
differences in the type and intensity of TLR signals on antigen-
presenting cells may affect the levels of viral infection, replication,
and production of IL-1p and IL-6, which are critical factors in the
development of demyelinating disease (Figure 2A).

3 NF-xB activation via TLRs is
necessary for TMEV replication and
cytokine production

TMEYV has a single RNA genome which is recognized by TLR7,
and a dsRNA intermediate which is recognized by TLR3 (42, 43).
Consequently, TMEV infection leads to activation of NF-xB, AP-1,
and IRFs via the TLR signals, resulting in the production of various

Nucleus

FIGURE 2
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cytokines, including IL-1f and IL-6 (39, 52-54). The melanoma
differentiation-associated gene 5 also recognizes viral messages and
participates in the activation of NF-kB (55). The infection of
primary glial cells results in the activation of a wide range of
chemokine genes, including CXCL1, CXCL2, CXCL10, CCL2,
CCL3, CCL4, CCL5, CCL7 and CCLI12 (56-58). The production
of chemokines and cytokines following various viral infections is
dependent on the activation of NF-xB via pattern recognition
receptors (32, 52, 59-62). These chemokines further activate
CXCR3, CCR7 and CCR5 genes, which further promote the
cellular recruitment and infiltration to the CNS (63, 64). In
addition, IL-1f, IL-6, IFNo/B, and TNFo produced following
TMEV infection further stimulate cells and upregulate the
production of CCL2, CCL5, CXCL10 (65-67). These cytokines
further promote the development of pathogenic Th1l7 cells and
consequent demyelination (27, 34, 39, 68). Increases in the
production of fibrin deposition, adhesion molecules (ICAM and
VCAM), and endothelin-1 associated with blood-brain-barrier
permeability, contributing to the pathogenesis of demyelinating
disease have also been observed after TMEV infection (35, 69-72).

The treatment of resistant C57BL/6 mice with LPS, a ligand of
TLR4, or IL-1P increases the viral load in the CNS and leads to the
pathogenesis of demyelinating disease (51, 73). Similarly,
administration of poly I:C, a ligand of TLR3 leads to the rapid
progression of demyelinating disease in mice infected with TMEV
(50). The activation of NF-«kB via TLRs is associated with TMEV
replication and the production of various inflammatory cytokines
and chemokine (52, 66, 67). Furthermore, TNF-o, IL-6, and IL-1
produced after TMEV infection further activate NF-xB, promoting

(A) TMEV infection releases a single-stranded RNA genome and double-stranded RNA replication intermediate in the endosome. The single-
stranded RNA is recognized by TLR7 and the dsRNA intermediate is recognized by TLR3. The TLR signaling activates NF-kB, AP-1, and IRFs, which
results in the production of various cytokines such as IL-6, IL-1beta, and type | IFNs. In addition, MDAS5 also recognizes dsRNA replication
intermediate, leading to NF-«B activation. These activations lead to the additional expression of TLR2/4 and other TLRs which further participates in
activating NF-xB. The amplified NF-kB signaling further promotes TMEV replication because TMEV replication is dependent on the presence of
activated NF-xB. (B) TLR signaling activates NF-xB, which results in the production of anti-apoptotic MCL-1, Bcl-2, Bcl-xL, and IL-6, inhibiting
apoptosis induced by cytotoxic T cells and IFNs. IL-6 and IL-1beta further promote the generation of pathogenic Thl7 cells. IL-17 produced by Th17
cells together with IL-6 synergistically inhibit the apoptosis of virus-infected cells by activating NF-kB and STAT3, leading to production of additional
anti-apoptotic molecules in the mitochondria. The prolonged various TLR signals leading to NF-kB activation participate in the prolonged
production of anti-apoptotic molecules and continuous TMEV replication.
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increased TMEV replication. NF-kB activation further leads to
stimulation of additional TLRs, amplifying pathogenic signals in
the deployment of demyelinating disease (45, 52, 66, 74, 75). This is
consistent with the fact that TMEV infection and replication are
greater in the cells of susceptible mice and that excessive TLR signal
and cytokine production, including IL-1P, IL-6, and TGFp, further
promotes the pathogenesis of demyelinating disease (47, 52, 66).

TMEYV infection also activates NLRP3 via TLR signaling (74).
Activation of NLRP3 inflammasome results in the production of IL-
1B and PEG,, promoting the pathogenesis (75, 76). TMEV-infected
susceptible SJL mice produce much greater levels of IL-1f and other
inflammatory cytokines compared with resistant mice. The
presence of high levels of IL-1f and other inflammatory cytokines
such as IL-6 promotes pathogenic Th17 responses (47, 68, 73). In
addition, IL-17 from Thl7 responses further promotes IL-6
production (77, 78), together inhibiting cellular apoptosis (68,
79). The excessive activation of PGE, signaling also contributes to
pathogenesis (74, 80) by preventing the T cell killing of target cells
(81). TMEV infection also results in the increased expression of PD-
1 and PDL-1 via IL-6 signaling, inhibiting cytotoxic T cell function
(81, 82). Moreover, the IL-1f signal induces IL-6 production and
further promotes Th17 cell expansion (73, 83). Thus, elevated
perpetual TLR signaling and consequent persistent cytokine
overproduction lead to viral persistence by blocking apoptosis
and consequently facilitate pathogenic immune responses in
susceptible mice infected with TMEV.

4 Excessive cytokine production via
TLR activation leads to pathogenic
immune responses

TMEV-specific Thl cells producing IFN-y can lyse virus-
infected cells in a Fas-dependent manner (84). The presence of
capsid specific Thl responses delays the development of
demyelinating disease (85-87). In addition, mice deficient in IFN-
Y or its receptor genes cannot efficiently clear TMEV infection,
resulting in rapid development of demyelinating disease (88, 89).
Similarly, deficiency in the IFN-y receptor significantly accelerates
the onset of disease in mice (90, 91). Thus, the level of Thl
responses may play a protective role in the development of
TMEV-induced demyelinating disease.

Th17 cells, a subpopulation of Th cells which produce IL-17, are
associated with the development of various autoimmune diseases
(92-95). Th17 cells are developed in the presence of IL-6, and Th17
cell levels are significantly greater in susceptible mice infected with
TMEV. The role of Th17 responses in the pathogenesis of TMEV-
induced demyelinating disease has been verified by administrating
anti-IL-17 antibodies (68) or using Th17-biased RORyt Tg mice
(96). DCs infected with live TMEV producing various innate
immune responses, but not epitope peptide-loaded DCs, are able
to induce the development of Th17 responses (68). These results
indicate that the virus-infected environment, including the presence
of various cytokines, is required to induce pathogenic Th17 cells in
the development of TMEV-induced demyelinating diseases.
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High levels of FoxP3+CD4+ T cells, which constitute a subset of Th
cells, appear first in the CNS of virus-infected mice (97, 98). The TLR2-
mediated signal induced following TMEV infection may be involved in
the early generation of CD25 FoxP3*CD4" T cells (54, 99, 100). CD25"
FoxP3"CD4" T cells are found in levels as much as two-fold higher in the
CNS of virus-infected SJL mice compared with B6 mice (101).
CD25"FoxP3"CD4" T cells do not display a regulatory function (102),
and the presence of a high level of CD25°FoxP3*CD4" T cells may
promote the development of TMEV-induced demyelinating disease (97).
CD25"FoxP3"CD4" T cells appear to undergo trans-differentiation into
Th17 cells following the loss of FoxP3 expression (103, 104). Thus, these
CD25"°FoxP3*CD4" T cells appearing early in the CNS of TMEV-
infected mice may be converted into pathogenic Thl7 cells in the
presence of excessive cytokines (68, 101). Similarly elevated levels of
CD25TFoxP3"CD4" T cells have been detected in patients with chronic
hepatitis B virus infection (105) and systemic lupus (106).

Cytotoxic CD8" T cells producing IFN-y and perforin play an
important role in protection of mice from developing TMEV-
induced demyelinating disease (107-109). Cytotoxic CD8" T cells
recognizing viral determinants appear to participate in causing
damages of virus-infected, myelin-producing oligodendrocytes
and other cell types in the CNS (110-114). The presence of CD8"
T cells is necessary to manifest clinical symptoms, but the protective
role of these cells in the development of TMEV-induced
demyelinating disease has also been demonstrated (111-114).
Thus, certain CD8" T cell populations, depending on their
specificity and or cytokine profile are likely to play different roles
in the pathogenesis of TMEV-induced demyelination.

TMEV productively infects approximately 50% of primary CD20"
B cells and 25% of CD197CD20" cells in susceptible SJL mice (27).
TMEV-infected B cells express elevated levels of CD69 as well as MHC
class II and costimulatory molecules and exhibit elevated levels of
antibody production and enhanced antigen-presenting function to T
cells. B cell activation after TMEV infection resembles B cells treated
with TLR ligands for TLR2, TLR3, TLR4, TLR7, and TLR9 (27). These
results strongly suggest that B cell activation following TMEV infection
is associated with TLR signals, consistent with previous findings that
various TLR-mediated signals activate B cells (115, 116). TMEV
infection also triggers B cells of susceptible mice to produce the
excessive production of IFN-0/f, IL-6, IL-1B, and PGE2 (27, 117).
These innate immune responses further elevate the activation of B cells
to produce antibodies to viral and self-antigens and vigorously promote
pathogenic Th17 cell responses (27, 117-119).

B cells producing antibodies to TMEV capsid antigens are detected
in the demyelinating lesions and spinal fluids of TMEV-infected mice
(120-122). Plasma cells producing anti-TMEV antibodies are also
detected in the meninges of CNS parenchyma (123). Antibodies to
TMEV determinants play a protective role during the early stage of
viral infection (124-126). In the absence of CD8" T cells, antibody
response is critically important in protecting mice from Theiler’s virus-
induced encephalitis (125). In addition, the pathogenesis of TMEV-
induced demyelinating disease is accelerated in mice treated with the
monoclonal anti-CD20 antibody (127). However, the contribution of
anti-TMEV antibodies to the protection of mice from demyelinating
disease is relatively minor compared with the protection by CD4" Th1
and CD8" T cells (125, 128).
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5 Role of NF-xB activated by TLRs in
viral persistence

APCs from susceptible SJL mice are highly susceptible to TMEV
infection and the viral infection leads to the activation of NF-xB via
TLRs (27, 34, 52). The activation of NF-kB leads to the production
of high levels of TNF-q, IL-1pB, and IL-6, which are associated with
activation of B cells and directional T cell responses (129-131).
Type I IFNs produced in consequences of TLR activation contribute
to the activation of NF-«B and cellular apoptosis (34, 52, 132, 133).
In contrast, high levels of type I or II IFNs provide only transient
protection against TMEV infection and thus high levels of these
cytokines in susceptible SJL mice may not participate in controlling
viral loads in TMEV-infected mice (34, 132, 134). The resistance of
TMEV infection against type I IFNs is consistent with previous
observations in other viruses (134-136).

Activation of NF-kB is necessary for TMEV replication (45)
and consequently the state of host cell activation determines the
level of viral replication (137). Following TMEV infection, TLR2, 3,
4, and 7 are associated with the production of various cytokines in
different glial cells and professional antigen-presenting cells (27, 39,
52, 54, 138). TLR7 recognizes the single-stranded TMEV RNA
genome and TLR3 interacts with the double-stranded RNA
replication intermediate in the endosome (48, 52, 139). TMEV
infection results in the engagement of various TLRs and other
related signals to activate NF-kB, AP-1, and IRFs (54, 55, 140, 141).
In turn, these signals result in the production of various cytokines,
including TNFo, IL-1B and IL-6. NF-kB activation leads to the
elevated expression and activation of TLRs including TLR2/4,
which further activate NF-kB at a higher level (54). Such
amplified NF-kB signaling further promotes the expression of
anti-apoptotic Bcl-2 and Bcl-xL molecules, supporting vigorous
TMEV replication (34, 142, 143). Such prevention of apoptosis
following TMEV infection may result in further persistent viral
replication and excessive cytokine production (Figure 2B).

6 Production of anti-apoptotic
cytokines by virus-infected cells

IL-6 is a major cytokine produced following TMEV and other
viral infections and displays an anti-apoptotic function (50, 144,
145). IL-6 inhibits the cytolytic function of CD8" T cells and drives
Th17 responses. IL-17 produced by Th17 cells also inhibits cytolytic
function of virus-reactive CD8+ T cells, further promoting TMEV
persistence (68). Furthermore, IL-6 and IL-17 together
synergistically inhibit cytotoxic function of virus-specific CD8" T
cells (79). IL-17 is also known to enhance tumor growth in animals,
supporting the inhibitory function of IL-17 on cytotoxic CD8+ T
cells (146, 147). Cytotoxic CD8+ T cells and some CD4+ T cells
induce the cytolysis of virus-infected cells through the granule
exocytosis and or the activation of Fas-FasL pathway (86, 148-
151). IL-17 upregulates the expression of Bcl-2 and Bcl-xl molecules
via the NF-kB pathway and subsequently these prosurvival
molecules protect the target cells from the apoptosis induced by
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cytotoxic CD4+ and CD8+ T cells (68). Nevertheless, the synergistic
inhibition of apoptosis of virus-infected cells by IL-17 and IL-6 may
serve as a powerful means for viral persistence. The inhibition of
apoptosis extends the life of virus-infected cells, resulting in
prolonged viral replication and persistence (Figure 2B). Thus, the
interaction between virus and host cells via IL-17 and IL-6 and/or
other cytokines results in persistent viral infection and prolonged
harmful immune responses including various autoimmune
responses, which ultimately lead to the development of TMEV-
induced demyelinating disease (152). Similarly, persistent and or
repeated infections of COVID-19 appear to stimulate TLRs, leading
to cytokine storms and autoimmune responses in pathogenesis
(153-156).

7 Viral persistence, continuous TLR
signals, and cytokine storms lead to
autoimmunity

Chronic infection with TMEV results in antibody responses to
self-antigens including myelin basic protein (MBP) in the CNS of
infected mice (25, 27, 157). Similarly, CD4" T cell responses to
viral antigens and myelin-associated autoantigens, including MBP
and proteolipid protein, have been detected during persistent
infection with TMEV (19). In addition, a CD8" cytotoxic T cell
population, recognizing both viral and self-antigens, has been
identified in TMEV-infected SJL mice (158). Thus, various
immune responses, including antibody, CD4" T cell, and CD8"
T cell responses to viral and CNS autoantigens, are induced in
mice with chronic TMEV infection. Sequestered autoantigens to
the CNS may be released following TMEV-induced tissue damage,
and these autoantigens subsequently induce autoimmune
responses under constant elevated TLR stimulation and cytokine
production (19, 27). The initial insults to the CNS by T cells
reactive to viral antigens appear to be necessary to the
pathogenesis of demyelinating disease (84, 113, 159). Such
immune-mediated initial tissue damage in addition to virus-
induced cellular apoptosis may be necessary to result in the
development of TMEV-induced demyelinating disease.

Following intraperitoneal infection of systemic lupus erythematosus-
prone NZBWF1 and BXSB male mice with TMEV or Coxsackie virus,
the production of autoantibodies to several nuclear autoantigens has
been rapidly accelerated (27). Since these mice have either duplicated or
altered TLR genes (115, 160-162), the elevated expression of TLRs and
their continuous stimulation is likely responsible for autoimmunity.
These results strongly suggest that chronic TMEV infection
continuously stimulates preexisting autoimmune cells via virus-induced
TLR-mediated polyclonal activation. This notion is supported by the fact
that the treatment of cells with the ligands of different TLRs activates B
cells and T cells similarly to TMEV infection (27). Because virus-reactive
T cell responses are required for the development of TMEV-induced
demyelinating disease, immune-mediated tissue damage to the CNS may
be necessary (68, 107, 111, 159). Therefore, these anti-viral and
autoimmune responses appear to participate in protecting and/or
damaging the related tissues (19, 68, 159, 163-165). However, the
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presence of high levels of proinflammatory cytokines during chronic viral
infection may lead to the development of harmful autoimmune
responses (166-168). Taken together, persistent TMEV infection leads
to continuous stimulation of various TLRs and consequently results in
TLR-mediated polyclonal activation of B and T cells. Although the roles
of autoimmune responses in the pathogenesis of TMEV-induced
demyelinating disease are not certain, they are likely to contribute to
the overall pathogenic outcome by participating in further tissue damage
and/or cytokine production.
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Sperm activate TLR2/TLR1
heterodimerization to induce a
weak proinflammatory response
In the bovine uterus

Alireza Mansouri®, Mohamed Samy Yousef'?, Rasoul Kowsar?,
Nonoka Usui, lnshan Akthar' and Akio Miyamoto™

tGlobal AgroMedicine Research Center (GAMRC), Obihiro University of Agriculture and Veterinary
Medicine, Obihiro, Japan, ?Department of Theriogenology, Faculty of Veterinary Medicine, Assiut
University, Assiut, Egypt, *Department of Animal Sciences, College of Agriculture, Isfahan University
of Technology, Isfahan, Iran

Toll-like receptor 2 (TLR2) signaling pathway is involved in the sperm-triggered
uterine inflammatory response at insemination, but its precise mechanism at
molecular-level remains unknown. According to the ligand specificity, TLR2
forms a heterodimer with TLR1 or TLR6 as an initial step to mediate
intracellular signaling, leading to a specific type of immune response. Hence,
the present study aimed to identify the active TLR2 heterodimer (TLR2/1 or TLR2/
6) that is involved in sperm-uterine immune crosstalk in bovine using various
models. First, in-vitro (bovine endometrial epithelial cells, BEECs) and ex-vivo
(bovine uterine explant) models were employed to test different TLR2
dimerization pathways in endometrial epithelia after exposure to sperm or
TLR2 agonists; PAM3 (TLR2/1 agonist), and PAM2 (TLR2/6 agonist). Additionally,
in-silico approaches were performed to confirm the dimer stability using de novo
protein structure prediction model for bovine TLRs. The in-vitro approach
revealed that sperm triggered the mRNA and protein expression of TLR1 and
TLR2 but not TLR6 in BEECs. Moreover, this model disclosed that activation of
TLR2/6 heterodimer, triggers a much stronger inflammatory response than
TLR2/1 and sperm in bovine uterine epithelia. In the ex-vivo model that mimics
the intact uterine tissue at insemination, sperm also induced the protein
expression of both TLR1 and TLR2, but not TLR6, in bovine endometrium,
particularly in uterine glands. Importantly, PAM3 and sperm induced similar
and low mRNA expression of pro-inflammatory cytokines and TNFA protein to
a lesser extent than PAM2 in endometrial epithelia. This implied that sperm might
trigger a weak inflammatory response via TLR2/TLR1 activation which is similar to
that of PAM3. Additionally, the in-silico analyses showed that the existence of
bridging ligands is essential for heterodimer stability in bovine TLR2 with either
TLR1 or TLR6. Altogether, the present findings revealed that sperm utilize TLR2/1,
but not TLR2/6, heterodimerization to trigger a weak physiological inflammatory
response in the bovine uterus. This might be the way to remove excess dead
sperm remaining in the uterine lumen without tissue damage for providing an
ideal uterine environment for early embryo reception and implantation.
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Introduction

In bovine, during natural breeding or artificial insemination
(AI), a massive number of sperm are introduced into the female
reproductive tract (FRT) of the estrus animal to increase the
probability of fertilization. In the course of the sperm’s journey to
the ova, sperm interact with the immune system of FRT.

Different Toll-like receptors (TLRs) have been found to be
involved in the induction of inflammatory responses in the FRT
(1-7). TLR2 play a key role in binding and immune-cross talk
between sperm and FRT (1-3, 5-8). Active sperm cells bind to the
bovine endometrium via the TLR2 and induce pro-inflammatory
responses. However, sperm attachment to bovine oviduct epithelial
cells is mediated also by TLR2 but leads to an anti-inflammatory
response. The ovum releasing from the ovary lead to a tightly
regulated sterile inflammatory response in bovine oviduct which is
rapidly resolved during early corpus luteum formation (9).
Meanwhile, TLR2 is also expressed in cumulus cells of cumulus-
oocyte complexes (COCs) and plays immune protective functions
critical for cell survival during ovulation and fertilization (10, 11).

Notably, sperm-induced weak inflammation in bovine
endometrium has an essential role in uterine clearance prior to
accept the embryo (3, 12). Despite numerous previous studies, the
detailed molecular mechanism of sperm-uterine inflammatory
signaling that regulated by TLR2 remains unclear.

TLRs are transmembrane proteins, consisting of three main
domains: Extracellular domain or leucine-rich repeats (LRR),
Transmembrane domain and Intracellular domain or Toll/IL-1R
(TIR) domain. Ligand-induced dimerization plays a critical role in
signaling through TLRs, in particular TLR2 and TLR4, due to the
need for two TLR domains in the vicinity of each other to initiate
TLR signaling cascade, consequently recruiting the main TLR
domain-containing adaptors: MyD88, MAL/TIRAP, TRIF,
TRAM, and SARM (13-15).

Ligand-induced dimerization has been proposed as a key event
in the activation of TLR2 in human and mouse models (13, 14).
Interestingly, TLR2/1 heterodimer has been more associated with a
pro-inflammatory response compared with TLR2/6 complex, which
has been shown to be related to both pro- and anti-inflammatory
responses (13-16). Of note, TLR2 is involved in pro-inflammatory
responses in the bovine uterus against sperm (1-3, 7).

Since dimerization is a prerequisite for any TLR2 activation, we
hypothesized that the sperm-triggered physiological inflammatory
response in bovine endometrium is regulated by different types of
TLR2 dimerization (TLR2/1 or TLR2/6), though the structure of
TLR2 dimers in bovine is unknown. In-vitro cell cultures using
BEECs are considered as the starting point for studying any
biological effect in bovine uterus (2, 7). However, this model
cannot simulate the anatomical complexity of bovine uterus
especially for sperm-uterine interaction (particularly uterine
gland). Thus, the ex-vivo model using uterine explant has been
performed to mimic the in-vivo conditions to identify different
physiological interactions in bovine uterus (1).

In this study, we first employed in-vitro approach to evaluate
the sperm-triggered TLR1, 2 and 6 expressions in endometrial
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epithelial cells to determine which TLR2 heterodimer is activated
by sperm in bovine endometrium. Then using the same model, the
degree of inflammatory response by different TLR2 agonists (i.e.,
PAM3 and PAM2) was evaluated and compared to sperm induced
inflammation. Thereon, ex-vivo uterine explant culture model was
used as a powerful and more physiological tool to verify the possible
TLR2 dimerization mechanism in response to sperm in the uterine
tissue in particular in the uterine glands.

Protein-protein interactions (PPI), including dimerization and
protein complex, control all functions of the living cell during
physiological and pathological conditions (17, 18). Recently,
different in-silico approaches have been used to identify the
biological pathways of PPI and highlight possible applications
(19-21). TLRs molecular-level responses are extensively studied
using computational biology approaches (19-21). Hence, in-silico
model was employed for the first time to investigate dimerization
process of TLR2 at molecular-level in bovine model. At first, the
binding affinity of TLR2 with TLR1 and TLR6 was evaluated using
known crystal structures of both mouse and human. Afterwards, the
potential effect of PAM3 and PAM2 (TLR2/1 and TLR2/6 agonists,
respectively) on TLR2 dimerization was investigated via de novo
generated bovine TLRs.

Methodology
Study design

In-vitro, ex-vivo and in-silico investigations were conducted to
define the signaling mechanism by which TLR2 is regulated
during sperm-uterine immune interactions in non-pregnant
cattle (Figure 1).

In-vitro approaches
Experimental design and in-vitro studies

In order to elucidate the heterodimeric form of TLR2 signaling in
sperm- induced inflammation in bovine uterus at cellular level,
BEECs were co-cultured with sperm (5 million/mL) for 3h.
Furthermore, to investigate the contribution of TLR2 signaling
(TLR2/1 and TLR2/6) cascade to uterine inflammation, the
following experiments was conducted using different TLR2
agonists. Bovine endometrial epithelial cells (BEECs) were
stimulated with PAM3 (TLR2/1 agonist, ab142085, Abcam) and
PAM2 (TLR2/6 agonist, InvivoGen, USA) at 100 ng/mL
concentration for 1h. The concentration of dose and time point
were selected based on our previous reports in which those conditions
were investigated in detail (2, 7). In brief, based on dose- and time-
dependent investigations (10 10° and 10° sperm/mL), 5 million/mL
of sperm was used to induce the weak physiological inflammation
after co-culture with BEECs for 3 h (8). As well, PAM3 (10, 100 and
1000 ng/mL) was applied, and 100 ng/ml was the first to induce the
inflammatory response in BEECs at 1h of incubation in the similar
level to that of sperm (2). Thus, 100 ng/mL of PAM3 and the same
concentration of PAM2, were used in the present study to compare
their inflammatory effects with sperm.
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BEECs Culture

Initially, macroscopically healthy non-pregnant bovine uteri
were carefully observed to be free of inflammation and abnormal
color or any pathological lesions in slaughterhouse (Obihiro,

10.3389/fimmu.2023.1158090

Hokkaido, Japan), then collected and directly transferred to the
laboratory under sterilized conditions and the uterine horn was
used to isolate epithelial cells (2, 7). The isolated cells were cultured
in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12

In-vitro : Cellular-level mechanism
A Sperm co-culture B TLR2-agonists treatment
(5 million Sperm/mL) 1- Gene expression Preovulatory ~ TLR2 agonists .
‘ S phase & F Gene expression
J ‘/ ¢ i 2- Protein expression 5. AW R /C%
“ Mtk &%, " ) (100 ng/mL) ‘% 1
? TLR1 E] -
3 TNFA IL1B
> 3h 8 .
TLR2 — PAM3

Co-culture [ ":;m BEECs e

BEECs i TLRe w@ g
S
EXx-vivo : Tissue-level mechanism
c Sperm and TLR2-agonists co-culture
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- A &;‘? ég
Bovine endometrial explants TNFA IL1B L8
(Biopsy punch)
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Sperm PAM3 PAM2
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o At
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In-silico : Molecular-level mechanism
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%
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FIGURE 1

Plan representation of the research design. (A) /n-vitro model: to detect which active TLR2 dimer can be employed by sperm in bovine
endometrium at cellular level. BEECs monolayer were co-cultured with 5million sperm per mL for 3h. gRT-PCR and immunostaining analyses were
done to investigate TLRs mMRNA and protein expression. (B) /n-vitro model: to study inflammation intensity through the two classical TLR2 signaling
(TLR2/1 and TLR2/6 signaling cascades), BEECs monolayer were stimulated with 100 ng/mL of PAM3 (TLR2/1 agonist) and PAM2 (TLR2/6 agonist) for
1h. A time-dependent experiment (1, 6 and 12h) was done to confirm the difference between both TLR2 signaling pathway. Finally, gRT-PCR analysis
was performed to consider the pro-inflammatory mRNA expression (TNFA, IL1B, IL8 and PGESI). (C) Ex-vivo model: to compare sperm induced
inflammation in endometrium with PAM3 and PAM2. Bovine endometrial explants were co-incubated with 5milion sperm/mL, and 100 ng/mL PAMs
for 3h. First, gRT-PCR was employed to investigate the pro-inflammatory mRNA expression. Afterwards, immunostaining was used to evaluate and
localize the strong inflammatory marker (TNFA) for all groups and signaling marker proteins (TLR1, TLR2 and TLR6) in endometrium for sperm group.
(D) In-silico model: we investigated dimerization process for TLR2 in different condition, in absent and presence of TLR2 agonists. Additionally, we

predict the effect of agonist on bovine TLR dimerization.
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(DMEM/F12, Gibco, Grand Island, USA) supplemented with 1%
amphotericin B, 0.1% gentamicin (Sigma-Aldrich, Steinheim,
Germany), 10% heat-inactivated fetal calf serum (FCS) (Biowest
USA) and 2.2% NaHCO3 using flask. The culture medium was
replaced regularly with new media every 48 h. Upon reaching 70-
80% confluence, the cells were collected with trypsinizing (0.05%
trypsin EDTA; Amresco, Solon, OH, USA), transferred in 24-well
and 12-well plates (Nalge Nunc International, Roskilde, Denmark)
and cultured up to around 90% confluence (first passage). Estrogen
(E2) and progesterone (P4) were added at preovulatory
concentrations in the cell culture media (DMEM/F12, 1%
amphotericin B, 0.1% gentamicin and 5% FCS) (2, 7).

BEECs co-cultured with sperm

The sub-confluent BEEC monolayers (after first passage) were
washed twice with PBS and cultured in a medium supplemented by
0.1% FCS and gentamicin. The BEECs were co-cultured with 5
million/mL washed sperm, followed by washing cell twice with PBS,
lysing with Trizol (Invitrogen, Carlsbad, USA), and storing at —80°
C until RNA extraction. This experiment was repeated seven times
using epithelial cells from seven different uteri (n=7). For preparing
washed sperm, frozen semen straws (obtained from three Holstein
bulls kept in the Genetics Hokkaido Association, Hokkaido, Japan)
were thawed at 38.5°C for 30 sec, followed by washing three times at
200g for 10 min using sp-TALP (2, 7, 8). The sp-TALP consisted of
99 mM NaCl, 3.1 mM KCIl, 25 mM NaHCO3, 0.39 mM NaH,PO,,
10 mM HEPES free acid, 2 mM CaCl,, 1.1 mM MgCl,, 25.4 mM
sodium lactate, 0.11 mg/ml sodium pyruvate, 50 pg/ml gentamycin
and 6 mg/ml BSA (Sigma-Aldrich, USA) pH 7.4.

Stimulation of BEECs with agonists

The sub-confluent BEEC monolayers (after first passage) were
washed twice with Phosphate Buffered Saline (PBS) and cultured in
a medium supplemented by 0.1% FCS and gentamicin. The BEECs
were either stimulated by 100 ng/mL PAM3 and PAM2 for 1, 6, 12
h. At the end of BEECs stimulation, cells were washed twice with
PBS, lysed with Trizol (Invitrogen, Carlsbad, USA), and stored at
—80°C until RNA extraction. This experiment was repeated seven
times using epithelial cells from seven different uteri (n=7).

Ex-vivo approaches
Experimental design

In order to compare the endometrial response toward sperm
and TLR2 agonists at the preovulatory phase, an ex-vivo model
(bovine endometrial explants) was used, due to the advantage of
investigating the protein localization in different compartments of
the endometrium and the links between whole-animal condition
and cellular function.

Sperm and agonist co-incubation with endometrial
explants

Bovine endometrial explants were prepared as described
previously (1). Briefly, pre-ovulatory bovine uteri were observed
to be free of inflammation and abnormal color or any pathological
lesions in slaughterhouse (Obihiro, Hokkaido, Japan), then
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collected and directly transferred to the laboratory for ex-vivo
investigations under sterilized conditions. Afterwards, using an 8
mm biopsy punch, endometrial explant tissue disks were extracted
from the glandular (intercaruncular) endometrial regions. Next,
explants disks were placed into a plate with sp-TALP and put in the
incubator (38.5°C and 5% CO,) for 15 min (1).

To compare the sperm induced inflammation with agonists,
explants were incubated with sperm (5 million sperm/mL) and
TLR2 agonists (100 ng/mL) for 3h in the incubator (38.5 °C, 5%
CO,, 0.5mL sp-TALP per well in 24-well plate) and at the end of the
incubation period the explants were processed for RNA extraction
and immunofluorescence analysis. This experiment was repeated
five times using explants from five different uteri (n=5).

PCR protocol

BEECs and uterine explants were subjected to RNA extraction,
cDNA synthesis, and quantitative real-time PCR were done through
following previous protocol (8). Trizol reagent (Thermo Fisher
Scientific) were used to extract total RNA, followed by measuring
RNA concentration using a spectrophotometer (Eppendorf,
Munich, Germany), after that stored in RNA storage solution
(Ambion, Austin, TX, USA) at —80°C until cDNA conversion
step. The cDNA synthesis was performed as previously described
(8), and the synthesized cDNA was stored at —30°C. Quantitative
real-time PCR of target genes (TNFA, IL1B, TLR2, TLR1, TLR6, IL8,
PGESI and -actin, Supplementary Table 1) was carried out by
QuantiTect SYBR Green PCR Master Mix (QIAGEN GmbH,
Hilden, Germany) using an iCycler iQ (Bio-Rad Laboratories,
Tokyo, Japan) (8). The calculated cycle threshold values were
normalized using fB-actin as an internal housekeeping gene by
applying the Delta-Delta comparative threshold method to
quantify the fold change between samples.

Immunofluorescence protocol

a) IF for monolayer cells

At first, monolayer cell was cultured on 24-well plates with
13mm diameter glass coverslips and grow to 90% confluence then
co-cultured with 5 million sperm per mL for 3h. Cells were washed
with PBS twice and fixed with 2 mL of 4% formaldehyde for 15 min
at RT, followed by washing twice with PBS. After that, the cells were
permeabilized with 2 mL of 0.1% Triton-X10 in PBS for 15 min on
ice, followed by washing three times with PBS. Afterwards, the
monolayer cells were blocked using 2mL blocking buffer (5% BSA in
PBS) for 1h at RT. The cells were incubated with primary antibodies
for TLR1, TLR2 and TLR6 (Supplementary Table 2) in humid
chamber at 4°C overnight. After washing five times with PBS, the
cells were incubated with Alexa Flour conjugated secondary
antibody (Supplementary Table 2) for 1h at 4°C. After that, the
cells were washed six times with PBS, followed by mounting in
VECTASHIELD mounting medium containing DAPI (H-1200,
Vector Laboratories, CA, USA).

b) IF for explant tissue

After the incubation, explants were rinsed in sp-TALP and fixed
in 4% paraformaldehyde solution. Then, the fixed tissue samples were
dehydrated using ethanol gradient (70, 80, 90, 95 and 100%), cleared
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in absolute alcohol and xylene, followed by embedding in paraffin
and sectioning in 5 pm thick slices. The endometrial sections were
deparaffinized and rehydrated through placing on xylene, absolute
alcohol and grades series of alcohol, in turn. After that, the tissue
sections were blocked with normal goat serum (1:50, S-1000, Vector
Laboratories, CA, USA) for 30 min at RT and followed by incubating
overnight with primary antibodies for TLR1, TLR2, TLR6 and TNFA
(Supplementary Table 2) at 4°C in a humidified chamber. Afterwards,
the sections were incubated with Alexa Fluor conjugated secondary
antibodies (Supplementary Table 2) for 30 min. Sections were
washed, and coverslips were mounted using VECTASHIELD
mounting medium containing DAPI. Finally, the sections were
observed under fluorescence microscope (BZ-X800, Keyence).

In-silico approaches
Preparation of the molecules

In order to investigate TLR2 dimerization under both
physiological state and agonist stimulation in a bovine model, an
in-silico approach was conducted. To aim that, the TLR2/1-PAM3
(PDB ID: 2Z7X) and TLR2/6-PAM2 (PDB ID: 3A79) were selected
for this research. The crystal structures of the TLRs extracellular
domain of human (Homo sapiens) and mouse (Mus musculus)
species are known (PDB ID of 227X and 3A79, respectively) but
have not yet been crystallized in bovine species (Bos taurus). Hence,
we carried out Basic Local Alignment Search Tool (BLAST) to
calculate the local similarity between bovine TLRs with human and
mouse TLRs. It revealed an identity of 77.6% (Human - Bovine
TLR2), 78.5% (Human - Bovine TLR1), 66.7% (Mouse - Bovine
TLR2) and 72.1% (Mouse - Bovine TLR6).

Investigating the affinity between TLRs in
heterodimer forms

The crystal structure of TLRs in the presence and absence of
agonist, and the obtained initial structure from Haddock online
server were used to investigate the affinity between TLRs (three
repeats). For applying TLRs to the Haddock 2.4 web server (22), the
residues involved in h-bond in TLRs interaction obtained through
Ligplot analysis (23) were selected as active residues at the
contacting site of TLRs. To obtain the initial structure for MD
simulation, cluster 1 was selected as the best docked complex based
on the highest HADDOCK score (according to the following
formula: Score: 1.0 * Evdw + 0.2 * Eelec + 1.0 * Edesol + 0.1 *
Eair). To calculate the binding free energies between TLRs in
heterodimer forms, 150 ns MD simulation were applied to obtain
trajectory MD simulation, followed by calculating binding free
energy using molecular mechanics/Poisson-Boltzmann surface
area (MM/PBSA) method (24-32) (Supplementary Data;
Supplementary Figures 1-4).

The prediction of binding pockets of TLRs in human,
mouse and bovine

The possible binding pockets on TLRs were identified through
DoGSite Scorer web server, which is a strong tool for investigating
potential binding pockets (33, 34). The DoGSite Scorer web server is
used for mapping the possible binding pockets based on descriptors
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calculation (such as depth (A), surface (A%), volume (A?)).
Furthermore, the druggability score is estimated through the
support vector machine (SVM) method. The score of druggability
classified from 0 to 1 while higher values are the potential pockets
for the main binding sites. The pocket detection and analysis were
performed for TLRs of three mammalian species (crystal structures
of human, mouse, and de novo modeling of Bovine TLRs). Bovine
TLR protein 3-D structure prediction was carried out after applying
amino acid sequences of extracellular domain (Uniprot code:
Q95LA9, B5TYW4 and Q704V6 for TLR2, TLR1 and TLRé,
respectively) to I-TASSER server (27), followed by optimizing 3-
D structures using 100 ns MD simulation.

Statistical analysis

The statistical analysis was conducted with SPSS® software
version 22 (IBM, Armonk, Ny, USA). The data were first tested
for normality using Kolmogorov-Smirnov test. A non-parametric
Kruskal-Wallis test followed by a Mann-Whitney test were applied
for non-normally distributed data of mRNA gene expressions.
While One-way analysis of variance (ANOVA) and post hoc
Tukey’s test were used for normally distributed data obtained
from TNFA immunofluorescence analysis. An unpaired two-
tailed parametric Student’s t-test was performed to evaluate the
differences between two unpaired groups. The statistical
significance was defined as P< 0.05.

Result

TLR2/1 heterodimer employed by sperm to
induce inflammation in BEECs

In BEECs, sperm induced TLR2 (P <0.001) and TLR1I (P <0.01)
mRNA expression, but not TLR6 (Figure 2A). Moreover, the
immunofluorescence analysis showed similar expression profiles
for TLR2 (P <0.01) and TLR1 (P <0.05) after sperm co-culture with
BEECs (Figure 2B).

The varying degrees of inflammatory
reaction following endometrial activation
of TLR2/1 and TLR2/6

The PAM3 increased the mRNA expression of TNFA and IL8
(P <0.05) compared to the control. Meanwhile PAM?2 significantly
increased the mRNA expression of TNFA (P <0.01), ILIB (P <0.01),
IL8 (P <0.001), and PGESI (P <0.001) compared to the control.
Compared to PAM3, PAM2 treatment significantly (P <0.05)
increased the transcription levels of the pro-inflammatory genes
(TNFA, IL1B, IL8, and PGESI). For instance, TNFA, IL1B, and ILS8
expressions were roughly 3-fold higher in the PAM2 group than in
the PAM3 treatment (Figure 3). Additionally, a time-dependent
exposure revealed that PAM2 over PAM3 increased TNFA mRNA
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expression in BEECs at various time points. (1, 6 and 12h)
(Supplementary Figure 5).

Sperm induced the TLR2/1 protein
expression in endometrial explants

The immunofluorescence analysis revealed that, TLR1, TLR2
and TLR6 is localized in the bovine endometrium, particularly in
surface and glandular epithelium. It was obvious that sperm induce
the protein expression of TLR2 (P <0.01) alongside TLR1 (P <0.05)
in similar manner, in particular in the uterine gland and in the
surface epithelium. On the other hand, for TLR6 expression, the
intensity was not modulated compared to the control in the uterine
gland and surface epithelium after sperm interaction with
endometrial epithelia (Figure 4).
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Sperm-induced inflammation in bovine
endometrium is similar to that of PAM3
(TLR2/1 pathway)

PAM?2 induced a higher (P < 0.05) mRNA expression of pro-
inflammatory cytokines (TNFA, IL1B and IL8) in uterine explant
compared to the control and sperm treatments. Of note, there was
no significant difference (P > 0.05) between sperm and PAM3
groups for mRNA expression of the investigated cytokines
(Figure 5A). However, PGESI gene expression did not show a
significant change after stimulating the uterine explant with
PAM3, PAM2 or sperm. In the same way, the intensity of
TNFA protein expression was highly significant after PAM2
treatment in comparing to sperm and control (P < 0.05)
particular in uterine gland of the endometrium compared to the
control (Figure 5B).
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FIGURE 3

PAM3 and PAM2 induce a weak and strong inflammatory response, respectively, in BEECs. The relative mRNA expression of pro-inflamr
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cytokines and PGESI, after stimulation with 100 ng/mL PAM2 and PAM3 for 1h. This experiment was repeated seven times using epithelial cells from
seven different uteri. Asterisks show a significance of difference (*P < 0.05 or **P < 0.01, Mann-Whitney test)

Identical TLR2 dimerization process in
human, mouse and bovine

In the present study, the in-silico analysis confirmed that TLR2
is not able to interact with TLRI at cellular level in human and
mouse models (Supplementary Results; Supplementary Table 3;
Supplementary Figure 6). In contrast, TLR6 has a low affinity with
TLR2. Our in-silico analyses clearly indicate that the affinity
between TLRs is not considerable to stabilize dimer forms. Thus,
the bridging molecules (ligands) are vastly required to stabilize
TLR2 dimers (Supplementary Table 4).
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Control

The ectodomain of TLRs are split into three subdomains: N-
terminal (LRRNT), central and C-terminal (LRRCT) (Figure 6A).
The DoGSite Scorer predicted several binding pockets for all TLRs
in humans, mouse and bovine (Figures 6B-D). The volume, surface
and drugScore of the first predicted binding pockets (yellow pocket)
of the all TLR proteins in the three species were indicated in
Supplementary Table 5. The druggability score for this pocket in
all TLRs is >0.7. Moreover, the physicochemical descriptors showed
that TLRs of different species were almost identical (Figure 6).
Based on phyciso-chemical properties, the volume (V) of internal
pocket was 1803 A* (LRR9-12), 1490 A’ (LRR7-12) and 1418 A’

Control

Sperm
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Sperm induce TLR2 and TLR1 (not TLR6) protein expression in bovine endometrial explants. The intense expression of TLR1 and TLR2 in uterine
glands (UGs) and surface epithelium (SE) in sperm group. This experiment was repeated three times using explants from three different uteri
Asterisks show a significance of difference (*P < 0.05 or **P < 0.01) in the treatment group when compared to the control group. when compared to

the control group. ST, stroma. Bar = 100 pm
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(LRR9-12) in human, mouse and bovine TLR2, respectively.
Predicting the main binding pocket for TLR1 in the three species
showed that the main binding pockets were located between
LRR10-12 for human (V~533 A%) and LRR11-12 for both mouse
(V~370 A*) and bovine (V~500 A>). The first predicted binding site
of bovine TLR1 was almost identical to human and mouse.
However, the volume and the surface were slightly different
between species for TLR6 in bovine compared with TLR6 in
human and mouse (Supplementary Table 5). Supplementary
Figure 7 demonstrated that in the main binding site of TLR2 in

Fold expression

10.3389/fimmu.2023.1158090

three species, the type and sequence of amino acids were identical
and conserved (in particular, the residue in the entrance of
binding pocket).

Looking at the details of the present data, Phe 322 and Phe 349
in three species were selected as the entrance of binding pockets.
Additionally, the data obtained from Ligplot analysis indicated that
these Phe residues (349 and 322) play an important role in TLRs
interaction with agonist and dimerization process (Supplementary
Figures 6, 8). As for TLR1, the predicted main binding pocket for all
three species was identical (approximately between Central LRR
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FIGURE 5

Sperm and PAM3 induce a weaker inflammation in bovine endometrial explants, compared with PAM2. (A) Relative mRNA expression of pro-
inflammatory cytokines and PGESI after stimulation with 5 million/mL sperm, 100 ng/mL PAM3 and PAM2 for 3h. This experiment was repeated
seven times using epithelial cells from seven different uteri. (B) Immunofluorescence staining for TNFA in endometrial explants (C: Negative control,
C: Control, S: Sperm, P3: PAM3 and P2: PAM2). This experiment was repeated three times using explants from three different uteri. Asterisks show a
significance of difference (*P < 0.05, **P < 0.01 or ***P < 0.001 , Mann—-Whitney test) between the means of each two independent groups. Bar =

100 pm
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and c-terminal LRR). With regards to TLR6, in mouse
experimentally crystal structure, the Phe 343 and Phe 365 block
the internal channel of TLR6, compared with TLR1, consequently,
this channel cannot be recognized as main binding site. This
structural analysis supposed that the main binding sites of TLRs
were similar and located in same place for the studied mammalian
species (Figure 6).

10.3389/fimmu.2023.1158090

Discussion

In this study, using a combination of experimental and in-silico
modeling, we were able to demonstrate that the sperm-induced
inflammatory response activates TLR2/1 heterodimer, but not
TLR2/6 in bovine endometrium. Importantly, we revealed that
sperm could induce a weak inflammatory response in bovine

A TLR2 TLR1 TLR6
Central Central Central
P I.‘/RR6~15 ()IZ?RS—H LRR%~12
DB N e N xéf'(’
N-terminal N-terminal
_termin: g LRR1~5
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G e
B Human-TLR2 Human-TLR1 Predicted Human-
Cc Mouse-TLR2 Predicted Mouse- Mouse-TLR6
TLR1
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Bovine-TLR2

Bovine-TLR1

Bovine-TLR6

FIGURE 6

Structural analysis of TLRs in three mammalian classes (human, mouse, bovine). (A) Three subdomains of TLRs having 20 LRR units, namely N-
terminal (LRRNT), central and C-terminal (LRRCT) in the ectodomain of TLRs. LRRNT (LRR 1~5), central (LRR 6~12) and LRRCT (LRR 13~20) colored
by red, cyan and magenta, respectively. (B) Predicted potential binding pockets of human TLRs. C) Predicted potential binding pockets of mouse
TLRs. (D) Predicted potential binding pockets of bovine TLRs. Different potential binding pockets of TLRs are shown by yellow (first pocket), violet

(second pocket), green (third pocket), red (fourth pocket). The main binding

site (yellow pocket) of TLR2 is similar (localized between LRR9-12, and

the entrance is in LRR11-12) in the three species. Concerning TLR1, the main binding site (yellow pocket) is between central and LRRCT domains for
all species. However, this internal channel is blocked by two phenalene in TLR6.
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endometrium through “PAMa3-like-weaker” TLR2/1 signalling
rather than “PAM2-like-stronger” TLR2/6 pathway.

In fact, the TLR2 has an essential role in balancing pro- and
anti-inflammatory immune responses in different cell types (2, 10,
16, 35-37). We previously reported that sperm induce transient and
weak inflammatory response via the regulation of TLR2 signaling in
bovine endometrium. On the other hand, heterodimerization of
TLR2 with TLR1 or TLR6 has been extensively studied to develop a
deep understanding of different immune responses resulted from
TLR2 activation. With selective TLR2 heterodimerization, it was
important to determine the active TLR2 heterodimer which is
involved in sperm-induced inflammation in bovine uterus. Thus,
in this study, at first, in-vitro BEECs co-culture was employed to
assess the expression of TLR1, TLR2 and TLR6 by sperm. Notably,
sperm upregulated the mRNA and protein expression of TLR1 and
TLR2, but not TLR6 in BEECs, suggesting that sperm utilize TLR2/1
during sperm-uterine interactions. Moreover, the present data
showed that the activation of TLR2/6 signaling pathway could
lead to a stronger inflammation compared to TLR2/1 in uterine
epithelial monolayer using specific agonists. Similarly, Murgueitio
et al. (38) indicated that activating TLR2/6 signaling pathway
resulted in 4-fold stronger inflammation than TLR2/1 in human
embryonic kidney cells. To get the same level of inflammation in
this kind of cells, they used 50 ng/mL of PAM2 versus 200 ng/mL
PAMS3 for 5h (38). In our in-vitro model, identical concentration
from both PAMs (100 ng/mL) was applied to induce inflammation
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in bovine endometrial epithelia and interestingly, PAM2 induced a
3-fold higher inflammatory response compared to PAM3 and
sperm. Altogether, in-vitro studies provided the initial evidence
that sperm employ TLR2/1 signaling and activation of TLR2/1
signaling pathway led to a weak inflammatory response in BEECs.

Further, ex-vivo experimental model (i.e., preovulatory
endometrial explants that physiologically mimic the intact uterine
condition at insemination) was used to investigate the localization of
TLR1, 2 and 6 in endometrium and to compare the inflammatory
intensities of sperm and TLR2 agonists. We previously reported that
sperm interact with the uterine glands to induce an acute and weak
inflammatory response. This inflammatory response has been
detected by the upregulation of key inflammatory markers TNFA,
IL1B, IL8 and PGES as well as by the recruitment of inflammatory
cells (i.e., neutrophils) (1-3, 7, 12). Notably, in cattle, sperm trigger
the inflammatory cascade primarily via the TLR2 signaling of uterine
glands (1). The present ex-vivo protein expression data showed
similar upregulation profiles for TLR2 and TLRI, after sperm co-
culture with uterine explants. Even though, TLR1, TLR2 and TLR6
localized in surface epithelium and uterine glands, sperm enhanced
the expression of TLR1 and TLR2 but not TLR6 in these
compartments, which strongly support a co-regulation of TLR2
and TLR1 receptors in particular in uterine glands during sperm-
induced inflammatory response. Herein, TLR6 was not modulated
after sperm exposure, possibly to prevent strong and long-term
inflammatory reactions and tissue damage as high TLR6 that may

IL8

Stronger inflammation

A graphic demo of our working hypothesis on the activation of possible TLR2 pathway signaling in sperm-induced inflammation in bovine
endometrial epithelia. The model demonstrating that the stimulation of endometrial epithelia with different TLR2 agonist (PAM3: TLR2/1 and PAM2:
TLR2/6) results in different intensity in inflammation response. In fact, initiating TLR2/1 signaling cascade could lead to weaker inflammation
compared to TLR2/6. As for sperm-endometrial epithelial interaction, sperm induce TLR2/1 heterodimerization signaling, to trigger the weak and
acute inflammation. We suppose that sperm may use small molecules from its surface (such as lipopeptides or glycans) to enhance TLR2/1
dimerization. However, further investigations are required to define the specific ligand(s) on the sperm cell membrane that regulate the initiation of
TLR2/1 heterodimerization. “?" shows the unknown molecules form sperm surface side which may link TLR1 to TLR2.
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correlate with higher-risk disease (39). Prominently, the mRNA and
TNFA protein profiles of ex-vivo model clearly showed that sperm
trigger a weak physiological inflammatory response in endometrial
epithelia similar to that of the specific ligand of TLR2/1 heterodimer
(PAM3). TNFA is one of the key inflammatory markers in the bovine
uterus towards sperm in both physiological and pathological
conditions (1, 7). Meanwhile, activation of TLR2/6 heterodimers
led to a stronger inflammatory response in endometrial explants
which assumed to be far from physiological sperm-triggered
inflammation. Thus, these ex-vivo evidence reveal that, sperm
employ TLR2/1 heterodimerization, in particular in uterine glands
of the bovine uterus, to activate the specific inflammatory cascade. In
fact, this kind of weak and transient inflammation is required to
remove excess and dead sperm remaining in the uterine lumen and to
complete this clearance within several hours without tissue damage
for providing the ideal uterine environment for acceptance of early
embryo and implantation.

Quite recently, Kar et al. (40) predicted the 3-D structure of
bovine TLR2 as a reliable computational tool. However, the
structures of bovine TLR1 and TLR6 are unavailable. Hence, in
the present study, the binding affinity of TLR2 with TLR1 and TLR6
was evaluated using known crystal structures of both mouse and
human. The in-silico models showed the evidence for the stabilized
interactions between TLR2/1 and TLR2/6 heterodimers in presence
of their agonists. Notably, the present study provided the first
insight for bovine TLR2 heterodimerization at molecular level.
Furthermore, the data revealed that the main binding sites of
bovine TLRs were identical to human and mouse and occupied
by their specific ligands. Therefore, in complementary with the
experimental investigations, it could be concluded that TLR2/1
dimerization occurs in bovine uterus in the presence of sperm.
However, the sperm surface molecule/(s) which could initiate and/
or regulate this TLR2/1 dimerization process for the specific
inflammatory cascade remained to be investigated.

Conclusion

Our results revealed that sperm utilize TLR2/1 pathway to induce
a weak inflammatory response in bovine endometrium. Activation of
TLR2/6 heterodimer could lead to an excessive inflammatory
response compared to that of sperm or TLR2/1 (Figure 7). Further,
in-silico findings revealed that the ectodomains of bovine TLR2
formed a hetero-dimer upon ligand binding to initiate cell signaling
pathway. Altogether, our data strongly suggested that sperm utilize
TLR2/1, but not TLR2/6, heterodimerization to induce the weak
physiological inflammatory responses in the bovine uterus. However,
further investigations are required to define the specific ligand(s) on
the sperm cell membrane that is required to bridge and stabilize the
TLR2/1 heterodimer.
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Imidazoquinolines with
improved pharmacokinetic
properties induce a high IFNo
to TNFa ratio in vitro and in vivo

Manuel Keppler, Simon StraR**, Sophia Geiger*, Tina Fischer?,
Nadja Spath*, Thilo Weinstein®, Anna Schwamborn?,

Jamil Guezguez®, Jan-Hinrich Guse®, Stefan Laufer?

and Michael Burnet™

tSynovo GmbH, Tubingen, Germany, ?Pharmaceutical Chemistry, Institute for Pharmaceutical
Sciences, Eberhard Karls University Tubingen, Tubingen, Germany

TLR Agonists have promising activity in preclinical models of viral infection and
cancer. However, clinical use is only in topical application. Systemic uses of TLR-
ligands such as Resiquimod, have failed due to adverse effects that limited dose
and thus, efficacy. This issue could be related to pharmacokinetic properties that
include fast elimination leading to low AUC with simultaneously high cpax at
relevant doses. The high ¢, is associated with a sharp, poorly tolerated cytokine
pulse, suggesting that a compound with a higher AUC/cax-ratio could provide a
more sustained and tolerable immune activation. Our approach was to design
TLR7/8-agonist Imidazoquinolines intended to partition to endosomes via acid
trapping using a macrolide-carrier. This can potentially extend pharmacokinetics
and simultaneously direct the compounds to the target compartment. The
compounds have hTLR7/8-agonist activity (EC50 of the most active
compound in cellular assays: 75-120 nM hTLR7, 2.8-3.1 yM hTLR8) and
maximal hTLR7 activation between 40 and 80% of Resiquimod. The lead
candidates induce secretion of I[FNa from human Leukocytes in the same
range as Resiquimod but induce at least 10-fold less TNFo in this system,
consistent with a higher specificity for human TLR7. This pattern was
reproduced in vivo in a murine system, where small molecules are thought not
to activate TLR8. We found that Imidazoquinolines conjugated to a macrolide or,
substances carrying an unlinked terminal secondary amine, had longer exposure
compared with Resiquimod. The kinetics of pro-inflammatory cytokine release
for these substances in vivo were slower and more extended (for comparable
AUCs, approximately half-maximal plasma concentrations). Maximal IFNa
plasma levels were reached 4 h post application. Resiquimod-treated groups
had by then returned to baseline from a peak at 1 h. We propose that the
characteristic cytokine profile is likely a consequence of altered
pharmacokinetics and, potentially, enhanced endosomal tropism of the novel
substances. In particular, our substances are designed to partition to cellular
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compartments where the target receptor and a distinct combination of signaling
molecules relevant to IFNa-release are located. These properties could address
the tolerability issues of TLR7/8 ligands and provide insight into approaches to
fine-tune the outcomes of TLR7/8 activation by small molecules.

KEYWORDS

TLR7, TLR8, resiquimod, imidazoquinoline, Interferon a (IFNa), macrolide, cytokine
spectrum, pharmacokinetics

1 Introduction

The term immunotherapy is mostly associated with the treatment
of cancer by checkpoint inhibitors, cell-based approaches or
vaccinations (1). In a broader sense, immunotherapy describes
therapeutic concepts aimed at modulating the host immune system
to treat conditions related to neoplasia and infection as well as
autoimmune conditions (2-4). The possibility of harnessing the
diverse defense mechanisms of the immune system itself
circumvents some of the limitations of pathogen- or neoplasm-
directed pharmaceuticals, particularly the development of resistance
to those drugs by mutations in their molecular targets.
Correspondingly, immune activating therapies could be useful for
infectious diseases for which a drug specifically targeting the
pathogen itself is not yet available (4-6). One of the first treatments
relying on immune activation to interfere with an ongoing infection
or neoplasm was the use of recombinant Interferon alpha (IFNa) in
the treatment of Hairy Cell Leukemia, Hepatitis B and Hepatitis C
(before HBV/HCV were identified) (7-9). Indeed, recombinant IFN o
was the first approved immunotherapeutic agent and the most
thoroughly clinically characterized immune stimulant. It has been
used for decades as a treatment of various viral diseases and cancers
(8). While there has been a considerable focus on checkpoint
blockade via antibodies targeting the PD1/PD-Ll1-axis (10),
stimulation of the immune system through activation of pattern
recognition receptors (PRRs) and particularly Toll-like-receptors
(TLRs) is another promising concept that has been widely
investigated, especially in dermatological cancers (11-13). In
contrast to immunotherapies focused on blocking of inhibitory
receptors and thus overcoming immunosuppression, agonists to
PRRs activate immune response through increasing the expression
of surface-bound and secreted mediators of inflammation making
this stimulatory approach more similar to the direct use of
recombinant cytokines such as IFNo as therapeutic agents (13-17).

Toll-like receptors are membrane-integral PRRs with varied
representation in different species - 10 subtypes have been
identified in humans and 12 in mice. Regardless of species, TLRs
can generally be subdivided based on the orientation of their
ectodomains either towards the extracellular space or the luminal
space of endosomal vesicles. In humans, TLR1/2/4/5/6/10 are
localized in the plasma membrane while TLR3/7/8/9 are restricted
to vesicular membranes. TLR10 is not present in mice but TLR11/12/
13 are and all localize to membranes of intracellular compartments
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(18). Ligand binding results in the formation of receptor dimers and
recruitment of adapter proteins containing a TIR domain which vary
with receptor type. The signaling cascade of all TLRs except for TLR3
uses the common adapter MyD88 to subsequently activate NFkB and
IRF1/3/5/7/8 depending on receptor and cell type, with activation of
NFkB and IRF5 being linked to the induction of pro-inflammatory
cytokines and IRF1/3/5/7/8 having a role in regulating expression of
type I interferons (19-21).

The endosomal nucleic acid-sensing TLRs 7/8/9 are similar in
terms of their natural ligands, localization and direct engagement of
MyD88. This is in contrast to plasma membrane-localized TLRs
which employ additional adapters such as TIRAP and TRAM or
TLR3 which uses TRIF as its downstream adapter. TLR7/8/9 can
therefore be classified as a sub-family of TLRs (14, 19). TLR7 and 9
are highly expressed in plasmacytoid dendritic cells (pDCs), which
play a central role at the interface between the innate and adaptive
immune response to viral infections (22). However, their impact on
cancer and immune evasion is ambiguous (23, 24). TLR8 is highly
expressed in monocytes, macrophages and myeloid dendritic cells
(mDCs) (25).

The outcome of intracellular TLR activation can vary
considerably as a consequence of receptor expression being
limited to specific cell types with characteristic signaling cascades
and downstream mediators of inflammation (26). For example,
TLR7 mediates release of large amounts of Type I IFN from pDCs.
This is in contrast to its role in monocytes, where TLR7 activation
by Imiquimod induces secretion of the classical inflammatory
cytokines Interleukin-6 (IL6) and -1f (IL1B) but IFNo/B release
is instead mediated by TLRS8 (22, 27).

Ligand-dependent cytokine expression patterns in a single cell
type have been demonstrated for TLRY, for which several classes of
synthetic oligodeoxynucleotides (ODNs) with different signaling
outcomes have been identified. A distinct induction of either IRF-
or NF«B-relayed signaling was originally reported to be dependent
on ODN sequence and has later been demonstrated to vary based
on the subcellular location of receptor engagement (28-31). In this
context TRAF3 and IKKo act as the central mediator of IRF7
phosphorylation and induction of type I IFNs following the
activation of TLR9 and 7 (32-35).

Given the similarities in the respective signaling cascades, a
similar spatial factor to the outcome of TLR7 activation is plausible,
although not yet demonstrated (35). Clear differentiation of the
signaling by TLR7 and 8 in native cells will, however, be
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complicated because there is some overlap also in their ligand
preferences. TLR9 signaling, however, can be distinguished because
it recognizes unmethylated CpG motifs in DNA (36).

In addition to their ability to bind specific nucleic acid
sequences, TLR7/8/9 possess dedicated binding sites for either
guanosine (TLR7), uridine (TLR8) or cytosine (TLR9) and
simultaneous engagement of both binding sites enhances receptor
activation (11). While signaling through TLR9 appears to require a
longer oligonucleotide ligand, several synthetic small molecules
(mononucleotide analogs) sufficient to activate TLR7/8 are
available. The most widely used class of small-molecule TLR7/8-
activators are Imidazoquinolines, particularly the most prominent
members of this class, Resiquimod (TLR7/8) and Imiquimod
(TLR7). Imiquimod is the only FDA-approved agonist to an
intracellular TLR to date. Its applications include the topical
treatment of basal cell carcinoma or genital warts. Imiquimod
probably interacts with other receptors in addition to TLR7 but
its efficacy appears to depend on induction of IFN@, tumor necrosis
factor oo (TNFa), interleukin 12 (IL12) and other pro-inflammatory
mediators (15).

The more potent Imidazoquinoline, Resiquimod, originally
showed promise in various pre-clinical models of neoplastic or
infectious disease (37-39), however, these results have not
translated in wider clinical trials. Topical treatment of genital
herpes with Resiquimod had encouraging effects in Phase II but
not in Phase III (40). In the treatment of chronic Hepatitis C, oral
Resiquimod could transiently reduce viral titers but effective doses
caused systemic adverse effects consistent with an excess induction of
inflammatory cytokines, particularly IFNo. (41). Similar adverse
events were observed for daily Imiquimod use (42). These adverse
effects, often in the form of “flu like” symptoms, limit the systemic use
of TLR7 and 8 activators and likewise IFNo. In the latter case, efforts
have been made to increase the therapeutic window by PEGylation of
recombinant IFNa to improve the pharmacokinetic profile (9),
lengthen circulating half-life and allow longer intervals between
treatments. Efficacy and adverse event benefits compared with the
un-PEGylated cytokine were variable (43, 44).

Following a similar rationale, we hypothesized that the
therapeutic index of small molecule TLR agonists like Resiquimod
is limited by a range of factors: very steep dose response
characteristics (all or nothing), the short half-life and poor tissue
distribution necessitating the use of relatively high doses to achieve
sufficient activation, the transient stimulation and, correspondingly,
the high maximal concentrations relative to the AUC of pro-
inflammatory cytokines that are induced.

The transient effects are due to the fact that Resiquimod is
unstable and rapidly metabolized. After oral application major
metabolites are 6-OH-Resiquimod and 7-OH-Resiquimod via
CYP1A2; desethyl or N-oxide Resiquimod via CYP3A4; or 8-OH-
Resiquimod via one of both enzymes. Unchanged Resiquimod is
only detectable in minor amounts in either urine (< 5%) or feces
(< 1%) (45, 46). Imiquimod metabolism is associated with the
formation of at least five different monohydroxylated metabolites
through CYP1A isoforms (47).

The binding sites of known small-molecule agonists of TLR7
and 8 are each located in the same motif. The aminoquinolyl moiety
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mediates agonistic receptor binding through stacking effects and
through hydrogen bonds (48-51). The butyl side chain interacts
hydrophobically with the binding pocket of the receptors. The
length of 4 atoms appears optimal for interaction with hTLR7
while heteroatoms in this side group, such as an oxygen in
Resiquimod, moderately increase the affinity (49, 50). A smaller
contribution to the binding affinity is made by van der Waals
interactions of the 2-methylpropan-2-ol side chain (49, 52).

Due to the slightly lower importance of that interaction, the 2-
methylpropan-2-ol side chain was chosen as the starting point for
modification and linking via side groups listed in reaction scheme 1
in Figure S1 (Al to A4), which could be further extended by a
macrolide (Al-mac and A2-mac; see Figure S2). The linking
molecules functioned as a spacing between TLR agonistic
imidazoquinolinone and macrolide but can also contribute
hydrogen bonds as in the 2-methyl-propan-2-ol of Resiquimod.
The macrolide site consists of Azithromycin coupled to the
TLR binding site at the desosamine via an N-methyl iminodiacetyl.
Azithromycin provides a high volume of distribution, concentration
in immune cells and specifically endo/lysosomes, high exposure to
liver, lung and spleen and sub-cellular separation from cytochrome
p450 containing organelles (53-56). Compared with other common
macrolides, it exhibits increased stability to acids, low hERG affinity,
and a greater ability to concentrate in cells due to its dual amines (55,
57-59). Many of these effects are related to its properties as an
amphiphilic di-basic compound for which the pk.s of the amines
correspond well to those required to be neutral during membrane
traverse but charged in acidic intracellular compartments.
Accumulation of imidazoquinolines and 8-Oxoadenine in
endosomal compartments of pDCs has been demonstrated by
others and could be a necessary factor in the process of TLR-
activation by those compounds (60).

Building on our previous experience with macrolide-derivatives
(53, 61), we aimed to prepare TLR7/8 ligands with high exposure to
the endo/lysosomal lumen by exploiting the properties of acid
trapping in the assumption that amphiphiles would be ideal
ligands for endosomal TLRs. Since endosomal tropism has been
observed for both macrolides as well as imidazoquinolines, we
propose that conjugation of imidazoquinoline TLR7/8 agonists to
Azithromycin as a carrier molecule is likely to result in conjugates
that accumulate intracellularly as well. We therefore designed
imidazoquinoline-ligands in a way that would make them suitable
for linkage to carrier molecules, such as Azithromycin, peptides or
proteins, i.e. retain activity when conjugated. The ligands described
here are intended to partition to their target organelles, either by
manipulating the properties of the ligand substituents themselves,
or via conjugation to Azithromycin, which would dominate the
properties of the resulting compound. In parallel we optimized for
high in vivo stability as well as favorable pharmacokinetic properties
following parenteral application. Based on the expected
pharmacokinetic properties of our ligands, we expected
differences in release kinetics of inflammatory mediators, when
compared to other Imidazoquinolines and, correspondingly,
changes in maximal and cumulative plasma concentrations of
those mediators. What we did not expect were changes in the
cytokine spectrum induced by our ligands that may improve
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tolerability. Here we report the initial characterization of the
compounds as small molecules, that may be useful as immune
stimulants in cancer and infection.

2 Methods
2.1 Synthesis and characterization

All chemicals were purchased from commercial sources and used
as received. Reaction monitoring was performed via mass
spectrometry (Finnigan LCQ Deca XP MAX, Software Xcalibur
2.0.7 SP1) and TLC (Merck TLC Silica gel 60 F254). TLC spots
were detected with Hanessian’s stain, based on a Cerium Molybdate
solution and heat. NMR spectra were recorded with a Bruker Avance
400 (400 MHz) or Bruker Avance III (300 MHz). Substances were
dissolved in CDCl; and chemical shifts (ppm) were referenced to
CHCls/tetramethyl silane. Coupling constants (J) are given in Hz.
After reaction steps solvents were evaporated with rotary evaporator
(RV8 IKA, KNF SC 920) under vacuum. To purify substances, flash
chromatography was performed (Interchim puriFlash 5.020 with
Interchim PF-15SIHP-F0040 or PF-50SIHP-F0040 columns).
Purity of reaction products was determined via HPLC (Varian
ProStar) and ELS detection (Sedere Sedex 80). Mobile phases
contained water (0.05% formic acid) and methanol (0.05% formic
acid) as gradients. Stationary phase was ReproSil-Pur 120 C;3-AQ, 5
pum, 75x3 mm (Dr. Maisch). High resolution mass spectra were
recorded with a Bruker maXis 4G ESI-TOF from Daltonik [JL1],
using ESI" mode with following settings: Capillary voltage 4.5 kV,
source temperature 200°C, gas flow 6 L/min, nebulizer gas pressure
1.2 bar, end plate offset — 0.5 kV and an m/z range of 100 to 1350.
Detailed synthesis and reaction procedure can be found in SL

2.2 Stability in whole blood, U937
and RPMI

Human blood products used in the in vitro assays (for cell
stimulation and stability) were obtained from the center for
transfusion medicine in Tibingen, Germany (Zentrum fir
Klinische Transfusionmedizin Tiibingen GmbH, (ethical approval
number ZKT-FoPro202106-2305-01). Test compounds (1 pM) in
either culture medium (RPMI-1640 medium containing 10% fetal
bovine serum, 60 mg/l Penicillin G sodium salt and 100 mg/l
Streptomycin sulfate (all Biowest)), human blood (diluted 1:1
with culture medium) or a suspension of 5x10° cells/ml U937 in
culture medium were incubated at 37°C, 450 rpm on a shaking
incubator. At the indicated time points 50 pL of blood, cell
suspension or medium were collected and prepared for HPLC-
MS/MS-Analysis as detailed below.

2.3 HPLC-MS/MS

All samples were extracted with 3 or 6 volumes acetonitrile
containing terbuthylazine as an internal standard (ACN) relative to
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either sample weight or volume. Liquid samples (plasma, culture
medium, cell suspensions in stability experiments) were diluted in
either 3 (culture medium, cell suspensions) or 6 (plasma) volumes
ACN, pellet and blood samples were extracted by addition of ACN
followed by sonication for 5 min. Organ samples were digested with
0.5 pg/mg Proteinase K (Genaxxon) for 1 h at 50°C before being
homogenized using a Fastprep FP-24 5G instrument (MP-
Biomedicals). Homogenates were diluted with 6 volumes ACN and
homogenized again. All extracts were cleared by centrifugation at
~20.000xg for 10 min at 4°C.

Quantification of analytes was performed on an Agilent 1260/
1290 Infinity system fitted with an Agilent C18 Poroshell 120
column (4.6 x 50 mm, 2.7 um) coupled to a triple quadrupole
Sciex API 4000 MS/MS detector. The mobile phase was composed
of water containing 0.1% formic acid (eluent A) and acetonitrile
containing 0.1% formic acid (eluent B). Gradient used was: 5% B for
0.5 min, to 100% B in 4.5 min, 100% B for 2 min, to 5% B in 0.5 min,
5% for 2.5 min. MS detection parameters are listed in SI Table SI.

2.4 TLR7/8 SEAP reporter assay (HEK blue)

HEK blue hTLR7 or hTLR8 reporter cells (Invivogen) were
cultivated in DMEM High Glucose (Biowest) according to the
manufacturer’s instructions. Cells were treated with test
compounds and controls at various concentrations in serum-free
DMEM and incubated at 37°C, 5% CO, for 24 h before
supernatants were collected.

Relative secreted embryonic alkaline phosphatase (SEAP)
activity in the supernatants was determined by quantification of
para-Nitrophenyl Phosphate (pNPP)-turnover. Supernatants were
diluted 10-fold in a solution containing 1 mM MgCl,, 1 M
diethanolamine and 1 mg/mL pNPP and incubated at RT for
15 min before the reaction was stopped by the addition of 0.25
volumes of 1 M NaOH. Absorbance was measured at 405 nm on a
Versamax microplate reader (Molecular Devices) and normalized
to the mean of >5 solvent controls.

2.5 Viability assay and live-dead staining
(MTT and dye exclusion)

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) turnover was used to identify potential compound effects
on cell metabolism and indirectly assay changes in cell number or
viability. HEK Blue reporter cells were cultured and exposed to
compounds as described above and 20 pl supernatant were collected
for SEAP activity assays. U937 monocyte-like cells were cultured in
RPMI-1640 containing 10% FBS, differentiated by addition of 100
nM PMA for 2 days and exposed to compounds at varying
concentrations or solvent for 2 days. MTT dissolved in PBS was
added to the cells to a final concentration of 1 mg/ml. Cells were
then incubated at culture conditions for 1 h. Supernatants were
removed after centrifugation at 400xg for 5 min and the formed
formazan dye was dissolved in DMSO. Absorbance was measured at
570 nm and readings were normalized to solvent treated controls.
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Exclusion of Helix NIR (BioLegend) was used to assay
membrane integrity following compound treatment. Culture
conditions for U937 were as described above, undifferentiated
cells were incubated with varying concentrations of compound or
with solvent. Helix NIR was added to the cells to a final
concentration of 10 nM, cells were incubated at RT for 10 min
and acquired on a ZE5 Cell Analyzer (Bio-Rad). The cutoff for
positive staining was set to approximately the 99" percentile of
unstained cells.

2.6 Full blood stimulation assay

Human peripheral blood of healthy donors was diluted in an
equal volume of culture medium as described in 3.2, blood was
treated with test compounds or controls at various concentrations
and incubated at 37°C, 5% CO, for 6 h. Cells were pelleted by
centrifugation at 400xg for 5 min and supernatants were collected.

2.7 Quantification of cytokines by ELISA or
cytometric bead array

Cytokine concentrations in samples were quantified either by
ELISA (hTNFo, R&D Systems; hIFNca, Mabtech) or cytometric
bead arrays (CBA, LegendPlex mouse anti-virus response panel,
BioLegend) according to the manufacturer’s instructions. CBAs
were acquired on a ZE5 Cell Analyzer (Bio-Rad) and analyzed using
the LegendPlex Software Suite (Qognit/BioLegend). Absorbance of
ELISA-samples was quantified using a Versamax microplate reader
(Molecular Devices).

2.8 Experimental animals, sampling and
compound formulation

Experimental Animals. All animal experiments were carried
out in accordance with German law (35/9183.81-7/SYN 06/20).
Mice, 8-18 weeks old, were purchased from Janvier Laboratories
and maintained in a specific-pathogen-free animal facility with
chow and water ad [libitum. After arrival mice acclimated for a
minimum of 7 days.

Formulation. Test compounds were prepared for application in
either 1% Tween 80, 9% PEG400 in ultrapure water (Biowest) (i.v.,
i.p., p.o. application) or 5 mM citric acid in 0.9% saline (Braun)
(subcutaneous application). If compounds were administered
subcutaneously, injections were carried out into the neck crease.

Collection of Samples. Mice were bled from the tail vein at
various timepoints. Heparin (Sigma) or K,-EDTA (Sigma) was
added to blood samples to a final coagulant concentration of 10-
15 Unit or 5 mM. Plasma was generated by centrifugation at 6800xg
for 8 min at 4°C and stored at -80°C until analyzed by ELISA or
CBA. Animals were sacrificed after the indicated time points by
CO, inhalation. Heart blood and organs for compound
quantification by HPLC-MS/MS were collected post mortem and
stored at —20°C until extracted as described above.

Frontiers in Immunology

10.3389/fimmu.2023.1168252

3 Results

Activity of the new compounds (Figure 1) on TLR7/8 was
confirmed using the commercially available HEK-Blue reporter
system. Corresponding to the dual specificity of structurally
similar compounds described by others (1, 2), HEK-Blue hTLR7
and hTLR8 were used to assess relative potency on each receptor
relative to Resiquimod (RSQ) as a reference compound. Results of
the initial screening are in Table 1; Figure 2A. While all structural
variants retained TLR7-agonism, activation of hTLR8 was reduced
for compounds linked to a macrolide, carrying a protective group or
a longer spacer between the aromatic polycycle and the piperidine
as in Al. Maximal induction of SEAP varied between compounds
and was generally highest for RSQ in repeated experiments, while
other compounds either reached a lower maximum and subsequent
decrease in signal at lower concentrations or became insoluble
under the conditions used for the assay before reaching a plateau.
Average maximal activity in HEK-Blue hTLR7 relative to RSQ was
58% for Al, 55% for Al-boc and 41% for Al-mac. The methyl-
piperidine variants reached a higher maximal induction (A2-boc
86%, A2 81%, A2-mac 63%). SEAP secretion from HEK-Blue
hTLR-8 was close to baseline for Al as well as the protected or
macrolide-bound variants Al-boc, Al-mac, A2-boc and A2-mac,
with the former two showing low induction at very high
concentrations without reaching a plateau at sub-toxic
concentrations. A2 (57%), A3 (36%) and A4 (18%) retained
activity, although at a lower maximal induction than that of RSQ.

The compound specific EC50 for the HEK-Blue system is listed
in Table 1. To obtain reliable estimates, replicate measurements of a
minimum of 2 experiments were normalized to the maximal SEAP
activity of a compound in a given experiment and pooled before
fitting a non-linear function to the data. For all compounds, we
observed a reduction in SEAP activity in the supernatants above
certain compound concentrations. Data points above those
concentrations were excluded before curve fitting (Figures 2B;
S3, S4).

The decrease in signal was assumed to be caused by toxic effects
above certain concentrations, as indicated by a change in cell
morphology and reduced attachment to the plate surface.
Sensitivity of the reporter cells to toxic effects seemed to be
closely related to serum concentrations during the assay and was
less apparent if higher serum concentrations were used (Figure
S5A). To confirm this, we performed an MTT assay on the HEK
cells after collection of the supernatants for SEAP quantification
(Figure 2C upper two panels). While there was some reduction in
MTT conversion at concentrations similar to those for which we
observed a decrease in SEAP secretion, obvious toxicity could only
be observed at 20 uM and is likely to be related to poor solubility
and crystalizing of the compounds at those concentrations. Further,
areduction in MTT conversion could be observed in U937 cells and
was again most apparent for the poorly soluble Al-boc, with 50%
dye formation relative to solvent controls at the highest
concentration of 25 pM. Imiquimod and Al reduced signal to
<90% at concentrations >6.25 uM. In contrast, a dye exclusion assay
in U937 cells could only confirm negative effects on membrane
integrity for cells treated with 25 uM A1-boc, pointing to additional
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FIGURE 1
Compound structures.
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compound effects on metabolism and proliferation of the cells as

opposed to cell death.

Al and Al-mac were selected for further studies based on their

similar specificity and activity. Blood from 8 human donors was

stimulated at varying concentrations of either test compounds or

reference for 6 hours. Secretion of key cytokines was quantified by
ELISA. IFNa and TNFo, were selected as indicators for either
NFxB- or IRF3/7-mediated signaling following stimulation.

TABLE 1 ECsg values for compounds in HEK-blue human TLR7 and human TLR8 receptor assay (expressed as 95% Cl, ND noted for no calculation of
curve fit possible (adj. r* < 0.8)) and average maximal SEAP secretion observed for a given compound relative to the maximum secretion observed in

the assay.

Compound

TLR7 ECso [uM]

TLR7 activity rel. to assay max

TLR8 ECso [UM]

TLR8 activity rel. to assay max

RSQ 0.47 to 0.77 95% + 5% 29to0 3.6 96% + 4%
IMQ 521083 35% £ 7% ND 3% + 1%
Al-boc 0.39 to 0.69 55% + 7% ND 4% + 2%
Al 0.096 to 0.22 58% + 16% ND 11% + 8%
Al-mac 0.40 to 0.74 41% + 8% ND 5% + 3%
A2-boc 0.23 to 0.47 86% + 9% ND 4% + 1%
A2 0.075 to 0.12 81% + 13% 2.8to 3.1 57% + 9%
A2-mac 1.5t0 2.0 63% + 9% ND 4% + 1%
A3 1.0 to 1.5 62% + 9% 8.21t0 85 36% * 4%
A4 15t0 2.1 84% + 5% 11to 13 18% + 8%
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FIGURE 2

In vitro characterization of candidate molecules (A) SEAP activity in supernatants of HEK Blue reporter cells after 24 h stimulation with varying
concentrations of test compounds relative to solvent controls. (B) Dose response of Al and Al-mac in HEK Blue hTLR7. Circles represent normalized
replicate measurements pooled from 3 experiments. Lines represent non-linear functions fit to the data to calculate compound-specific EC50;
values in grey have been excluded before fitting. (C) Percent MTT conversion of compound-treated HEK-Blue reporter cells (top panels) or PMA-
differentiated U937 relative to solvent controls OR percent of undifferentiated U937 excluding Helix NIR dye. (D) TNFo/IFNo in supernatants of
human blood stimulated with Al, Al-mac or RSQ for 6 h, n=8, concentrations normalized to the maximum concentration of each cytokine for a

given donor, data presented as mean + 95% CI. (E) TNFo/IFNo in supernatan

t for two individual donors.

Maximal supernatant concentrations of both cytokines varied
considerably between donors (Figure 2E; Figure S5B). When
normalized to the maximal observed concentration for a given
donor, relative IFNo induction was robust and similar for both A1
and Al-mac as well as the reference, while the highest TNFo
concentrations were almost exclusively measured in supernatants
of RSQ-treated samples (Figure 2D). This is consistent with the
reduced affinity to TLR8 apparent in the reporter assay (Figure 2A).
IFNo. response for a given concentration was comparable for all
compounds, in contrast to the lower activity of A1/Al-mac in the
HEK-blue system. However, overexpression of a given TLR and
signal transduction exclusively via NFxB instead of IRF3/7 make
the HEK system useful to estimate affinity to a given receptor but
might not reflect a more complex system with multiple adapter
molecules involved in a primary immune cell.

One of the issues we addressed by coupling a TLR-activating
structure to a macrolide was poor bioavailability of available TLR-
agonists and the resulting limitations in possible routes for systemic
treatment. We confirmed the stability of our macrolide conjugates
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in biological systems in vitro. In whole blood and cell based (U937)
assays, compounds Al-mac and A2-mac were stable (Figure 3A)
over 24 h. We next sought to investigate whether stable coupling to
a carrier known for good tissue penetration and -distribution would
translate to more favorable pharmacokinetics in vivo. To this end
we compared bioavailability following intravenous (i.v.), oral (p.o.)
or intraperitoneal (ip.) application with cassettes containing Al-
mac, A2-mac and RSQ. Blood samples taken from the tail vein at
various times and organ samples collected terminally were then
analyzed for compound concentrations by HPLC-MS/MS. Doses of
compounds were selected based on known tolerance of TLR
agonists per route and restricted by detection limits of analytical
methods (i.v. 0.5 mg/kg; i.p. 2 mg/kg; p.o. 2 mg/kg). As expected, i.v.
application (i.v. 0.5 mg/kg) showed highest blood concentrations
for all substances (cpa,: RSQ 854 nM; Al-mac 392 nM; A2-mac 352
nM 15 min after application) but also showed fast elimination
(baseline level after 120 min) (Figure 3B) and low tissue distribution
(Figure 3C). Surprisingly, the oral availability of macrolide-bound
TLR agonists was lower than expected and on the same level as RSQ
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FIGURE 3

Stability and bioavailability of macrolide conjugates. (A) Stability of Al-mac and A2-mac was measured in human blood, U937 monocytes and RPMI
medium over 24 h. (B, C) Concentration of RSQ, Al-mac and A2-mac in peripheral blood and organs was assessed via HLPC-MS after i.v., i.p. and
p.o. compound administration in 10-week-old, female C57BL/6 mice (n=3 mice per group). Compounds were administered in cassettes (i.v.
application: 1.6 ymol/kg RSQ, 0.4 pmol/kg Al-mac, 0.4 pmol/kg A2-mac; i.p. application: 3.2 ymol/kg RSQ, 1.7 ymol/kg Al-mac, 1.7 pmol/kg A2-
mac, p.o. application: 3.2 umol/kg RSQ, 3.3 pmol/kg Al-mac, 3.3 pmol/kg A2-mac). (B) Peripheral blood was collected 15, 30 60, 120, 180, 240, 360
and 1440 min after compound administration. (C) Organs were sampled 1440 min after compound administration. (A—C) Data are presented as

mean + SD.

(Cmax: RSQ 41 nM; Al-mac 28 nM, A2-mac 22 nM 15 min after
application). This observation was unexpected, as macrolide-based
substances usually possess good oral availability. This is generally
accompanied by good systemic distribution and accumulation in
tissues (53, 54, 56) and the relatively low plasma concentrations in
this case may also reflect retention in the gut epithelium, which has
been observed for other similar conjugates (53). In contrast, i.p.
administration showed a distribution more similar to other
macrolide-conjugates described previously by us (53). Like iv.
treatment, i.p. (2 mg/kg), had rapid partition to blood (cpax: RSQ
123 nM; Al-mac 299 nM; A2-mac 138 nM 15 min after application)
and high concentrations of compounds Al-mac and A2-mac in
tissue with high levels in the liver (RSQ < LOD; Al-mac 3390 nM;
A2-mac 2522 nM) and kidney (RSQ < LOD; Al-mac 586 nM; A2-
mac 449 nM). Given the low levels following oral application and
the risk that it may stimulate the gut excessively, the oral route was
not used in subsequent in vivo studies.

We then compared the activity of A1 and Al-mac in vivo. Since
receptor engagement and activities in vitro were very similar for Al
and Al-mac, we hoped to be able to identify changes in activity
directly related to the macrolide carrier. Compounds were applied
subcutaneously at 3, 6 or 12 umol/kg. Plasma samples taken at
various times before and after treatment were analyzed for cytokine
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concentrations. Organs, terminal heart blood and peripheral blood
1 h post-treatment were analyzed by HPLC-MS/MS. As in the last
study (Figures 3B, C), high concentrations of A1-mac were found in
liver (5099 nM for 12 umol/kg) and kidney (5481 nM for 12 pmol/
kg) 8 h after treatment (Figure 4A). This was not found for RSQ (33
nM in liver and 51 nM in kidney for 12 umol/kg) and Al (173 nM
in liver and 636 nM in kidney for 12 umol/kg). Levels of Al were
dose dependent for all organs, with lung (868 nM for 12 umol/kg)
and tail blood high after 1 h (1557 nM for 12 pmol/kg).
Concentrations measured for RSQ were generally lower with
spleen being (202 nM for 6 umol/kg and 158 nM for 12 umol/kg)
the highest of the organs analyzed.

These pharmacokinetic data confirm the known effects of
macrolides on half-life and volume of distribution, are in line
with our previous study (Figure 3) and show that s.c. is a suitable
application route. For Al, the higher concentrations across all
tissues point to better overall penetration and stability when
compared to RSQ, further supported by higher concentrations of
Al in peripheral blood 1 h post application (Al: 1557 nM, Al-mac:
696 nM, RSQ: 175 nM, for 12 pumol/kg). Whole blood was analyzed
in these studies to take account of material portioned to cells.

Similar to the blood stimulation assays described earlier
(Figure 2D), the induction of pro-inflammatory cytokines and
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Concentration of RSQ, Al and Al-mac in organs and cytokine profile in peripheral plasma over time after 3, 6 and 12 pmol/kg s.c. compound

administration in 8-week-old, female C57BL/6 mice (n=3 mice per group).

(A) Organs were sampled 8 h after treatment and compound

concentration was determined via HPLC-MS/MS. Data are presented as mean + SD. (B) Cytokine levels in tail plasma over time were determined via
cytometric bead array. At each sampling timepoint the plasma of mice in one treatment group was pooled

IFNo. was clearly different between groups receiving RSQ and either
Al or Al-mac (Figure 4B). While RSQ treatment resulted in a sharp
increase in TNFo and IFNo plasma levels, peaking 90 min post
treatment and falling close to baseline after 240 min, release kinetics
were generally slower in the groups receiving A1 or Al-mac. Mice
treated with Al-mac had a lower TNFa. peak at 90 min while in Al-
treated mice it was at 120 min. IFNo levels stayed elevated over the
8 h period of the study in Al and Al-mac treated groups.

Most striking was that in RSQ-treated groups, the peak TNFo
concentrations were over 10 times higher than in Al or Al-mac
groups. The area under the curve calculated from the TNFo. plasma
values of mice receiving the lowest dose of 3 pmol/kg RSQ was
about 4 times larger than the area calculated for any A1 or Al-mac
treated group. In contrast to this, the AUCs for IFNo. were similar
between groups (Table 2 top section).

While we anticipated different release kinetics based on the
differences in pharmacokinetics described earlier, the different
cytokine release patterns were unexpected. Preference for TLR7
over TLR8 should not have an impact in murine systems (in which
activity of RSQ is thought to be dependent on TLR7 under normal
circumstances (62, 63)) and the release of TNFo. as well as IFNo and
other cytokines (Figure S6) were highest in the RSQ group receiving
the lowest dose. We suspected this to be due to a saturation effect and
possibly overshooting feedback mechanisms. The idea of negative
feedback potentially decreasing the secretion of Type I IFN in RSQ
treated animals after a short burst is supported by the higher IL10
levels observed only in those animals (Figure S6 bottom panels). In
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this case, differences in cytokine secretion could be explained simply
by the higher potency of RSQ compared to A1/Al-mac. To rule out
differences in potency as the reason for the varying cytokine profiles,
we reduced RSQ doses to 0.1, 0.3, 1 and 3 pmol/kg and added 1 pmol/
kg as an additional dose for A1 and Al-mac in a follow-up study. The
doses were chosen so the lowest dose for a given compound would be
at the threshold of detectable activity while reflecting the differences
in maximal TLR7-activation we originally observed in the HEK
reporter assay. When comparing the AUC in this study, we found
a dose ratio of roughly 6-10 times the molar dose of RSQ leading to
comparable amounts of IFNo in Al and Al-mac treated groups,
while 30-40 times the molar dose were necessary to induce similar
levels of TNFo.. More specifically, we could not find a dose for which
RSQ would induce similarly high levels of type I Interferon without
also leading to much higher release of TNFa than Al and Al-mac
(Figure 5C; Table 2 bottom section). This is not limited to a reduction
of TNFo.-secretion relative to Type I IFN but a similar pattern can be
observed for other NFxB-induced cytokines (Figure 5D).

We conclude from this that the specific induction of high levels
of Type I IFN is a characteristic feature of A1 and Al-mac and
cannot be reproduced by any dose of RSQ. These characteristics
might be related to the different stability and pharmacokinetic
profile when compared to RSQ, to varying receptor specificity or
to differences in subcellular partitioning of the compounds.

Distribution of compounds to different organs was similar in
pattern but varied in concentration when compared to the previous
study (Figures 5B, 4A). Taking the different dose ranges into
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FIGURE 5

Pharmacokinetics and induction of TNFa., IFNo by Al and Al-mac and RSQ. (A—-D) Female, 18-week-old, C57BL/6 mice were treated s.c. with either
0.1, 0.3, 1, 3 ymol/kg RSQ, or 1, 3, 6 or 12 pmol/kg Al or Al-mac (n=3 mice per group). Compound concentration in (A) peripheral blood collected
via tail bleeding before, 15, 30 60, 120, 240, 360 and 480 min after s.c. compound application and (B) organs collected after 8 h was assessed via
HPLC-MS/MS. (A, B) Data are presented as mean + SD. (C) Levels of TNFo and IFNa as well as (D) IL6, CXCL1, CCL2, IFNB, IFNy and IL10 in tail
plasma over time were determined via cytometric bead array. Area under the curve (AUC) of each cytokine was plotted against compound

concentration. Data are represented as mean + 95% confidence interval.

account, Al and Al-mac reach higher concentrations in tissues
than RSQ 8 h post compound application (in kidney at 3 umol/kg
RSQ: 10 nM Al: 469 nM Al-mac 2176 nM and in liver RSQ:
<LLOQ A1l: 45 nM Al-mac 6030 nM). Compound levels in
peripheral plasma over time were analyzed in this study. We
found that not only the macrolide conjugate but also the free
agonist Al was detectable in plasma over a longer period of time
when compared to RSQ. This may, in part, be due to higher stability
as well as retention at and slower release from the injection site for
Al and Al-mac (Figure 5B, narrow panels).

Since we could not attribute our observations to dose alone and
there are specific cases in which murine TLR8 is reported to be
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activated (64), we added Imiquimod as the prototypical TLR7-
agonist to act as an additional reference in our next study.
Imiquimod itself is not solely reliant on TLR7 signaling to trigger
its pro-inflammatory effects, being also an inhibitor of adenosine
receptors (65). However, it is inactive on TLR8 and more similar to
Al and Al-mac in that regard. To account for the lower potency of
Imiquimod when compared to the other compounds, we used a
dose corresponding to the ~10-fold difference in potency relative to
Al-mac indicated by the reporter assay detailed earlier. We further
chose doses for A1, Al-mac and RSQ based on those which resulted
in similar IFNa-AUC in the previous study and modified the
protocol to include three consecutive daily treatments to assess
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TABLE 2 AUC of TNFa and IFNa measured in peripheral plasma over an 8 h period after application of equimolar doses (top section) or doses
adjusted to the activity of the compounds (bottom section) in female C57BL/6.

TNFo. AUC [pg/ml-min]

IFNow AUC [pg/ml-min] INFo. AUC / TNFor AUC

0.1 0.3 1 3 6 (N 0.3 1 3 6 12 01 03 1 3 6 12
Al 6.5E 1.7E 3.5E 6.6E 1.3E 2.5E
77 | 72 102
+03 +04 +04 +05 +06 +06
Al-mac 6.9E 2.4E 7.6E 42E 9.2E 3.1E 30 | a1 | 60
+03 +04 +04 +05 +05 +06
RSQ 33E 2.8E 2.6E 22E 7.8E 8.0E 5 5 .
+05 +05 +05 +06 +05 +05
Al 9.7E 1.1E 2.0E 44E 7.0E 49E 1.1E 1.9E
7 | 44 58 | 44
+03 +04 +04 +04 +04 +05 +06 +06
Al-mac 7.2E 14E 3.8E 6.5E 3.3E 3.0E 1.6E 1.9E
5 22 42 30
+03 +04 +04 +04 +04 +05 +06 +06
RSQ 1.7E 5.0E 1.2E 1.5E 1.1E 5.6E 1.1E 9.7E 6 I 9 6
+04 +04 +05 +05 +05 +05 +06 +05

Plasma of 3 individual animals per group was pooled and analyzed via CBA. Values in the right section show AUCs of IFNo: normalized to the corresponding AUC of TNFa for a given

compound and dose.

the effect of repeated applications on pharmacokinetics (induced
metabolism, accumulation) and cytokine induction.

Organ concentrations (Figure S7; collected after 4, 28 and 52 h)
were similar to previous studies, with highest concentrations in liver
(RSQ: <LLOQ IMQ: 630 nM Al: 63 nM Al-mac: 2617 nM after 4 h;
RSQ: <LLOQ IMQ: 824 nM Al: 82 nM Al-mac: 4461 nM after 28 h;
RSQ: <LLOQ IMQ: 645 nM Al: 94 nM Al-mac: 6352 nM after 52 h).
Interestingly, measured brain tissues showed baseline or close to
baseline levels for RSQ (most likely at least partly due to the
comparatively low dose), Al and Al-mac, whilst IMQ was detected
with increasing concentrations over the course of the study (32 nM
after 4 h; 135 nM after 28 h, 177 nM after 52 h), in line with earlier
publications and our observations connecting IMQ brain
concentrations with systemic inflammatory responses (66, 67). While
there were some minor deviations in compound plasma levels between
the first and consecutive treatments (all peaked 60 min after each
application; day 1: RSQ <LLOQ IMQ 796 nM, Al 171 nM, Al-mac
755 nM; day 2: RSQ <LLOQ, IMQ 606 nM, Al 85 nM, Al-mac 585
nM; day 3: RSQ <LLOQ, IMQ 608 nM, Al 66 nM, Al-mac 639 nM;
Figure 6B), the most prominent effect of repeated doses is a decline in
Interferon-secretion after the first treatment. Secretion of TNFo was
fairly similar after each of the repeated treatments and remained low
for all treatments with Al and Al-mac in comparison with IMQ and
RSQ (Figure 6C shows days 1 and 2). IFNo induction was reduced
after the second treatment for all compounds and plasma levels on the
third day generally remained below the limit of detection. The decrease
in INFo levels on the second day was more pronounced for Al and
Al-mac, both being at the limit of detection for type I Interferon
concentrations in plasma after the second treatment (Figure 6A).

The induction of IFNo and TNFq after treatment with RSQ or
IMQ were very similar in their kinetics as well as the ratio of both
cytokines. Al- and Al-mac-treated animals showed a delayed and
more sustained induction of IFNo and little TNFo in peripheral
plasma after the first treatment, as in previous studies.
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4 Conclusion

The similarities between IMQ and RSQ in cytokine induction
make differences in receptor specificity an unlikely explanation for
the divergent cytokine profile induced by Al/Al-mac. We
hypothesize that these observations are due to either PK and
specifically release kinetics from the injection site or possibly
partitioning to specific cellular compartments. The differences in
PK are clear from the data reported here.

Additionally, we consider the option that subcellular location
may be relevant in “polarizing” TLR7-mediated signaling based on:
firstly, the observations made by others demonstrating the outcome
of TLRY activation is dependent on the cellular compartment in
which activation occurs (28-31); and, secondly, the considerable
overlap between adapter molecules employed by TLR7 and 9 to
either activate NF«B or cause phosphorylation of IRF7, particularly
TRAF6 or TRAF3. Thirdly, our own observations that a structurally
similar fluorescent tool compound consisting of a macrolide core
conjugated to a coumarin dye accumulated in endosomal
compartments (Laux et al, in review) which could be organelles
relevant to IRF7 activation as well as the research of others
demonstrating endosomal uptake of both macrolides and
imidazoquinolines (55, 60). In conclusion, we consider the
possibility that preferential uptake of our compounds in those
organelles causes their characteristic cytokine induction, although
preferential partitioning to specific endosomes needs to be
explicitly demonstrated.

Irrespective of the exact mechanism causing them, these data
suggest that the compounds have profound and distinct properties
and biological activities relative to well-known compounds like RSQ
and IMQ. The new class differs from previous compounds in
stability, distribution, spectrum and duration of action. The
conserved activity of the macrolide conjugate Al-mac indicates
that the compounds tolerate large bulky substituents at the linkage
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Effect of repeated applications of A1, Al-mac, RSQ and IMQ. Dotted lines indicate the time of repeated compound applications. (A) Cytokine levels
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position and are also suitable for linkage to other macromolecules
This makes them potentially useful reagents for addition of immune
stimulatory properties to other compounds and agents such as
polymers, proteins and antibodies.

The absence of a strong TNFo signal could increase the
tolerability of the compounds in clinical use. It remains to be
seen whether this is advantageous for applications in oncology.
However, a variety of tumors appear to benefit from high TNFo
levels and this aspect may require more nuanced investigation.

This cytokine profile with its emphasis on IFNo. may potentially
suit applications in treatment of viral infections. The potency and
specificity of the compounds as well as their induction of patient-
specific quantities of type I IFN could make them suitable as an
alternative to treatment with a fixed dose of recombinant IFNo.
Nevertheless, the loss of the IFNo response on successive
application may indicate a risk of receptor saturation and
immune exhaustion. The impact of time between treatments on
this effect has been demonstrated for RSQ in the past (68) and
careful attention is required to define a suitable dosing interval
before application in a clinical setting.
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Oral prednisolone suppresses
skin inflammation in a healthy
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challenge model

Salma Assil*?, Thomas P. Buters***, Pieter W. Hameeteman®,
Charlie Hallard*, Nicoline Treijtel’,

Tessa Niemeyer — Van der Kolk?, Marieke L. de Kam®,

Edwin F. I. I. I. Florencia®, Errol P. Prens?,

Martijn B. A. van Doorn*, Robert Rissmann™??,

Naomi B. Klarenbeek™, Manon A. A. Jansen*

and Matthijs Moerland**

tCentre for Human Drug Research, Leiden, Netherlands, ?Division of Biotherapeutics, Leiden
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Imiquimod (IMQ) is a topical agent that induces local inflammation via the Toll-like
receptor 7 pathway. Recently, an IMQ-driven skin inflammation model was
developed in healthy volunteers for proof-of-pharmacology trials. The aim of
this study was to profile the cellular, biochemical, and clinical effects of the
marketed anti-inflammatory compound prednisolone in an IMQ model. This
randomized, double-blind, placebo-controlled study was conducted in 24
healthy volunteers. Oral prednisolone (0.25 mg/kg/dose) or placebo (1:1) was
administered twice daily for 6 consecutive days. Two days after treatment initiation
with prednisolone or placebo, 5 mg imiquimod (IMQ) once daily for two following
days was applied under occlusion on the tape-stripped skin of the back for 48 h in
healthy volunteers. Non-invasive (imaging and biophysical) and invasive (skin
punch biopsies and blister induction) assessments were performed, as well as
IMQ ex vivo stimulation of whole blood. Prednisolone reduced blood perfusion
and skin erythema following 48 h of IMQ application (95% Cl [-26.4%, —4.3%], p =
0.0111 and 95% CI [-7.96, —2.13], p = 0.0016). Oral prednisolone suppressed the
IMQ-elevated total cell count (95% ClI [-79.7%, —-16.3%], p = 0.0165), NK and
dendritic cells (95% ClI [-68.7%, =5.2%], p = 0.0333, 95% CI [-76.9%, —-13.9%], p =
0.0184), and classical monocytes (95% Cl [-76.7%, —26.6%], p = 0.0043) in blister
fluid. Notably, TNF, IL-6, IL-8, and Mx-A responses in blister exudate were also
reduced by prednisolone compared to placebo. Oral prednisolone suppresses
IMQ-induced skin inflammation, which underlines the value of this cutaneous
challenge model in clinical pharmacology studies of novel anti-inflammatory
compounds. In these studies, prednisolone can be used as a benchmark.
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Introduction

Early phase clinical research commonly evaluates the safety,
tolerability, and pharmacological activity of novel compounds (1-
3). For anti-inflammatory and immunomodulatory compounds,
immune challenge models are becoming increasingly popular to
demonstrate ‘proof of pharmacology’ at an early clinical stage,
thereby providing insight into the mechanism of action and
providing target engagement (4). These pharmacological
challenge models are often translated from animal work and can
guide drug developers on dose selection and dosing regimens for
subsequent phase II studies in the target population.

A widely used preclinical model to study (modulation of)
inflammation, also applied in healthy volunteers (HV), is the
topical imiquimod (IMQ) challenge, which drives a toll-like
receptor (TLR) 7-mediated response. The TLR-dependent
pathway activates nuclear factor kappa B (NF-xB) signaling and
IRF via My-D88, which is important for an early immune response,
such as secretion of pro-inflammatory cytokines, including
interferon (IFN) -o, interleukin (IL)-1, IL-1RA, IL-6, and IL-8
(5). IMQ applied under occlusion for 48 h drives a transient local
reversible inflammatory response indicated by an increase in blood
perfusion, erythema, and cytokine production (6). The IMQ model
is valuable for the evaluation of the potential combined effect of
IMQ and omiganan (a synthetic indolicidin) in HV (7). The IMQ
challenge can be valuable for proof-of-mechanism studies of
compounds that target TLR7-mediated responses. However,
formal benchmarking of the topical IMQ challenge model in
humans, using a registered anti-inflammatory drug has not yet
been performed.

An alternative human innate immune challenge model is
intradermal LPS challenge, which drives TLR4-mediated
responses. Corticosteroid treatment (oral prednisolone and topical
clobetasol propionate) suppressed the characteristics of the dermal
inflammatory reaction, which was also reflected by a reduction in
inflammatory cell attraction in the blister fluid (8, 9). Moreover, for
the topical IMQ model, profiling of effects of a known strong anti-
inflammatory compound that is widely used in dermatology, such
as oral prednisolone, would be valuable to benchmark the
model for future evaluations of novel anti-inflammatory or
immunomodulatory compounds.

Therefore, in this study, we aimed to profile the cellular,
biochemical and clinical effects of oral prednisolone on the IMQ
skin inflammation model in healthy volunteers with the goal of i)
benchmarking the IMQ model for future novel anti-inflammatory
compounds, ii) expanding the mechanistic insights into the IMQ-
driven skin response by a more thorough molecular and cellular
evaluation, and iii) gaining insight into the immunomodulatory
mechanism of prednisolone in TLR7-mediated tissue inflammation.

Materials and methods

This randomized, double-blind, placebo-controlled,
investigator-initiated study was conducted according to the Dutch
Act on Medical Research involving Human Subjects (WMO), and
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the study protocol was approved by the Medical Ethics Committee
(Stichting Beoordeling Ethiek Biomedisch Onderzoek, Assen, The
Netherlands) prior to the start of the clinical phase. The subjects
provided written informed consent before any study-related
procedures were undertaken.

Study design and subjects

A total of 24 healthy male and female Caucasian (Fitzpatrick
skin type I-IIT) volunteers, aged between 18 and 45 years, were
enrolled in this study. Health status was confirmed by medical
history, physical examination, laboratory tests, and 12-lead
electrocardiography (ECG). None of the participants had a family
history of psoriasis, no pathological skin conditions at the treatment
area, no history of hypertrophic scarring or keloids, no prior use of
imiquimod, and no known hypersensitivity to prednisolone.

Treatment and IMQ challenge

Participants were equally randomized into two groups to
receive oral prednisolone (0.25 mg/kg/dose) or placebo, twice
daily with a 10-12-hour interval between doses, over a period of
six consecutive days. On the sixth day, the volunteers received only
one dose of prednisolone or placebo in the morning. The treatments
were administered under supervision at the clinical research unit to
ensure treatment compliance. After two days of pre-treatment with
oral prednisolone or placebo, challenge with IMQ commenced (6).
For this purpose, the upper back was divided into seven rectangles
measuring 4 x 3 cm. Each treatment area was tape-stripped 20 times
(D-Squame, CuDerm, Dallas, TX) to induce mild barrier skin
disruption, whereas the trans-epidermal water loss (TEWL)
(AquaFlux, Biox Systems) was used to quantify skin permeability
(6, 7). A TEWL between 15 and 20 g/mZ/h was considered as mild
barrier skin disruption. No IMQ was applied to the first two areas
since they represented the non-treated areas, while in the other
three to five areas, 5 mg IMQ (100 mg Aldara®) was applied for
either 24 h or 48 h (depending on the assigned cohort) under
occlusion by a 12 mm Finn chamber (Bipharma, Almere, The
Netherlands) to initiate an inflammatory skin reaction. Subjects
were randomized on (pre-)treatment (prednisolone or placebo) and
the time point of invasive measurements (blister and biopsy), as
illustrated in Figure 1.

Imaging-based endpoints

The subjects underwent multiple assessments to evaluate the
inflammatory skin response before the IMQ challenge and 24, 48,
72, 168, and 216 h after IMQ application. A single treatment site
was selected to evaluate non-invasive endpoints throughout the
study period (Figure 1), resulting in N = 12 per time point. An
overview of the number of samples per time-point is presented in
Table S1. Erythema was graded in two ways: by a physician using a
4-point scale ranging from 0 (absent) to 3 (severe) and by
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FIGURE 1

Overview of the treated sites on the back and study schedule. (A) A total of three biopsies and three blisters were obtained from each subject, with
the timing and location of each procedure determined by their assigned cohort. One site on the back was used solely for non-invasive
measurements throughout the study period. The skin responses were evaluated using a multi-modal approach and are represented in the "derma
flower.” (B) A schematic overview of all assessments performed relative to dosing. Created with BioRender.com. Derma flower created by F. van

Meurs, adapted for this manuscript.

multispectral photoanalysis (Antera 3D, Miravex, Ireland).
Perfusion was quantified using laser speckle contrast imaging
(LSCI; PeriCam PSI System, Perimed Jéfilla, Sweden) and Optical
Coherence Tomography (OCT; VivoSight, Michelson Diagnostics
Maidstone, UK). The latter was also used to measure epidermal
thickness. All skin assessments were performed under standardized
conditions at room temperature (20-24°C).

Biopsy and blister exudate assessments

Suction blisters and 3 mm biopsy samples were taken from the
IMQ-treated areas and control areas at the indicated time points,
depending on the cohort and randomization (Figure 1). Three biopsies
and three blisters were collected from each healthy volunteer. Suction
blisters were induced according to the method described by Buters et al.
(8). Biopsies were placed in RNAlater medium directly after harvest and
stored at 4°C until analysis at the Immunology Laboratory of Erasmus
Medical Center, Rotterdam, Netherlands. Immunohistochemical
staining was performed to obtain scoring of markers CD11c (Clone
5D11; Cell Marque), CD14 (Clone EPR3653; Cell Marque), CDla
(Clone EP3622; Cell Marque), CD4 (Clone SP35; Ventana), CD8
(Clone SP57; Ventana), and HLA-DR (CR3/43; Dako) using a 6-point
rating scale; 0 = negative, 1 = minimal, 2 = few, 3 = moderate, 4 = many,
and 5 =excessive.

Frontiers in Immunology

Blister fluid was collected in a V-bottom plate containing 50 pl
3% sodium citrate (Sigma) in PBS (Gibco) and kept on ice. The
plate was centrifuged, and the supernatant was weighed to estimate
the volume and then frozen at —80°C for cytokine analysis (Meso
Scale Discovery, Rockville, Maryland, USA). The following
cytokines were analyzed: TNF, ASC, IL-1, IL-6, IL-10, IL-8, IFN-
Y, and downstream marker for type 1 interferon Mx-A (V-plex
proinflammatory panel of MSD and Mx-A protein ELISA kit from
BioVendor). The cell pellet was resuspended in RoboSep buffer
(StemCell). A cocktail of fluorescent antibodies against cell surface
markers was added to the cells and incubated for 30 min on ice. The
stained samples were washed with PBS and measured using
MACSQuant 16 (Miltenyi Biotec GmbH). Flow cytometry data
were analyzed with Flowlogic 7.2 (Inivai). Parallel to the blister
fluid, peripheral blood was collected by venipuncture using a
sodium heparin vacutainer (BD). Approximately 100 ul of whole
blood was treated with red blood cell lysis buffer (eBioscience),
washed with PBS, and resuspended in RoboSep buffer. Staining was
similar to that of the previously mentioned blister cells and served
as a template for the gating strategy. The following antibodies were
used: CD56-PE (cat# 130-113-312, Miltenyi Biotec), CD14-PE-
Vio615 (cat# 130-110-526, Miltenyi Biotec), CD16-VioBrighT
FITC (cat# 130-119-616, Miltenyi Biotec), CD66b-AF700 (cat#
305114, Biolegend), CD19-BV650 (cat# 302238, Biolegend),
CD20-BV650 (cat# 302336, Biolegend), HLA DR-APC (cat# 130-
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111-790, Miltenyi Biotec), CD4-VioBlue (cat# 130-114-534,
Miltenyi Biotec), CD8-BV570 (cat# 301038, Biolegend), CD45-
VioGreen (cat# 130-110-638, Miltenyi Biotec), CD1c-PE-Vio770
(cat# 130-110-538, Miltenyi Biotec), CD3-APC-Vio770 (cat# 130-
113-136, Miltenyi Biotec), 7AAD (cat# 130-111-568, Miltenyi
Biotec). An overview of the gating strategy is shown in Figure S2.
Cell populations (Single live cells) were classified according to the
following profile: CD45" HLA-DR™ CD66b" CD16" neutrophils,
CD45" HLA-DR" CD14" CD16" classical monocytes, CD45" HLA-
DR" CD14" CD16" intermediate monocytes, CD45" HLA-DR"
CD14~ CD16" non-classical monocytes, CD45" HLA-DR" CD19~
CD20~ CD14~ CD16~ CDI1c" dendritic cells, CD45% HLA-DR™
CD56" NK Cells, CD45" HLA-DR™ CD3" CD4" CD8™ T helper
cells, CD45" HLA-DR™ CD3" CD4~ CD8" cytotoxic T cells, and
CD45" HLA-DR* CD19" CD20" B cells.

Ex vivo whole blood stimulation

To investigate the extent of systemic immune suppression with
prednisolone (ex vivo drug activity), IMQ whole-blood stimulation
was used with cytokine release as a readout. Blood was drawn from
healthy volunteers at four time points: pre-dose, 48, 52, and 96 h
after the initial prednisolone/placebo dose. Blood samples were
drawn 48 h and 96 h after initial dose but before the morning
prednisolone/placebo dose. The sample taken 52 h after the first
administration was taken 4 h after the previous prednisolone/
placebo dose. At these time points, sodium heparinized whole
blood was stimulated with 20 pg/ml IMQ (cat# tlrl-imq,
InvivoGen) for 24 h. After incubation, the cultures were spun
down, and the supernatant was collected and frozen at —80°C for
cytokine analysis. The samples were shipped to Ardena (Assen,
Netherlands) for analysis. The following cytokines were analyzed:
IL-1B, IL-6, IFN-y (V-plex proinflammatory panel of MSD), IP-10
(V-plex chemokine panel of MSD), and Mx-A (human Mx-A
protein ELISA kit from BioVendor).

Statistics

All repeatedly measured PD endpoints were summarized (n,
mean, SD, min, and max values) according to treatment and time.
Repeatedly measured continuous PD endpoints were analyzed
using a mixed model analysis of covariance with fixed factor
treatment, time, and treatment by time, with a random factor
subject as a covariate. The baseline for whole blood stimulation
was the pre-prednisolone/placebo treatment measurement. A
summary table of the analysis results per variable was generated
with estimates of the difference of the different contrasts and a back-
transformed estimate of the difference in percentage for log-
transformed parameters, 95% confidence intervals (in percentage
for log-transformed parameters), Least Square Means (geometric
means for log transformed parameters), and the p-value of the
contrasts. Statistical analyses were performed using SAS for
Windows V9.4 M6 (SAS Institute Inc., Cary, NC, USA).
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Results

Twenty-one female (87.5%) and three male (12.5%) Caucasian
subjects participated in the study and completed the study without
withdrawal. The mean age was 26.3 + 4.6 years. Headache was the
most frequent adverse event; however, it was mild in nature and
probably related to the administration of prednisolone. No serious
adverse events were reported during the study.

Oral corticosteroids suppress the
clinical response induced by topical
IMQ application

Oral prednisolone or placebo was administered at 0.25 mg/kg
per dose b.i.d. for a period of six consecutive days, and the effects on
IMQ-driven clinical responses were evaluated. IMQ was applied for
a maximum of 48 h under occlusion, after the skin was tape-
stripped 20 times. Maximal responses were observed 48 h after IMQ
application in the placebo group (Figures 2A, B). Treatment with
prednisolone resulted in a reduction in the IMQ-driven response
from 24 h to 72 h, quantified by imaging of blood perfusion
(estimated difference: —16.1%, 95% confidence interval (CI)
[-26.4%, —-4.3%], p = 0.0111), erythema (estimated
difference: —5.04, 95% CI [-7.96, -2.13], p = 0.0016), and
epidermal thickness (estimated difference: —0.018, 95% CI
[-0.029, —0.006], p = 0.0044), compared to placebo (Figures 2A-
C). A visual overview of the blood perfusion and erythema is shown
in Figure 2D. Application of IMQ (for 24 and 48 h) on the skin
resulted in a thickened epidermis, disappearance of the rete ridges
and dilatation of the blood vessels (Figure 2E). Furthermore,
prednisolone treatment shifted the clinically scored erythema
response from moderate to mild (at 48 h) and reduced the
proportion of clinically scored erythema (Figure SI). All
quantified responses (perfusion, erythema, and epidermal
thickness) were reversible and returned to baseline during the
follow-up phase (168 and 216 h).

Oral corticosteroids reduce the
IMQ-driven cell infiltration in blister
exudate and biopsy

In earlier skin challenge research, cellular responses were
studied using invasive techniques including suction blisters and
skin punch biopsies (6-9). In this study, we implemented the same
approach by inducing suction blisters and taking skin punch
biopsies at the indicated time points, resulting in a total of three
blisters and three biopsies per subject (Figure 1). Biopsy samples
were stained for dermal immune cell infiltration and scored by an
independent investigator blinded to the treatment.

In addition, immune cells in the blister exudate were evaluated
using flow cytometry. A full overview of the analyzed immune cell
subsets is shown in Figure 3. The average time for blister induction was
(estimated mean, 95% CI) 86.7 min, 95% CI [71.9, 101.4] in the placebo
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FIGURE 2

Imaging and biophysical based assessments. Pre-IMQ timepoint refers to assessment prior to IMQ application, whereas 24h refers to 1x IMQ
application and 48h to 2x IMQ application. 72h refers to 2x IMQ application however measured 24 hours post last IMQ application. For the following
measurements prednisolone is compared to placebo. (A) Skin perfusion by LSCI, estimated difference: -16.1%, 95% CI [-26.4%, -4.3%], p= 0.0111. (B)
Erythema measured by multispectral camera, estimated difference: -5.04, 95% Cl [-7.96, -2.13], p= 0.0016. (C) Epidermal thickness by OCT,
estimated difference: -0.018, 95% CI [-0.029, -0.006], p= 0.0044. (D) A visual overview of LSCI and multispectral imaging in the prednisolone and
placebo group. A ROI of 12 mm was selected for quantification. (E) OCT image of one subject of the placebo group after application of IMQ over
time. Cl, confidence interval; IMQ, Imiquimod; LSCI, Laser speckle contrast imaging; LSMeans, Least Squares Mean; OCT, Optical coherence

tomography.

group and 84.1 min, 95% CI [69.4, 98.8] in the prednisolone group
(data not shown). No significant difference in the time required for
blister formation was observed between the groups (estimated
difference: —2.5, 95% CI [-23.4, 18.3], p = 0.8034). The total number
of cells (CD45") increased mildly following IMQ application, with a
peak of 624.6 + 469.5 cells in blister exudate at 48 h (after 2x IMQ
application) (Figure 3A). IMQ increased the number of CD45" HLA-
DR™ CD56" (NK cells), reaching a maximum of 84.2 + 89.76 cells also
at 48 h (after 2x IMQ application) (Figure 3B). The infiltration was
followed by other innate immune cells, such as CD45" HLA-DR"
CD19™ CD20° CD14 CD16 CDIc" (dendritic cells) and CD45"
HLA-DR" CD14" CD16™ (“classical monocytes”) peaking at 72 h (24 h
after the second IMQ application) with mean + SD of 26.0 + 21.06 cells
and 25.3 + 27.7 cells, respectively; however, this resulted in a weaker
response compared to the influx of NK cells (Figures 3C, D). Although
neutrophils are strongly involved in innate immune responses, no
infiltration of CD45" HLA-DR™ CD66b" CD16" (neutrophils) was
observed after IMQ application, resulting in cell counts of <5 cells (data
not shown). Similar low cell counts were observed for CD45" HLA-
DR" CD14" CD16" (“intermediate monocytes”), CD45" HLA-DR"
CD14~ CD16" (“non-classical monocytes”), and CD45" HLA-DR"
CD19" CD20" (B cells) (data not shown). IMQ treatment did not result
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in a significant increase in B cells in the blister fluid (data not shown),
nor did it substantially attract CD45" HLA-DR™ CD3* CD4* CD8™ (T
helper cells) and CD45" HLA-DR™ CD3" CD4~ CD8" (cytotoxic T
cells) (Figures 3E, F). Prednisolone reduced the number of immune
cells in blister fluid. This reduction, compared to placebo, was observed
for total cells, NK cells, dendritic cells, and classical monocytes
(-58.8%, 95% CI [-79.7%, —16.3%], p = 0.0165; —45.5%, 95% CI
[-68.7%, —5.2%], p = 0.0333; —55.4%, 95% CI [-76.9%, —13.9%], p =
0.0184; and -58.6%, 95% CI [-76.7%, —26.6%], p = 0.0043,
respectively). Although no substantial changes were observed
following IMQ challenge, prednisolone significantly reduced the
number of T cell subsets (estimated difference: —76.0%, 95% CI
[-92.4%, —4.7%], p = 0.0168 for T helper cells and estimated
difference: -70.5%, 95% CI [-89.6%, —16.0%], p = 0.0242) for
cytotoxic T cells.

Immune cell subsets in biopsies, quantified by IHC, showed a
comparable picture to the cells analyzed by flow cytometry in blister
fluid. Administration of prednisolone reduced HLA-DR and
infiltrating CD11c (dendritic cells), CD4" (T helper cells), CDla
(Langerhans cells), and CD8" cells (cytotoxic T cells) (Figure 4).
Time courses of IMQ and prednisolone effects were comparable
between biopsy and blister-derived immune cells.
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Oral corticosteroids suppress IMQ-driven

cytokine responses

in blister exudate and

whole blood cultures

In addition to the dermal cellular response, cytokine levels were
analyzed in the blister exudate to evaluate of NF- kB- and IRF7-driven
responses. IMQ application induced a mild IL-6 response at 24 and
48 h (Figures 5A, B) but had no clear effect on the levels of NF- kB-
driven cytokines IL-1 IL-8 and IL-10 (Figures 5C-E). IMQ increased
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the Mx-A concentration in the blister fluid, with a peak at 48 and 72 h
(Figure 5F), indicating activation of the IRF7 pathway. Prednisolone
treatment reduced the levels of NF-kB-driven cytokines (IL-6, IL-8,
and TNF), IL-1B, and Mx-A (Figures 5A-C, F). No formal statistical
analysis for cytokines IL-6, IL-1P, and Mx-A was conducted for the
contrast placebo versus prednisolone, because the immune suppression
by prednisolone was so strong that most cytokine levels were below the
LLOQ. ASC and IFN-vy concentrations in blister fluid are very low, and
therefore, have not been reported.
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Whole blood samples, drawn from study participants at
predefined time points, were stimulated with IMQ for the
evaluation of ex vivo prednisolone activity. Stimulation with IMQ
led to an increase in IL-1B, IFN-y, and IL-6 levels (Figures 6A-C),
but not in a detectable Mx-A response (data not shown). An
overview of the ex vivo results, including those of the
unstimulated control conditions, is provided in Table S2. Overall,
prednisolone compared to placebo had a significant effect on IFN-y
and IL-1B concentrations (estimated difference: —86.8%, 95% CI
(~94.1%, —70.3%, p <0.0001), —55.8%, 95% CI [~78.8%, —8.3%], p =
0.0301, respectively), but not IL-6 (estimated difference: —44.1%,
95% CI [-69.1%, 1.0%], p = 0.0537). However, prednisolone
treatment resulted in a statistically significant reduction in IMQ-
driven cytokines (IL-1fB, IL-6, and IFN-y), with a maximum
inhibitory effect at 52 h post-administration, with an estimated
difference of —92.9%, 95% CI [-96.8%, —84.3%], p <0.0001,
estimated difference: —87.1%, 95% CI [-93.2%, —-75.7%], p
<0.0001; estimated difference: —99.0%, 95% CI [-99.6%, 97.4%], p
<0.0001, respectively. Interestingly, prednisolone had no effect on
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IMQ-induced response at time points 48 and 96 h. No statistical
analysis was performed on the IP-10 concentration, given that more
than 60% of the samples were above the ULOQ.

Discussion

This study aimed to characterize the effects of orally administered
prednisolone on TLR7-driven immune responses using in vivo skin
and ex vivo whole-blood IMQ challenges. Prednisolone significantly
suppressed the objectified transient clinical response to IMQ
(imaging-based perfusion and erythema) as well as clinically graded
erythema. An interesting finding was the inhibitory effect of
prednisolone on epidermal thickness measured by optical
coherence tomography, a noninvasive technique that generates 2D
images of tissue microstructure. In a psoriasiform murine model, an
abundance of infiltrating cells resulted in a significant increase in
epidermal thickness (10). This is in line with our study, which showed
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Prednisolone suppresses the NF-kB driven cytokines and IRF7 driven response in blister fluid. (A) IL-6 (B) IL-8 (C) TNF (D) IL-1b (E) IL-10 (F) Mx-A.
Cytokine concentrations in blister fluid were analysed by MSD and Mx-A by ELISA. Data are presented as mean + SD. For IL-6, IL-1b and Mx-A no
statistical model was applied as the majority of the values were <LLOQ in the prednisolone group. ELISA, enzyme- linked immunosorbent assay; IL,
interleukin; LLOQ, lower limit of quantification; MSD, meso scale discovery; TNF, tumor necrosis factor; TS, tape stripped.

an IMQ-driven increase in epidermal thickness at 48 h, suggesting the
initiation of an inflammatory response.

To our knowledge, this is the first clinical study to examine the
effect of prednisolone on TLR7-driven cellular and cytokine
responses in vivo. Previous studies have evaluated the local
immune response following topical IMQ application. In these
studies, dermal cellular and cytokine responses to IMQ were
characterized using immunohistochemistry and qPCR. IMQ
treatment upregulated chemokines (IP-10), pro-inflammatory
cytokines (IL-6), and interferons (Mx-A and IFN-y). Elevated
CD14, CDla, CDll1lc, CD4+, and CD8+ cell numbers were
observed following IMQ application on tape-stripped skin,
peaking at 48- and 72-hour post-dose, comparable to the IHC
results in this study (6, 7). However, the current study also evaluated
IMQ-driven cellular responses in the skin by flow cytometric
analysis of suction blister exudate, providing a more quantitative
impression of the inflammatory response. Upon IMQ treatment, a
mild influx of NK cells, dendritic cells, and classical monocytes was
observed. Oral administration of prednisolone fully suppressed this
cell infiltration, confirming the strong anti-inflammatory activity of
the compound. Notably, no traces of neutrophils were found in
blister fluid, indicating that the applied IMQ regimen did not drive
neutrophil attraction, which contradicts earlier preclinical findings,
following topical IMQ treatment for 5-6 consecutive days in mice
(11). This results in an influx of neutrophils that accumulate
beneath the stratum corneum. The absence of neutrophil
infiltration in our study may be explained by the duration of
IMQ application. The current duration of 48 h IMQ application
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might not be sufficient to initiate neutrophil influx; therefore, a
prolonged application is suggested to align more with the duration
in preclinical studies. In contrast to IMQ, LPS drives an acute and
strong innate immune response characterized by an influx of
neutrophils (peaking at 10 h), monocytes, and NK cells (peaking
at 24 h post injection) (8).

TLR7 activation generally drives IRF and NF-xB signaling,
playing an important role in the recruitment of immune cells to
the dermis (12). Topical application of IMQ resulted in a clear
increase in Mx-A concentrations in the blister exudate at 48 and
72 h, indicative of IRF-mediated production of type 1 interferons.
Although it is expected to initiate NF- B signaling and cytokine
production (12-14), only a mild IL-6 response was observed,
whereas other NF- kB-driven cytokine responses (IL-8, IL-1j,
and IL-10) were limited or absent. The relatively mild
inflammatory response at the molecular level may be explained
by a potentially limited IMQ exposure, related to the partial delivery
of applied IMQ to the dermal tissue. Alternatively, the low NF- kB
responses may be explained by the timing of the sampling: the
innate immune system is activated in phases, with the initial phase
resulting in the secretion of proinflammatory cytokines generally
occurring within 24 h (5, 15, 16). It is possible that our first post-
IMQ blister time point was too late to detect the early innate
immune response driven by IMQ. Lastly, it is possible that IMQ in
this formulation and in the current regimen, for these types of
innate immune challenges, is simply a weak immune agonist
compared to LPS. This is also supported by the relatively mild
cellular responses observed. Despite the small cytokine responses, a
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Ex-vivo whole blood stimulated with 20 ug/ml IMQ. (A) IL-1b (B) IL-6 (C) IFN-g. Cytokine concentrations in blood were analysed by V-plex and MSD.
Pre-dose time point refers to sample taken prior to prednisolone/placebo dosing. The time point 48h refers to sample taken at 48h after initial dose
but before the 5th dose of prednisolone/placebo. Sample taken at 52h refers to time point 4 hours after 5th dose. At 96h after prednisolone/
placebo, the sample was taken before the 8th dose. IFN, interferon; IL, interleukin; MSD, meso scale discovery.

clear effect of prednisolone treatment was observed: Mx-A, IL-6,
TNF, and IL-1PB responses to IMQ were significantly lower in
prednisolone-treated volunteers (although for Mx-A, IL-6, and
IL-1PB, no formal p-value could be calculated given the substantial
number of samples with cytokine levels below the limit of
quantification in the prednisolone-treated group). For future
studies, the abovementioned readouts can be used to evaluate the
effect of IMQ.

Interestingly, oral prednisolone and topical clobetasol treatment
did not significantly suppress dermal cytokine responses in an
earlier human challenge study that applied intradermal LPS
injections, driving TLR4-mediated responses (8). This contrasts
with the effects of prednisolone on the IMQ-driven cytokine
responses observed in the current study. The difference in
treatment response might be explained by the more pronounced
dermal cytokine response driven by LPS (~5- to 100-fold)
compared to IMQ. This difference in challenge response size, also
reflected at the cellular level, may be explained by the different
routes of administration—intradermal for LPS versus topical for
IMQ—Ileading to differences in intradermal concentrations.
Furthermore, LPS may act as a potent immune agonist. The
argument that a stronger immune response is more difficult to
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counteract by corticosteroids is contradicted by the efficient
suppression of LPS-driven skin perfusion, erythema, and local cell
attraction by prednisolone and clobetasol. Therefore, the successful
suppression of IMQ-driven cytokine responses by prednisolone,
versus the poor suppression of LPS-driven responses of the same
cytokines, should be investigated at the physiological level: the
difference between TLR4 and TLR7 signaling.

Finally, the ex vivo pharmacological activity of prednisolone was
monitored using whole-blood IMQ. Prednisolone treatment
resulted in a significant reduction of IFN-y, IL-1B, and IL-6
release, but only when measured at 52 h after initiation of
prednisolone treatment, which was 4 h after the previous
prednisolone intake. Cytokine release was not suppressed 48 and
96 h after the first prednisolone administration. This may be
explained by the pharmacokinetic profile of prednisolone which is
complex in humans (17). Prednisolone is rapidly absorbed and
available between 80% and 100% after oral intake. The plasma
concentration peaks 1 to 2 h after administration and the
corresponding half-lives vary between 2.5 and 6.6 h and are dose-
dependent (18, 19). At 48 and 96 h, shortly before the next
prednisolone dose, the suppressive effect of prednisolone was
negligible because the systemic concentration of the drug was
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considered low. Of interest, the reductions in cytokine levels in
blister fluid are less dependent on the pharmacokinetic profile of
prednisolone, which is concordant with the literature describing
that no relationship has been demonstrated between prednisolone
concentration in blood and therapeutic effect (20, 21). This
discrepancy between the systemic drug activity measured in
whole blood cultures ex vivo and the peripheral drug effect
evaluated in skin in vivo underlines the value of in vivo human
immune challenges such as the topical IMQ challenge for evaluation
of drug effects.

In this clinical study, we successfully demonstrated that orally
administered prednisolone at a conventional clinical dose
suppresses IMQ-induced skin inflammation in healthy volunteers,
which underlines the potential value of this cutaneous challenge
model for future clinical pharmacology studies with novel anti-
inflammatory compounds targeting the TLR7 pathway. In these
studies, prednisolone can be used as a benchmark.
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The adsorbed protein layer on an implanted biomaterial surface is known to
mediate downstream cell-material interactions that drive the host response.
While the adsorption of plasma-derived proteins has been studied extensively,
the adsorption of damage-associated molecular patterns (DAMPs) derived from
damaged cells and matrix surrounding the implant remains poorly understood.
Previously, our group developed a DAMP-adsorption model in which 3T3
fibroblast lysates were used as a complex source of cell-derived DAMPs and
we demonstrated that biomaterials with adsorbed lysate potently activated RAW-
Blue macrophages via Toll-like receptor 2 (TLR2). In the present study, we
characterized the response of mouse bone marrow derived macrophages
(BMDM) from wildtype (WT), TLR2”/~ and MyD88~/" mice on Teflon™ AF
surfaces pre-adsorbed with 10% plasma or lysate-spiked plasma (10% w/w
total protein from 3T3 fibroblast lysate) for 24 hours. WT BMDM cultured on
adsorbates derived from 10% lysate in plasma had significantly higher gene and
protein expression of IL-1B, IL-6, TNF-a, IL-10, RANTES/CCL5 and CXCL1/KC,
compared to 10% plasma-adsorbed surfaces. Furthermore, the upregulation of
pro-inflammatory cytokine and chemokine expression in the 10% lysate in
plasma condition was attenuated in TLR2”/~ and MyD88~/~ BMDM. Proteomic
analysis of the adsorbed protein layers showed that even this relatively small
addition of lysate-derived proteins within plasma (10% w/w) caused a significant
change to the adsorbed protein profile. The 10% plasma condition had
fibrinogen, albumin, apolipoproteins, complement, and fibronectin among the
top 25 most abundant proteins. While proteins layers generated from 10% lysate
in plasma retained fibrinogen and fibronectin among the top 25 proteins, there
was a disproportionate increase in intracellular proteins, including histones,
tubulins, actins, and vimentin. Furthermore, we identified 7 DAMPs or DAMP-
related proteins enriched in the 10% plasma condition (fibrinogen,
apolipoproteins), compared to 39 DAMPs enriched in the 10% lysate in plasma
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condition, including high mobility group box 1 and histones. Together, these
findings indicate that DAMPs and other intracellular proteins readily adsorb to
biomaterial surfaces in competition with plasma proteins, and that adsorbed
DAMPs induce an inflammatory response in adherent macrophages that is
mediated by the MyD88-dependent TLR2 signaling pathway.

KEYWORDS

biomaterials, macrophage, toll-like receptors, damage-associated molecular patterns,
protein adsorption, foreign body reaction, insulin infusion cannulas,
polytetrafluoroethylene

1 Introduction

The immune response to biomaterial implants, known as the
foreign body reaction (FBR), is a significant challenge in the
biomedical engineering field (1). The FBR describes a chronic
inflammatory response to an implanted material or device, which
culminates in the fibrous encapsulation of the implant (1). For
certain applications, including some drug delivery devices, the
fibrotic capsule prevents the implant from performing its
intended function, resulting in implant failure (1). The FBR is
initiated upon material implantation and the associated tissue
damage. The implant surface rapidly adsorbs proteins from the
surrounding fluid phase that contains both blood released from
damaged blood vessels and contents released from damaged cells in
the implant microenvironment, which includes damage-associated
molecular patterns (DAMPs) (1). Neutrophils and then
macrophages are recruited to the implant site, and interact with
the implant via this adsorbed protein layer (1). Macrophages are
known to be key players in the progression of the FBR; they are
present at the implant site as early as 24 hours and remain for the
lifetime of the implant, they fuse to form foreign body giant cells
(FBGC) that are hallmarks of the FBR, and they orchestrate further
leukocyte recruitment and downstream tissue remodeling events
through paracrine signaling (2).

Due to its impact on the performance and longevity of long-
term implants, fibrous capsule formation is frequently the target of
research that aims to understand molecular mechanisms that drive
the FBR and develop strategies for reducing or eliminating this
adverse host response. However, short-term implants, such as
glucose sensors and insulin infusion sets (IIS) used in insulin
pump therapy, are also adversely impacted by the host response
long before fibrosis occurs. In 2019, the Centers for Disease Control
and Prevention (CDC) estimated that there were 1.6 million people
in the United States of America living with type 1 diabetes (T1D) (3)
and, of these, approximately 30 to 40% use insulin pump technology
(e.g. continuous subcutaneous insulin infusion (CSII) systems) to
deliver insulin and manage blood glucose levels (4). However, there
are many challenges with CSII, including complications related to
the TIS (5). The IIS consists of a polytetrafluorethylene (PTFE;
tradename TeﬂonTM) or stainless-steel cannula that is inserted into
the subcutaneous fat and delivers an insulin analogue solution from
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the pump to the subcutaneous tissue. Most IIS are approved to be
worn for 2 - 3 days, while a newly approved extended infusion set
(EIS) can be worn up to 7 days (5). Beyond the recommended wear
time, and sometimes even within this period, insulin delivery can
become inconsistent, rapidly leading to potentially dangerous side
effects of unexplained hyperglycemia and diabetic ketoacidosis (5-
7). Emerging evidence suggests that the challenges with variable
insulin adsorption in CSII are due, in part, to the acute
inflammatory response at the insulin infusion site (8-10).

The acute inflammatory response to biomaterials, including IIS,
is characterized by the early events of protein adsorption and
macrophage adhesion, activation, and fusion on the material
surface. Adsorption of blood-derived proteins on biomaterials
surfaces and the response of macrophages to blood-derived
adsorbed protein layers has been extensively investigated since the
early 1970’s, and have focused primarily on adsorption of a handful
of plasma proteins, such as albumin, immunoglobulin-y, fibrinogen,
high molecular weight kininogen, complement C3, lipoproteins,
fibronectin and vitronectin (11-21). The introduction of proteomic
analysis of adsorbed protein layers on biomaterial surfaces has
clearly demonstrated that adsorbed protein profiles are significantly
more diverse than originally reported but continue to focus
predominantly on in vitro protein adsorption models using
plasma or serum (22-26). However, one proteomic study of
proteins adsorbed to the polyethylene glycol (PEG)-based
hydrogels in vivo demonstrated proteins from the intracellular
compartment and extracellular matrix also adsorb within the
protein layer (27). In this study, we focus instead on the in vitro
adsorption of tissue damage products, collectively referred to as
DAMPs, and the response of primary mouse bone marrow derived
macrophages. This study builds upon previous work from our
group demonstrating that DAMP-containing fibroblast lysates
adsorb to polymeric surfaces in the presence of blood proteins
and induce a pro-inflammatory and pro-fibrotic response in the
RAW?264.7 and RAW-Blue mouse macrophage cell lines over 120
hours, which mimics the cytokine secretion profile and macrophage
fusion of in vivo macrophage-material interactions (28, 29).
Furthermore, this pro-inflammatory response was shown to occur
primarily through Toll-like receptor 2 (TLR2) signaling (28-30).
TLR2 is a cell surface TLR that, upon ligation, forms a heterodimer
with either TLR1 or TLR6 and induces the myeloid differentiation
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primary-response gene 88 (MyD88)-dependent activation of
nuclear factor-xB (NF-xB) transcription factors, and the
production of pro-inflammatory cytokines, such as tumour
necrosis factor oo (TNF-a), interleukin 1 beta (IL-1B), and
interleukin 6 (IL-6) (31). Other research has also implicated the
TLR adaptor protein MyD88 as a critical factor mediating fibrous
capsule formation surrounding subcutaneous implants in mice (32).
Therefore, we sought to investigate TLR2 and MyD88 as potential
targets for reducing the severity of FBR and its impact on
biomedical devices and implants.

While role of DAMPs and TLRs in the induction of sterile
inflammatory responses is well established (33), the relative
importance of TLR signaling in biomaterial host responses
remains unclear. Therefore, in this work we evaluated
macrophage cultured on model PTFE surfaces using an in vitro
protein adsorption model that incorporates DAMPs within a
plasma-derived protein layer (28) and investigated the role of
TLR2- and MyD88-dependent signaling pathways. We first
characterized the responses of primary bone marrow derived
macrophages (BMDMs) from wildtype (WT), TLR2 knockout
(TLR27), and MyD88 knockout (MyD88'/ ’) mice to Teflon' " AF
surfaces with adsorbed DAMPs and plasma proteins. We then
characterized the profile of adsorbed proteins derived from plasma
or lysate-spiked plasma using mass spectrometry (MS)-based
proteomics to explore what lysate-derived proteins adsorbed
within the plasma protein layer and identify potential DAMPs
that may contribute to the activation of surface adherent
macrophage via TLR2/MyD88 signaling. Plasma anticoagulated
with calcium chelators (e.g. K2 EDTA, citrate) were used in this
study to inactivate both the complement and coagulation cascades,
thus enabling the effect of DAMPs within the adsorbed protein layer
to be elucidated. These in vitro results provide evidence that TLR-
dependent signaling contributes to the acute inflammatory response
to model Teflon™™ AF surfaces, and merits further investigation
into its ability to modulate FBR.

2 Materials and methods
2.1 Teflon™ AF surface preparation

Amorphous fluoropolymer Teflon' " AF 1600 (Sigma-Aldrich,
St. Louis, MO), hereafter referred to simply as Teflon™ AF, was
used as a cell culture substrate to model the commercial PTFE IIS
cannulas. Teflon' " AF is a copolymer of 65 mol% 2-
bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) and 35 mol%
tetrafluoroethylene (TFE), and has previously been used to model
PTEE surfaces by our group (29, 30) and others (34, 35) due to its
similar characteristics to PTFE, including wettability (36). However,
while both Teflon' " AF and PTFE are fluoropolymers, they have
different surface chemistries due to the oxygen content of the PDD
comonomer in Teflon'" AF. Teflon'" AF can be easily
incorporated into cell culture systems, as it is soluble in
perfluorinated solvents and can be cast from solution (29, 30).
Furthermore, the amorphous structure of Teflon' " AF imparts
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excellent optical clarity, which is beneficial when visualizing
adherent cells.

Teflon' " AF was dissolved in a fluorinated solvent (FC-40,
Sigma-Aldrich) at 1 mg/mL and coated onto 6 well polystyrene
plates, using the protocol originally developed by the Grainger
group (35). Plates were dried in a vacuum oven (50 cmHg, 40 °C)
for 48 hours to remove solvent. The wells were then cleaned with
70% (by volume) ethanol for one hour, followed by 30 minutes of
ultraviolet (UV) sterilization (30, 35). Endotoxin-free water washes
were performed on the wells for 1 hour (three times), 12 hours, and
24 hours prior to use to remove any remaining solvent. All batches
of Teflon"" AF-coated wells were tested indirectly for endotoxin
(n = 3 per batch, plated in duplicate) with a LAL Pyrochrome kit
(CapeCod and Associates, East Falmouth, MA), and endotoxin
levels were consistently below 0.05 EU/mL. Details on the indirect
endotoxin assay methods have been previously described (30).

2.2 Plasma and lysate preparations

Innovative Grade US Origin Mouse C57BL6 Plasma
(InnovativeResearch, Novi, MI) was used to generated adsorbed
protein layers (10% plasma and 10% lysate in plasma) for
macrophage experiments. For the proteomic analysis, citrated
mouse plasma from C57BL/6] mice, generously provided by Prof.
David Lillicrap (Queen’s University, Kingston, ON, Canada), was
used. Mouse fibroblast lysate was generated by freeze-thaw cycling
mouse NIH3T3 fibroblasts (ATCC, Manassas, VA), as described
previously (28, 30). Briefly, NIH3T3 murine fibroblasts were
maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich, St. Louis, MO) containing 10% fetal bovine serum
(FBS; Wisent, St. Bruno, QC) and 1% penicillin/streptomycin. To
generate lysate, fibroblasts were washed in phosphate buffered
saline (PBS; Gibco, Waltham, MA), resuspended at 5 x10° cells/
mL in PBS, and freeze—thaw cycled three times in a —80°C freezer
and 37°C water bath. The total protein concentration of plasma and
lysate was quantified using a microBCA assay (Thermo Scientific,
Waltham, MA) according to manufacturer instructions, and protein
solutions were aliquoted and stored at —80°C for future use.

2.3 Protein adsorption on Teflon™
AF surfaces

Mouse plasma was diluted to 10 vol% in PBS and was referred
to hereafter as “10% plasma” or abbreviated as “Pla”. Lysate was
spiked into the 10% plasma solution, such that lysate made up 10%
of the total protein concentration and was referred to hereafter as
“10% lysate in plasma” or abbreviated as “LysPla”. Teflon ™" AF-
coated 6 well plates were pre-conditioned with 10% plasma (420 ug/
cm?), 10% lysate in plasma (420 g total protein/cm? = 42 ug lysate
protein/cm” * 378 ug plasma protein/cm?), or assay media (RPMI
1640 with 10% FBS; for Pam3SCK4 positive controls) for 60
minutes. The FBS used in this study was not heat inactivated.
Following protein adsorption, surfaces were gently washed with
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PBS (three times, 5 minutes) then used immediately for cell culture
or proteomic experiments.

2.4 Primary macrophage isolation
and treatment

All animal work was approved by the Queen’s University
(Kingston, ON, Canada) UACC (AUP 2018-1849). Bone marrow
isolations were performed on wildtype (C57BL/6]J, WT, stock#
000664), TLR2 knockout (TLR2”", stock# 004650) (37), and
MyD88 knockout (MyD88’/’, stock# 009088) (38) mice (Jackson
Laboratories, Bar Harbour, ME) that were bred and raised under
sterile conditions in the Queen’s University Animal Care Facility.
Prior to bone marrow isolations, mouse genotype was confirmed by
PCR using a 1% agarose gel, based on manufacturer’s
recommended protocols. The hind legs were removed and
cleaned of tissue, then the bone marrow was flushed from the
femur and tibia with sterile PBS, and red blood cells were with lysed
with ammonium chloride. The remaining bone marrow cells were
incubated in RPMI media (RPMI 1640, Sigma-Aldrich) containing
20% L1929 supernatant, 10% FBS, and 50 ug/mL gentamicin and
allowed to differentiate for at least 7 days (39). Differentiated bone
marrow derived macrophages (BMDM) were used on day 7 to 10
for all experiments. Each isolation pooled bone marrow from
multiple mice (WT: 8 mice, TLR2" & MyD88'/ " 6 mice) and
equal numbers of male and female mice were used for each bone
marrow isolation to account for differences in TLR expression of
murine macrophages between sexes (40). Four separate bone
marrow isolations (from different litters of mice) were performed
for each mouse genotype, giving a total of 32 WT mice, 24 TLR2""
mice and 24 MyD88”" mice used for this study.

BMDMs were washed with PBS (Gibco, Waltham, MA) and
detached by incubation in TrprETM (Gibco) at 37 °C for 10
minutes. Cells were counted, resuspended in assay media, and
plated in triplicate at 2.6 x 10° cells/cm” in the prepared Teflon ™
AF coated wells with adsorbed protein layers. Pam3CSK4 (150 ng/
mL, Cat. No. tlrl-pms, purity = 95% (UHPLC), Invivogen) was
included as a positive control for TLR2 signaling. Cells were
cultured under the above conditions for 24 hours, followed by
supernatant collection and RNA isolation for downstream analysis.

2.5 Flow cytometry

After the differentiation period, BMDM viability and
differentiation was confirmed using flow cytometry (41). Cells
were washed with PBS and detached by incubation in TrprETM
(Gibco) at 37 °C for 10 minutes. Cells were resuspended at
approximately 2 x 10° cells/100 pL in PBS and incubated in 10
pg/mL anti-mouse CD16/32 (TruStain fex™ Biolegend) on ice for
10 minutes, followed by incubation with Zombie NIR® (cat. No.
423105, Biolegend, San Diego, CA), 500 ng/ml of anti-mouse F4/80
(cat. No. 123115, Biolegend) and 1.25 ug/mL anti-mouse CD11b
(cat no. 101235, Biolegend) on ice protected from light for 20
minutes. Cells were washed three times with staining buffer (5%
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FBS), and then resuspended in PBS. Flow cytometry was performed
using a Beckman Coulter Cytoflex machine. Dead cells and cellular
debris were gated out using a cell viability dye (Zombie NIR®,
Biolegend), and an unstained control was used to confirm successful
cell staining.

2.6 Quantitative PCR

RNA was collected from BMDMs after being cultured for 24
hours on Teflon" " AF surfaces using the RNeasy® mini kit (Qiagen,
Hilden, Germany) according to manufacturer’s instructions. RNA
was eluted in 30 pL of TE bufter and stored at -80 °C for future use.
RNA concentrations and purity were measured using a NanoDrop
One Spectrophotometer (Thermo Fisher Scientific, Waltham, MA)
and all RNA samples had A260/A280 > 1.8, A260/A230 > 2.0. RNA
quality was confirmed via non-denaturing agarose gel
electrophoresis, by ensuring a 285/18S intensity ratio of 2 or higher
and no visible smear below the 18S band.

Isolated RNA was transcribed into cDNA using the iScriptTM
Reverse Transcription Supermix (BioRad) with 1 pg of RNA in each
20 pL reaction, according to manufacturer instructions. No reverse
transcriptase (NRT) controls were made with RNA from WT
BMDMs from each experimental condition (10% plasma, 10%
lysate in plasma, Pam3CSK4) and run in a qPCR experiment to
confirm there was no genomic DNA contamination after the RNA
isolation procedure.

Specific murine primers for II10, Nos2, and Tnfo were
purchased from BioRad (Il10: qMmuCEDO0044967, Nos2:
qMmuCID0023087, Tnfo: qMmuCEP0028054).The remaining
primers were designed using PrimerBlast (42) and are listed in
Table 1. qPCR was performed using SsoAdvanced Universal SYBR
Green Supermix (BioRad), according to manufacturer instructions.
The qPCR assay was run in a BioRad CFX384 system using 10 UL
reactions in a 384 well plate, with 300 nM primers and 10 ng cDNA
at 60 °C, with three biological replicates and conditions plated in
quadruplicate. The relative gene expression ratio (R) was calculated
using 2 reference genes (Rplp0, Rpl13), as described below (43). A
plate of NRT controls was run to confirm there was no genomic
DNA contamination in the RNA samples, and no amplification
occurred in any NRT wells. No template controls (NTCs) were
included in all assays (n = 3), and melt curves were performed at the
end of every experiment to ensure no primer-dimers were formed.

Data analysis of qPCR experiments was performed using a
method described by Vandesompele et al. (43-45), which calculates
the relative gene expression of each sample using the Ct values, and
accounts for the use of two reference genes. Each biological replicate
(n = 3, per experiment) was treated separately (46), and the
geometric mean of the relative gene expression (R) was reported
for each experiment (N = 4). Results were normalized to the 10%
plasma condition (negative control) for each genotype. A two-way
ANOVA of the log transformed normalized relative expression
(NRE) was performed in GraphPad Prism 8.4.2 (GraphPad
Software, San Diego, CA) to determine statistical difference in
relative gene expression among treatment groups within a given
genotype using an o = 0.05, as described by Taylor et al. (47).
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TABLE 1 Primer sequences used in qPCR.

Accession Number

Forward Sequence (5'-3')

10.3389/fimmu.2023.1232586

Reverse Sequence (5'-3")

Argl NM_007482.3 GTACATTGGCTTGCGAGACG ATCGGCCTTTTCTTCCTTCCC
IL-1B NM_008361.4 TGCCACCTTTTGACAGTGATG ATGTGCTGCTGCGAGATTTG

IL-6 NM_031168 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
MyD88 NM_010851.3 GAGGATATACTGAAGGAGCTGAAGTC CCTGGTTCTGCTGCTTACCT
*Rpl13a NM_009438.5 ATCCCTCCACCCTATGACAA GCCCCAGGTAAGCAAACTT
*Rplp0 NM_007475.5 GGGCATCACCACGAAAATCTC CTGCCGTTGTCAAACACCT
TGF-B1 NM_011577.2 AGCTGCGCTTGCAGAGATTA AGCCCTGTATTCCGTCTCCT
TLR2 NM_011905.3 GGTGCGGACTGTTTCCTTCT GAGATTTGACGCTTTGTCTGAGG
TLR4 NM_021297.3 TCCACTGGTTGCAGAAAATGC TTAGGAACTACCTCTATGCAGGG

Argl, Arginase 1; IL-1b, Interleukin 1 beta; IL-6, Interleukin 6; MyD88, Myeloid differentiation primary-response gene 88; Rpl13a, Ribosomal protein L13a; Rplp0, Ribosomal protein lateral stalk
subunit P; TGF-B1, Transforming growth factor beta 1; TLR2, Toll-like receptor 2; TLR4, Toll-like receptor 4.

*Reference gene.

Changes in gene expression were only considered significant if
median relative expression ratio (R) was less than 0.5 or greater than
2 (0.5 > R > 2) and the associated log,NRE p-value was less
than 0.05.

2.7 Multiplexed bead-based cytokine assay

The supernatants of BMDMs cultured on Teflon' " AF-coated 6
well plates for 24 hours under the conditions of interest were
collected, centrifuged at 1000 x g for 10 minutes to remove
cellular debris, and stored at -80 °C for future analysis. The
BMDM secretion of a variety of chemokines and cytokines was
assessed using a Luminex assay (MilliPlex Magnetic 9-plex custom
kit; MilliporeSigma, Burlington, MA), according to manufacturer
directions. Samples were run undiluted in duplicate to measure the
concentration of IL-1f, IL-6, IL-10, TNF-o, CXCL1 (keratinocyte
chemoattractant, KC), CCL2 (monocyte chemotactic protein 1,
MCP-1), CCL3 (macrophage inflammatory protein-1c, MIP-1 o),
CCL5 (regulated upon activation, normal T cell expressed and
secreted; RANTES), and vascular endothelial growth factor-A
(VEGF-A) in the BMDM supernatant. Samples were plated across
three 96 well plates, ensuring that samples from all conditions were
present on each plate. On one plate the RANTES and VEGF-A
samples did not pass the internal quality control, therefore, those
points were excluded in the data analysis. Data was processed to
obtain standard curves and cytokine concentrations using the
BioPlex system (Ellis lab, Queen’s University; BioRad). Cytokine
concentrations that were detectable but below the lowest standard
were extrapolated and included in the data analysis. Non-detectable
cytokine concentrations below the lower limit of detection
excluded. Data points that were outside the lower and upper
bounds of 1.5 times the interquartile range were considered
outliers and excluded. Statistical analysis was performed in
GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA) using
a Brown-Forsythe and Welch ANOVA and Dunnett T3 post-hoc
tests to determine significant differences among conditions.
According to a power analysis, p < 0.05 was considered a
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statistically significant difference. Conditions that had less than 3
data points were not statistically analyzed. Results are displayed as
mean + SD, unless otherwise stated.

2.8 Proteomic analysis of adsorbed
protein layers

2.8.1 Liquid chromatography-tandem
mass spectroscopy

Teflon' " AF coated well plates pre-conditioned with 10%
plasma (with citrate) or 10% lysate in plasma were stored at 4 °C
with 2 ml PBS/well overnight and then shipped on ice to the SPARC
BioCentre (Molecular Analysis) at the Hospital for Sick Children
(Toronto, Canada). The adsorbed protein from media containing
10% FBS was not analyzed. Proteomic samples were prepared using
suspension trapping or S-trap high recovery method by the Sparc
BioCenter. Briefly, adsorbed proteins from duplicate wells were
scrapped into 8M urea, 5% sodium dodecyl sulfate (SDS) in 50 mM
triethylamonium bicarbonate (TEAB) at pH 7.55 (50 uL). Samples
were reduced using 4.6 mM tris carboxy ethyl phosphene (TCEP) at
37 °C for 15 minutes, then alkylated using 18.5 mM iodoacetamide
in the dark for 30 minutes. Samples were loaded on to the S-Trap
column (Protifi, Farmingdale, NY, USA) and digested on-column
using 2.5 ug trypsin (Pierce) at 47 °C for 2 hours. Peptides were then
eluted from the S-Trap column using four stepwise buffers: (1)
50mM TEAB (pH 8.0); (2) 0.1% formic acid; (3) 50% acetonitrile,
0.2% formic acid; and (4) 80% acetonitrile, 0.2% formic acid. The
peptide solutions were lyophilized using a Speedvac, and
resuspended in 2% acetonitrile, 0.1% formic acid.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis was performed using an EASY-nLC 1200 nano-LC system
coupled to a Orbitrap Fusion Lumos (Thermo Scientific). Peptides (1
ug peptide per sample) were loaded onto a PepMax RSLC EASY-Spray
column (Thermo, 75 pm x 50 cm filled with 2 uM C18 beads; 900 Bar,
60°C) and separated over a 60-minute gradient of 3-35% organic phase
(0.1% formic acid in acetonitrile) at 250 nl/min. Peptides were then
analyzed using the Orbitrap Fusion Lumos mass spectrometer
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operating at 120 000 resolution over a mass range of m/z 375-1500. The
raw data was searched against the mouse protein sequence database
(Uniprot_UP000000589_Mouse_15092020.fasta) using Thermo
Scientific Proteome Discoverer software (version 2.5.0.400).

2.8.2 Proteomics analysis and
protein classification

The database search results were imported to Scaffold
(Scaffold_5.1.2) and the protein intensities, normalized on total
precursor intensities, were retrieved. Proteins with FDR < 0.01 and
covered by at least 2 peptides (FDR< 0.01) were retained for
downstream analysis. Missing values were imputed by random
sampling from the 1st percentile of all data distribution.

Differential protein expression analysis was calculated by
moderate t-test using limma r package (48) on the log2
transformed protein intensities. A multiple testing adjusted p-
value < 0.05 was considered significant (49). Gene set enrichment
analysis (GSEA) was performed with the r package fgsea (50)
(minsize = 2, maxsize =500) on the ranked t-statistic, using the
mouse gene ontology (GO) terms from the Molecular Signature
Database (MSigDB) (51). GO enrichment was calculated for
proteins significantly upregulated in Pla versus LysPla by a fold-
change greater than 2; and proteins significantly upregulated in
LysPla versus Pla by a fold-change greater than 2, by the gprofiler r
package (52, 53) (organism = “mmusculus”, ordered_query =
FALSE, exclude_iea = TRUE, user_threshold = 0.05, correction
method = “g_SCS”, domain_scope = “annotated”).

A list of protein DAMPs was compiled from literature
(Supplemental Table 1) and the list of proteins with differential
expression (adjusted p-value < 0.05) was manually searched for
known DAMP species in Excel (Microsoft) using the search terms
listed. Identified DAMPs were highlighted in a volcano plot of the
log2 foldchange (Pla vs LysPla) vs log(adjusted p-value) generated
in GraphPad Prism. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE
(54) partner repository with the dataset identifier PXD042730.

3 Results

Prior to bone marrow isolation, mice were genotyped using
TLR2 and MyD88 primers to confirm knockout genotype
(Supplemental Figure 1). BMDM from WT, TLR2”" and
MyD88”" bone marrow isolates were successfully differentiated
into macrophages, with more than 93.5% of the populations
staining positive for F4/80 and CD11b (Supplemental Figure 2).
Representative light microscopy images showing BMDM
morphology for each mouse strain and three culture conditions
are provided in Supplemental Figure 3.

3.1 Gene expression of macrophages on
Teflon™ AF

We first quantified the gene expression profile of cytokines and
growth factors with well-documented roles in the progression of
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biomaterial host responses to study the effect of the adsorbed
protein layer derived from 10% lysate in plasma on WT, TLR2™"
and MyD88”~ BMDM, compared to adsorbed protein layers derived
only from plasma and soluble TLR2 agonist, Pam3CSK4. The
mRNA expression of pro-inflammatory cytokines (IL-1B, IL-6
and TNF-o), anti-inflammatory cytokine IL-10 and pro-fibrotic
growth factor TGF-B1 was quantified after 24 hours.

The expression of genes encoding cytokines IL-1f, IL-6 and IL-
10 was significantly upregulated in WT BMDMs exposed to
adsorbed 10% lysate in plasma (LysPla) and Pam3CSK4 (Pam),
compared to adsorbed 10% plasma (Pla) after 24 hours (Figures 1A,
B, D). The effect of lysate and Pam3CSK4 was lost in TLR2”" and
MyD88”" BMDMs, where gene expression appeared to be similar or
slightly downregulated compared to 10% plasma, though these
differences failed to show a statistically significant effect.
Conversely, TNF-o. mRNA expression was downregulated
approximately 3-fold in WT BMDMs on adsorbed lysate at 24
hours (R = 0.32, p < 0.01 for LysPla vs Pla), while adsorbed lysate
had no effect in the TLR2” or MyD88”~ BMDM (Figure 1C).
Treatment with Pam3CSK4 caused a two-fold downregulation in
TNE-0 expression at 24 hours for the TLR2”" BMDM (R = 0.48, p <
0.001 for Pam vs Pla), but had no effect at the mRNA level for the
WT or MyD88”" BMDM. The expression of TGF-P was also slightly
downregulated at 24 hours in the WT BMDM for the lysate and
Pam3CSK4 conditions (R = 0.53 and 0.57 respectively, p < 0.001 vs
Pla), but was not considered to be biologically relevant as R > 0.05.
No modulation of TGF-f expression was observed for any
conditions in the TLR2” or MyD88”~ BMDM (Figure 1E).

We next looked at the expression of genes encoding enzymes
nitric oxide synthase 2 (Nos2) and Arginase 1 (Argl) to gain insight
into macrophage arginine metabolism (Figure 2) (55). Relative to
BMDM cultured on adsorbates derived from 10% plasma, WT
BMDM cultured on lysate-containing adsorbates had increased
expression of both Nos2 and Argl (R = 18.9 and 37.9, p < 0.001,
respectively). Treatment with Pam3CSK4 yielded a 50.5-fold
increase in Nos2 expression and 27.9-fold increase in Argl
expression, compared to 10% plasma (p < 0.001). BMDM derived
from TLR2-deficient and MyD88-deficient mice did not have a
significant response in Nos2 or Argl at the gene expression level
following 24 hours of culture (0.5 < R < 2 and/or p-value of log,NRE
> 0.05 compared to 10% plasma).

The expression of genes encoding TLR2, TLR4, and Myd88
were also analyzed to study the influence of the TLR2 and MyD88
knockouts, which were created using targeted mutations at the
genomic level, meaning the genes are still encoded in the mRNA but
not made into functional proteins (Figure 3) (37, 38). No significant
changes in the normalized gene expression of TLR2 or MyD88 were
observed for any conditions or mouse strains (i.e., 0.5 < R <2 and/or
p-value of log,NRE > 0.05).

3.2 Cytokine production of macrophages
on Teflon™ AF

The production of pro-inflammatory (IL-1f3, IL-6, MCP-1,
MIP-1a, RANTES/CCL5, TNF-o, KC/CXCL1), anti-
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inflammatory (IL-10), and angiogenic (VEGF-A) factors by
BMDMs cultured on Teflon' " AF for 24 hours was assessed
using a multiplexed bead-based cytokine assay (MilliPlex®,
MilliporeSigma). In WT BMDM, exposure to adsorbed lysate
significantly increased the secretion of pro-inflammatory
cytokines and chemokines (IL-1f: 10.1-fold, IL-6: 128.8-fold,
RANTES/CCL5: 28.9-fold, TNF-ou: 23.2-fold, KC: 30.0-fold; p <
0.01) and anti-inflammatory cytokine IL-10 (33.63-fold, p < 0.01),
when compared to adsorbed plasma (Figure 4; please refer to
Supplemental Figure 4 to view only WT data). Similarly,
treatment with soluble Pam3CSK4 also increased cytokine
secretion (IL-6: 837.4-fold, RANTES/CCL5: 66.4-fold, TNF-o:
18.4-fold, IL-10: 130.5-fold, KC/CXCL1: 49.7-fold, p < 0.001),
although the increased expression of IL-1B (24.36-fold) was not
statistically significant (p > 0.05) due to high variability in IL-1f
expression in the Pam3CSK4 group. VEGF-A was detected in the
WT BMDM supernatants, however no differences in concentration
were observed among the three treatments (p > 0.05, Supplemental
Figure 4H). Exposure to the adsorbed lysate condition appeared to
have a similar effect on WT BMDM cytokine secretion when
compared to the soluble TLR2 agonist, although Pam3CSK4
treatment did yield higher concentrations of IL-6, KC, and IL-10
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(p < 0.01 for WT LysPla vs WT Pam). No significant differences
were observed for MIP-1c, MCP-1 or VEGF for WT BMDM
cultured on 10% plasma, 10% lysate in plasma or with
Pam3CSK4 (Supplemental Figures 4E, F, H).

Next, we focused on the effect of TLR2 and MyD88 on the
concentration of cytokines that were increased in WT BMDM in
response to lysate or Pam3CSK4 conditions. When cultured on
Teflon'™ AF pre-conditioned with 10% plasma, BMDM mouse
strain (WT, TLR2-/-, MyD88-/-) had no effect on the concentration
of cytokines (p > 0.05), except for IL-6 and KC (Figure 4). While no
difference in IL-6 concentration was observed between WT and
TLR2” BMDM on plasma-adsorbed surfaces, IL-6 was reduced in
the MyD88”" BMDM compared to TLR2”" BMDM (p < 0.05,
Figure 4B). The supernatant concentration of KC was lower for
TLR2”" and MyD88”" BMDM on adsorbed plasma, compared to
the WT BMDM on plasma (p < 0.05) (Figure 4F).

In contrast to WT macrophage, exposure to the adsorbed lysate
did not elicit an increase in cytokine production in TLR2-deficient
and MyD88-deficient macrophages (p > 0.05 for compared to the
10% plasma), supporting our earlier findings in RAW264.7 and
RAW-Blue macrophages that TLR2 was the main mediator of
macrophage activation in response to adsorbed lysate (28, 29).
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Furthermore, WT BMDM had significantly higher concentrations
of cytokines (IL-1B, IL-6, TNF-o, RANTES, IL-10 and KC) on
lysate-containing adsorbates, compared to TLR2”" and MyD88™
BMDM. As expected, the TLR2”" and MyD88”~ BMDM also failed
to respond to Pam3CSK4 stimulation (p > 0.05, compared to 10%
plasma; comparisons not shown in Figure 4), with the exception
that TLR2”- BMDM had decreased TNF-o. (5.4-fold decrease, p <
0.05) and KC (2.4-fold decrease, p <0.001) expression compared to
10% plasma. No differences in cytokine concentrations were found
between TLR2 and MyD88 knockout macrophages for any
conditions; except for IL-6 and KC. IL-6 was lower in MyD88""
supernatants, compared to TLR2”" for Pam3CSK4 (p < 0.05,
Figure 4B), while KC concentrations were lower in MyD88’/’
supernatants compared to TLR2”" for 10% plasma and 10% lysate
in plasma (p < 0.05, Figure 4F).

3.3 Proteomic analysis of adsorbed protein
layers on Teflon™ AF surfaces

Next, we analyzed the composition of the adsorbed protein
layers generated from 10% plasma and 10% lysate in plasma using
LC-MS/MS to determine whether the potent TLR2-dependent
macrophage activation on the lysate-adsorbed surfaces was
associated with the presence of known DAMPs within the
adsorbed protein layer. The proteomic analysis identified 321
proteins in the adsorbed layers derived from 10% plasma, while
2556 were identified in the adsorbed layers derived from the 10%
lysate in plasma mixtures (Figure 5A). To better understand how a
10% w/w spike of lysate affected the adsorption of plasma proteins,
we then compared the 25 proteins with the highest log2
transformed protein intensities in each condition (Figure 5B). The
10% plasma condition yielded a list of proteins that included many
of the well-studied proteins in adsorption literature, including
fibrinogen (Fgb, Fga, Fgg), albumin (Alb), apolipoproteins
(Apoal, Apoe, Apoa4, Apob, Apom), complement (C3, C4),
fibronectin (Fnl), and kininogen 1 (Kngl). Proteins layers
generated from plasma that contained a 10% w/w spike of lysate
proteins retained fibrinogen (Fgb, Fgg, Fga) and fibronectin (Fnl)
remained among the top 25 proteins. However, these lysate-
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containing adsorbed protein layers had a disproportionate
increase in intracellular proteins, including histones (H2bul,
H3c13, H4f16, Histlh2af, Hist2h2bb), tubulins (Tubala, Tubalb,
Tubalc, Tubb2a, Tubb2b, Tubb4b, Tubb5), actins (Acta2, Actb,
Actgl), vimentin (Vim) and myosin 9 (Myh9). The full list of
identified proteins in both adsorbed proteins layers and their
relative intensities is provided in Supplemental Data File 1.

We then identified proteins that were enriched in either condition
using a moderate T-test on the log2 transformed protein intensities,
where a multiple testing adjusted (Benjamini) p-value < 0.05 and fold-
change > 2 in absolute value were considered significant. A complete
list of significantly enriched proteins with their fold-change and
adjusted p-value are provided in Supplemental Data File 2.
Functional enrichment analysis was calculated for all proteins
differentially expressed in either the 10% plasma or 10% lysate in
plasma conditions (Supplemental Data File 3) and the top ten enriched
pathways for each adsorbed protein layer are shown in Figure 5C.

Finally, we sought to determine if the 10% lysate in plasma
protein layer was enriched for DAMPs, which may account for the
increased TLR2-/MyD88-dependent macrophage activation
observed on these surfaces. However, DAMPs, to our knowledge,
currently do not have a specific annotation with the gene ontology
databases we consulted. Therefore, a manual approach was
required. We first compiled a list of putative protein DAMPs
from published literature (Supplementary Table 1) and then
manually searched the protein lists for protein or protein classes
reported as DAMPs within literature. Using this approach, we
identified 39 DAMPs or DAMP-related proteins enriched in the
10% lysate in plasma condition, compared to seven in the 10%
plasma condition (Figure 6). A caveat to this manual approach is
that the list does not represent an exhaustive list of all putative
DAMPs within the literature, and therefore, we view these results as
hypothesis, rather than conclusion, generating.

4 Discussion
Within the field of biomaterials, it is well-established that the

adsorbed protein layer on an implanted biomaterial surface
mediates cell-material interactions and the progression of the host
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response. The adsorption of blood proteins has been studied
extensively for more than fifty years (11, 13, 20) and provides a
strong foundation for understanding cell-material interactions.
During biomaterial implantation, damage to the local tissue
would lead not only to blood leakage from damaged vasculature,
but also the release of DAMPs from damage extracellular matrix
and cells within the implant site (27). However, little is understood
regarding the adsorption of non-blood derived proteins or other
types of molecules. In 2018, our group first demonstrated that
molecules within 3T3 fibroblast lysates adsorb to biomaterial
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surfaces and potently activate macrophages in a TLR2-dependent
manner (28), even in the presence of serum proteins. We went on to
demonstrate that the cytokine profile of RAW264.7 macrophages, a
mouse macrophage cell line, over 5 days recapitulated the cytokine
profile reported during in vivo macrophage-material interactions,
induced low rates of macrophage fusion and promoted the late
expression of pro-fibrotic TGF-B1 (29). However, these studies were
limited by the use cell lines and protein layers derived from 100%
fibroblast lysate. Furthermore, no characterization of the adsorbed
protein layers was conducted to understand what types of molecules
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compared to WT within a treatment group.

were adsorbing to the biomaterial surfaces. In the present study, we
address these limitations by using primary mouse macrophages and
adsorbed protein layers derived from either mouse plasma or
plasma spiked with lysate (10 w/w%) to better model in vivo
protein adsorption, and lysate adsorption in competition with
plasma proteins. Furthermore, we further characterized the
relative importance of TLR2 and TLR adapter protein, MyD88, in
the response to adsorbates containing lysate-derived molecules
using macrophage-derived from knockout mice. The study aimed
to elucidate the ability of lysate-derived molecules to adsorb onto
Teflon' " AF surfaces in the presence of blood proteins and activate
primary mouse macrophages. To this end, K2 EDTA and citrated
plasma preparations were used to eliminate the effect of the
complement cascade (56-59), which is recognized as an
important factor in biomaterial host responses (56, 58, 60, 61). As
10% FBS was used, some degree of complement activation was
possible in all samples. However, our previous work found that
adsorbed protein layers derived from 10% FBS, 10% plasma and
10% heat-inactivated FBS yielded similar, minimal NF-xB/AP-1
activity in mouse reporter macrophages, supporting our
assumption that complement activation was negligible in this
model, compared to the effect of the adsorbed lysate (30).

In the present study, we demonstrated that adsorbed protein
layers derived from mouse plasma spiked with small amounts of
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mouse lysate (10% w/w total protein) induced a potent pro-
inflammatory response in primary mouse macrophages at 24
hours. This response was characterized by increased gene
expression and cytokine concentration of acute phase cytokines
(IL-1B, IL-6, TNF-q,, IL-10) and chemokines (RANTES/CCL5, KC/
CXCL1), and was dependent on TLR2/MyD88 signaling. This
increased cytokine and chemokine expression was consistent with
reported cytokine expression within in vivo implant sites during the
early phase (e.g. day 4 and 7) of the FBR to synthetic biomaterial
implants (62).

While the gene and protein expression data showed consistent
trends for most factors, a notable exception was TNF-o. While the
secreted protein concentration was significantly elevated (~ 60-fold
increase compared to 10% plasma), the relative gene expression at
24 hours was similar or slightly downregulated in the lysate
condition, compared to plasma. Baer and colleagues have shown
a similar trend in TNF-o. gene expression of BMDMs exposed to
LPS over time, where up to 3 hours post-exposure the mRNA
expression of TNF-o increased, and then over time decreased to
baseline levels (63).
demonstrates that TNF-o. is an early response cytokine, and over

Their work, as well as the work here,
time it can become downregulated as other pro-inflammatory and

anti-inflammatory cytokines are produced (63). Baer et al. and
others have shown that the NF-xB p50 subunit is responsible for the
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Proteomic analysis of adsorbed proteins layers by LC-MS/MS. (A) Venn diagram of identified proteins in adsorbates derived from 10% plasma and
10% lysate in plasma on Teflon™ AF surfaces. (B) Heat map of top 25 abundant proteins identified in adsorbed protein layers derived from 10%
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adjusted p-value < 0.05 was considered significant (49)

downregulation of TNF-o in murine and human primary
macrophages (63, 64). Alexander et al. have also demonstrated
that in mouse macrophages TNF-o is regulated by IL-10 (65).
Therefore, the upregulation of IL-10 secretion in WT BMDMs
exposed to lysate is a likely contributing factor to the
downregulation of TNF-o gene expression in these macrophages.

The gene expression of metabolic enzymes Nos2 and Argl was
compared to gain insight into the metabolic state and polarization of
lysate-stimulated macrophages (55). Lysate-stimulated WT
macrophages upregulated the gene expression of both enzymes,
with Argl having a slightly higher fold-increase compared to Nos2,
relative to the macrophages on plasma-adsorbed Teflon' " AF.
Although Nos2 and Argl are typically regarded as distinct
metabolic markers of M1 and M2 macrophage phenotypes, there
are several reports of macrophages expressing both enzymes under
specific conditions, including a TLR-dependent response to
mycobacterium that induced Argl expression (66). Considering the
two extremes of macrophage polarization, the WT macrophage
population stimulated by adsorbed lysate or Pam3CSK4 appear to
lie on the spectrum between a classical M1 macrophage phenotype
characterized by high IL-6, TNF-0, Nos2 and an alternative M2
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macrophage phenotype with high IL-10 and Argl expression. This
cytokine profile is consistent with previous reports that Pam3CSK4
induced an immunosuppressive M2-like macrophages from human
monocytes that express both IL-10 and IL-6, which makes
Pam3CSK4 unique among TLR agonists that generally induce an
M1 phenotype (67-69). Similarly, others have shown that Pam3CSK4
induced human monocytes to produce IL-1f and IL-6 via canonical
(p65/RelA) NF-xB signaling pathway and IL-10 via the non-
canonical (pl100/p52) pathway (70). However, the cytokine and
gene expression data reflect the global population and lack the
robust selection of immunophenotyping markers required for
macrophage polarization analysis. Therefore, we cannot determine
whether the lysate-containing adsorbates promote a similar
immunosuppressive M2-like phenotype as with Pam3CSK4
(although the profile are highly similar), a mixture of M1 and M2
macrophage populations, or a hybrid M1/M2 macrophage phenotype
that has been observed in vivo at implant sites (71-73). Regardless,
the induction of both pro-inflammatory and anti-inflammatory
mediators may reflect the fact that the adsorbates derived from
lysate and plasma contained a multitude of potential stimuli or
activate macrophages via a similar signaling mechanism as
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Pam3CSK4. Conversely, Teflon AF™ surfaces with adsorbates
derived solely from mouse plasma yielded low (~ 10 pg/ml or
lower) expression of many of the cytokines associated with
polarization and/or FBR (e.g., IL-1fB, IL-6, TNF-o, IL-10),
suggesting adsorbed molecules derived from K2 EDTA plasma did
not significantly activate the WT macrophages. This negligible
activation on the plasma adsorbates was expected, as the calcium
chelation by the plasma anticoagulant (K2 EDTA) inhibits activation
of the complement cascade, which otherwise would also induce an
inflammatory response (26). Chemokines MCP-1 and MIP-1o. and
angiogenic growth factor VEGF were expressed at higher
concentrations ranging (~ 100 to 800 pg/ml) on all surfaces,
indicating their expression was induced by the 10% plasma
condition or a basal expression for BMDM on Teflon""" AF surfaces.

MyD88 is a critical adaptor protein for TLR2/1 and TLR2/6
heterodimers, but also all other TLR (except TLR3) as well as IL-1f3
signaling (74). Therefore, it was expected that the loss of the MyD88
protein may have a more robust effect on the macrophage response
than the more selective loss of TLR2. However, TLR2 and MyD88
knockout macrophages yielded highly similar cytokine expression
profiles at the protein and mRNA level in this model. This supports
our original hypothesis that TLR2 is the primary TLR2 mediator of
macrophage activation in response to Teflon' " AF surfaces pre-
adsorbed with 10% lysate in plasma. These results are significant as
they open the door for potential therapeutic strategies that target
DAMP-induced macrophage activation in a broader (MyD88) or
more selective (TLR2) manner.

Proteomic analysis of the adsorbed protein layers generated
from 10% plasma or 10% lysate in plasma on the Teflon' " AF
surfaces clearly demonstrated that even small amounts of cell-
derived molecules in the presence of blood-derived molecules can
significantly alter the adsorbed protein profile on Teflon ™ AF
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surfaces. Teflon' " AFisa hydrophobic fluoropolymer that was used
to model Teflon'"" cannulas of IIS. Hydrophobic fluoropolymers
are known to bind serum protein almost instantaneously and have
high protein retention (75, 76). Here, Teflon' " AF surfaces pre-
adsorbed with 10% plasma yielded proteomic profile abundant (in
terms of protein intensities) in fibrinogen, albumin,
apolipoproteins, complement proteins and fibronectin. This
profile is consistent with previous proteomic studies of protein
adsorption from heparinized plasma for other hydrophobic
materials (61), as well as earlier work with Teflon"™ (PTFE) using
more traditional protein adsorption methodologies (75, 76). Protein
adsorption from blood and blood products has been an active area
of research in the biomaterials field for more than fifty years, and
was recently summarized in a comprehensive series of reviews on
blood-material interactions and its subsequent effects on
biocompatibility (24, 60, 77-79).

Proteomic analysis of adsorbed protein layers generated in vivo
is less well characterized. Swartzlander et al. used LC-MS/MS
proteomic to characterize the protein layers adsorbed on
hydrophilic polyethylene glycol (PEG) hydrogels following a 30-
minute subcutaneous implantation in mice. In this study, albumin
was the most abundant protein, while apolipoproteins, complement
C3, murinoglobulin 1 (Mugl) were also among the “top 20”
adsorbed proteins, similar to the 10% Plasma Teflon'™ AF
condition in the current study. Many of the other abundant
proteins in the PEG hydrogels were associated with the acute
inflammatory and wound healing processes, and located within
the extracellular compartment (27). However, approximately 10%
of the identified proteins came from the intracellular compartment,
in particular the cytoskeleton and cytosol (27), suggesting that in
vivo protein adsorption layers do acquire proteins released damaged
cells in the surroundings.
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We demonstrated that by adding 10% (w/w of total protein)
lysate proteins to the plasma significantly altered the adsorbed
protein profile on Teflon' " AF surfaces. Although fibrinogen and
fibronectin remained in the top 25 proteins, many other blood
proteins, including albumin (ranked 36™) and complement C3
(ranked 30™) were replaced primarily by the cytoskeletal proteins
(actins, tubulins, vimentin, myosin) and histones. Significantly, the
10% lysate in plasma adsorbates were enriched for well
characterized DAMPs high mobility group box 1 (HMGBI1) and
core histones (80), as well as putative DAMPs heat shock proteins
(HSP70, HSP60) and S100 proteins (33). As the 10% lysate in
plasma surfaces activated primary mouse macrophages in a TLR2/
MyD88-dependent manner, we were particularly interested in
DAMPs that are known to act via this pathway. HMGBI is a
nuclear chromatin-binding protein, but when released from cells via
either active secretion or passive release in response to tissue
damage, it mediates inflammation via its interaction with TLR4
and receptor for advanced glycation end-products (RAGE) (81).
There are conflicting reports on the ability of HMGBI to induce a
cytokine response via TLR2. However, a recent study revealed that
HMGBI interacts with TLR2, but function in complex with other
known TLR2 agonists to enhance TLR2 signaling (82). When
released to the extracellular fluid in response to trauma or severe
cellular stress, histones (H1, H2A, H2B, H3, and H4) signal through
TLR2, TLR4 and TLRY to induce the production of cytokines (e.g.,
IL-6, IL-10 TNF-o), activate the NALP3 inflammasome and
complex with other DAMPs (e.g., DNA, HMGBI) to act as a co-
activator (80, 83-85). With the adsorbed protein layer derived from
10% lysate in plasma, 16 proteins from the H1, H2A, H2B, H3 and
H4 families were identified and enriched, compared to 10% plasma
only. Extracellular peroxiredoxin-1 (Prdx-1) has been found to
induce chemokine production via TLR2/4/MyD88 (KC/CXCLI,
MIP-20/CXCL2, MCP-1/CCL2) and TLR4/TRIFF (RANTES/
CCL5) (86), and trigger sterile inflammation in models of acute
injury, including ischemic brain injuries, acute liver injury and
acute lung injury (87-90). We also noted the presence of putative
DAMPs, such as HSP, which have conflicting evidence of true
DAMP activity. While HSP are frequently cited as DAMPs, there is
controversy within the literature regarding the role of extracellular
HSP in immunity (91). While earlier work showed HSP acted as
DAMPs via TLR, later studies suggest that this response was due, at
least in part, to contaminants within the recombinant protein

preparations (92).

4.1 Study limitations

The concentration of cytokines was reported per well and was
not normalized to the number of cells in each condition. Therefore,
it is possible that differences in reported cytokine concentrations
among the experimental conditions may reflect differences in the
number of BMDM. However, visual observations of the wells at 24
hours (representative images shown in Supplemental Figure 1) did
not reveal a notable difference in cell density. As most cytokine
concentrations differed by an order of magnitude or more between
the wildtype condition and knockout strains, we do not anticipate
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that variations in cell density among samples (if present) would
change the study conclusion that lysate-containing adsorbates
stimulated macrophages in a TLR2/MyD88 dependent manner.
Collectively, the proteomic profile of the adsorbed protein layer
on Teflon'" AF substrates pre-conditioned with 10% lysate in
plasma provides multiple potential ligands that may elicit, either
alone or in combination, a TLR2/MyD88-dependent macrophage
response observed on lysate-derived adsorbates within this study, as
well as our previous work with RAW-264.7 and RAW-Blue reporter
macrophages. However, there are multiple limitations and caveats
that must be acknowledged before drawing any definitive
conclusions regarding the mechanisms of action of the adsorbed
lysate model and its relevance to biomaterial host responses and the
FBR. First, the proteomic method used to analyze the adsorbed
protein layer generates a relative abundance of proteins present in
each condition that does not linearly correlate with the actual
protein copy numbers in each sample. Furthermore, these results
will be influenced by multiple factors, including the number of
tryptic peptides each protein generates after trypsin digestion, the
ionizability of the peptides and other factors (24, 93). Therefore, the
presence of proteins of interest require validation using other
methods, such as immunological assays (ELISA, Western Blot) or
targeted MS assays (93). Furthermore, immunodepletion or
blocking of proteins of interest would be required to demonstrate
the relative importance of that protein’s contribution to
macrophage activation. Moving beyond validating the presence
and function of different proteins within the adsorbed protein
layers generated in the present model, there is the critical
question of whether this model is useful and predictive of
macrophage-material interactions in vivo. Our work supports
previous studies by Stephanie Bryant and colleagues, who have
demonstrated that MyD88-dependent signaling is a key regulator of
inflammatory cell recruitment and fibrous capsule formation in
PEG-hydrogel implant models in vivo (32). Compared to the
proteomic analysis of in vivo generated protein layers on PEG
hydrogels, the 10% lysate in plasma was more enriched for
intracellular proteins, suggesting that reducing the amount of
lysate may result in a more accurate model of in vivo protein
layers. However, PEG is a hydrophilic hydrogel and Teflon'™" AF is
a hydrophobic amorphous polymer, and the two materials differ in
many properties that are known to influence protein adsorption.
Another approach to improve the physiological relevance of this
present model is to use an anticoagulant that preserves the
complement and elements of the coagulation cascade. For
example, the thrombin inhibitor lepirudin preserves the
complement cascade and the coagulation cascade upstream of
thrombin, making a more representative plasma model of the in
vivo environment (94). Recent proteomic analysis of adsorbed
protein layers from human lepirudin-plasma demonstrated
distinct differences in the levels of complement and coagulation
activators and inhibitors present on the surface of three types of
alginate microsphere (26). As adsorbed complement components
and activation of the alternative amplification loop on material
surfaces are important factors in biomaterial host responses, the use
of lepiruinated plasma with a lysate spike should be considered for
the further development of in vitro protein adsorbption models
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related to biomaterial inflammatory responses (56-61, 95).
Ultimately, a proteomic analysis of in vivo-generated adsorbed
protein layers on Teflon' AF surfaces would provide a more
useful comparison to determine how well this in vitro model or
future iterations recapitulate the in vivo scenario. Furthermore, in
vivo studies exploring the response of TLR2- and MyD88-deficient
mice to Teflon'" or Teflon " AF implants are required to
demonstrate the important of TLR2-signaling within the host
response to the fluoropolymers, and other biomaterials. Finally, as
the present and preceding studies of the effect of adsorbed lysate-
derived molecules have focused on mouse macrophages, it is
necessary to validate these findings using human macrophage

models in future research.

5 Conclusion

In summary, our study provides evidence that adsorbed protein
layers containing plasma and cell lysate activate primary bone-
derived macrophages in a TLR2-dependent manner to express pro-
inflammatory (IL-1f, IL-6, TNF-0, RANTES, Nos2) and anti-
inflammatory or tolerizing factors (IL-10, Argl). Proteomic
profiling of the adsorbed layers from lysate-containing plasma
solutions suggests that known intracellular DAMPs, such as
HMGBI1 and histones, are enriched on the surface of the
Teflon™ AF, and that subsets of these proteins are known to
induce sterile inflammatory responses through TLR2. Further
studies will be required to validate the presence of these TLR2-
binding DAMPs and their contribution to macrophage activation in
the present in vitro model of macrophage-material interactions, as
well as assess TLR2/MyD88-dependent signaling within in vivo
biomaterial implant models. Overall, our study contributes to the
growing body of evidence supporting TLRs as modulators of
macrophage-material interactions and biomaterial host responses.
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Respiratory syncytial virus (RSV) commonly infects the upper respiratory tract
(URT) of humans, manifesting with mild cold or flu-like symptoms. However, in
infants and the elderly, severe disease of the lower respiratory tract (LRT) often
occurs and can develop into chronic airway disease. A better understanding of
how an acute RSV infection transitions to a LRT chronic inflammatory disease is
critically important to improve patient care and long-term health outcomes. To
model acute and chronic phases of the disease, we infected wild-type C57BL/6
and toll-like receptor 7 knockout (TLR7 KO) mice with RSV and temporally
assessed nasal, airway and lung inflammation for up to 42 days post-infection.
We show that TLR7 reduced viral titers in the URT during acute infection but
promoted pronounced pathogenic and chronic airway inflammation and
hyperreactivity in the LRT. This study defines a hitherto unappreciated
molecular mechanism of lower respiratory pathogenesis to RSV, highlighting
the potential of TLR7 modulation to constrain RSV pathology to the URT.

KEYWORDS

toll-like receptor 7, respiratory syncytial virus, inflammation, airway hyperreactivity,
viral infection

1 Introduction

Respiratory syncytial virus (RSV) causes widespread global infection, with most
children under the age of two being infected. While infection typically manifests in the
upper respiratory tract (URT) and presents as a mild cold, it is estimated that a tenth of the
34 million global cases annually progress to a lower respiratory tract (LRT) infection
(LRTT) leading to bronchiolitis and even hospitalization, particularly in the young children
and elderly (1). Indeed, nearly a quarter of LRTI-related deaths in young children are
associated with RSV, and this disease is the leading cause of hospitalization in infants (2).
Although high-risk groups such as pre-term infants or those with existing respiratory or
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congenital heart disease are more likely to be hospitalized, most
children experiencing severe RSV infection have been previously
healthy; highlighting the indiscriminate nature of the disease
progression (3). Frequent reinfection is also common in older
children and adults, highlighting a susceptibility issue and lack of
established long-term immunity after infection (4). Encouragingly,
two RSV vaccines were recently FDA approved for use in older
adults (5, 6), although effective therapeutic interventions for all
patients with an RSV infection is still limited (7).

Infants who develop severe bronchiolitis due to RSV infection are
at risk of developing recurrent wheezing, asthma and/or allergic
sensitization (8, 9), emphasizing the potential long-term disease
burden caused by this virus. The increased susceptibility of infected
individuals to other respiratory disease (e.g. asthma), could be due to
heightened RSV-driven airway reactivity and/or tissue injury, which
has resulted from RSV infection during infant lung development (10).
Pulmonary and mucosal immunoregulatory responses of immune
and epithelial cells to RSV infection are also important determinants
of disease severity and exacerbation in both children and adults (11).
This is likely due to the developing immune landscape in infants,
which is temporally shaped by its response to environmental and
pathological challenges in early life (12). RSV infection also tends to
create an age-dependent type-2 skewed immunological environment
in infants that often results in a suboptimal antiviral response and
chronic inflammation (13). Furthermore, adults (stronger Thl
immune bias) are more likely to succumb to RSV infection when
neutrophil numbers in the mucosa are high at the time of inoculation
(14). Mouse studies using C57BL/6 mice (representing a Thl skewed
animal model) recapitulating the human challenge trials described
above revealed neutrophilic inflammation promoted an exacerbated
cytotoxic CD8+ T cell response that underpins the long-term
respiratory disease, including airway hyperactivity (14). An
important balance of host Thl, Th2 and Thl7 antiviral and
proinflammatory immune responses is therefore required to ensure
efficient viral clearance and to avoid uncontrolled excessive
inflammation (11), which can have damaging effects on the airways
and can also enhance viral pathogenicity.

RSV is a single-stranded RNA (ssRNA) virus that enters host cells
via a pH-independent fusion mechanism, although proteolytic
cleavage of the Fusion protein by host furin was reported in a low
pH-dependent manner in early endosomes, implicating the
involvement of the endocytic pathway in RSV biology (15, 16).
However, RSV infection of certain cell types occurs directly into the
cytosol and is independent of endosomal compartments (17). Pattern
recognition receptors (PRRs) such as toll-like receptors (TLRs), some
of which reside within the endosome, initiate important innate
responses to infection upon sensing of pathogen-associated
molecular patterns (18), but as RSV can enter directly into the
cytosol this may limit detection by these TLRs until later in the
infection process. TLR7 senses endosomally localized ssRNA and its
activation triggers downstream induction of transcription factor genes,
such as interferon regulatory factors (IRFs) or nuclear factor-kB
(NFkB), to mediate host antiviral responses that are critical for
establishing an appropriate immune response. The sensing of
ssRNA viruses, such as influenza A (IAV), SARS-CoV2 and RSV, is
dependent on a high level of TLR7 being expressed in plasmacytoid
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dendritic cells (pDCs), patrolling monocytes, macrophages and B cells,
and is necessary to modulate various arms of the innate and adaptive
immune system (19). Retinoic acid-inducible gene I (RIG-I)-like
receptors (RLRs) are another family of PRRs that also potently
induce type I IFN responses upon cytosolic sensing of ssRNA (20),
and these are important for early antiviral responses to RSV infection
(21). Due to the potential of RSV to be sensed in either the cytosol by
RLRs and/or the endosome by TLR7/8, both systems may contribute
to hyperinflammation in response to RSV infection either
individually, sequentially or simultaneously.

TLR7 has a potential protective role during the acute phases of
viral infection (22-25) by driving an early Th1 response in the lungs to
evoke an antiviral response. However, a hyperinflammatory “cytokine
storm” setting within the airways and lungs could arise if TLR7-
mediated inflammatory responses are not appropriately resolved
following viral clearance. This has been recently shown for SARS-
CoV2 infection where pDC-dependent TLR7 activation by the virus
drives type I IFN signaling and mediates both transcriptional and
epigenetic alterations in macrophages to favor their hyperactivation in
patients with severe COVID-19 (26). Similarly, during severe IAV
infection, the pharmacological suppression of TLR7 reduced
monocyte- and neutrophil-driven lung inflammation, which
restricted the resultant downstream pathology (27). The
establishment of an immunopathological niche following improper
immune regulation and excess inflammation can potentiate viral
pathogenicity and exacerbate chronic airway inflammatory disease
(28). Fewer studies have investigated the role of TLR7 in RSV infection,
which is the focus herein. While these studies have identified enhanced
mucus production in the airways (29) or delayed innate pDC immune
responses that impact viral clearance (30) in TLR7-deficient mice, the
ability of TLR7 to potentiate RSV-induced chronic respiratory disease
has not been previously investigated. Interestingly, RSV transcripts
were detected in the lungs of mice several months following infection
and reportedly correlated with chronic airway hyperreactivity (31). As
viral RNA can engage TLR7, RSV persistence may stimulate
concurrent inflammation by TLR7, possibly driving a chronic
inflammatory phenotype.

Here, we have interrogated the role of TLR7 in both acute and
chronic RSV-induced pathogenesis with a focus on URT (nasal)
and LRT (upper airways and lung) responses.

2 Results

2.1 TLR7 modestly regulates viral
clearance in the URT to suppress
localized inflammation

To assess the impact of TLR7 during acute and chronic RSV
infection, WT and TLR7 KO mice were infected with RSV and airway
and lung inflammation subsequently measured at early (4 or 7 dpi) or
late (42 dpi) timepoints to model different phases of the disease. We
first investigated nasal tissue to understand the contribution of TLR7
to antiviral responses in the URT. Gene expression analysis of the
nasal tissue revealed that early infection (4 dpi) did not alter TLR
expression, including that of TLR7 despite virus being present and
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evoking elevated IRF-7 and IFN-f} expression (Figures 1A, B). Indeed,
the expression of RIG-I/DDX58 and its positive regulator LGP2/
DHX58 were higher at this timepoint. Deletion of TLR7 did not
change the levels of virus, IFN-3 or DHX58, although the expression
of TLR8 and TLR9 was significantly higher than in WT mice,
suggesting the presence of active TLR7 may suppress other TLR
activation/function. TLR7 expression rose significantly at 7 dpi in
WT mice, although this was not associated with any changes in type I
IFN (Figure 1A). Interestingly, significant levels of virus were detected
in the nasal tissue of TLR7 KO mice at 7 dpi (Figure 1C) and this
coincided with significantly elevated expression of PRRs in these
mice. Furthermore, we were able to detect viral RNA in the nasal
tissue of some mice of either genotype at 42 dpi (Figure 1C,
Supplementary Table S1), although PRR expression had returned
to near uninfected levels by this time.

The expression of TLR7 in the lungs of WT mice increased
significantly after RSV infection, at 4 and 7 dpi, but did not appear
to persist chronically, despite the detection of residual viral mRNA
at 42 dpi (Figure 1D). Upregulation of various TLRs and RLRs
similarly occurred in the presence or absence of TLR7 at 4 dpi and
were retained at 7 dpi, but only in WT mice (Figure 1D). PRR
regulation was significantly suppressed in the lungs of TLR7 KO
mice at 7 dpi. Unlike in the nasal tissue, this difference did not
impact acute clearance of RSV in the lungs as viral titres remained
the same in both genotypes (Figure 1F), implying that antiviral
responses were not compromised in the LRT of TLR7 KO mice.
Indeed, IFN-f and IRF-7 expression in the lung were elevated upon
RSV infection at 4 dpi in both genotypes, with significantly higher
IFN- levels in TLR7 KO mice (Figure 1E). Resolution of type I IFN
expression was evident at day 7 and occurred more dramatically in
TLR7 KO mice. The low level mRNA viral transcripts detected at 42
dpi were consistent with previous observations of chronic RSV
persistence in the lungs (32) and a statistically significant higher
viral titre in the lung was observed in TLR7 KO mice at 42 dpi
(Figure 1F, Supplementary Table S1).

These data indicate that RSV infection engages various IFN-
stimulating sensors in the URT where TLR7 modestly contributes to
viral clearance. Interestingly, we failed to detect upregulation of
inflammatory response genes in the nasal tissue of WT mice in
response to acute RSV infection. In contrast, a significant elevation of
various Thl inflammatory markers IFNy, IL-1B and TNFo was
evident in the nasal tissue of TLR7 KO mice at 7 dpi (Figure 2A).
This correlated with the increased expression of the DC marker
CD11¢/ITGAX as well as the T cell markers CD4, CD8 and CD69
(Figure 2B). Expression of the monocyte/macrophage/granulocyte
marker CD11b/ITGAM was unaltered in both mouse genotypes and
was accompanied by insignificant increases in CCL3. Additionally,
upregulation of PDCA-1/BST2 expression (commonly expressed by
pDCs and B cells) was consistent in both mouse genotypes during
acute infection (Figure 2B). Strikingly, both WT and TLR7 KO mice
displayed elevated nasal expression of CD8 at 42 dpi but this was
significantly dampened in TLR7 KO mice (Figure 2B). Furthermore,
increased IFNYy expression was additionally detected in the nasal
tissue of WT mice at 42 dpi but not in TLR7 KO mice.

These analyses imply that RSV infection induces a dominant
antiviral response in the URT of WT mice, and suggests a potential
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suppression mechanism of acute Thl cytokine responses by TLR7
in the URT (up to 7 dpi), which likely contributes to the observed
chronic persistence of a functional CD8+ cytotoxic T cell and IFNy
response in the URT at day 42.

2.2 TLR7 potentiates enhanced acute and
chronic airway inflammation following
RSV infection

Our data thus far indicated that TLR7 assists with viral
clearance in the URT but its antiviral effects in the LRT are
dispensable. Rather, better resolution of type I IFN in the LRT
was achieved in the absence of TLR7 without compromising viral
clearance. TLR7 also initiates important proinflammatory signals,
which we found were suppressed in the URT, and given the
apparent TLR7-dependent antiviral persistence in the LRT,
sustained TLR7 activation (as observed by elevated lung TLR7
expression at 7 dpi) may contribute to hyperinflammatory
responses that can potentially exacerbate LRT pathology.
Infiltration of immune cells as a measure of inflammation into
the large airways was assessed by bronchoalveolar lavage (BAL)
across acute and chronic infection. Airway inflammation peaked
at 7 dpi and was significantly lower in TLR7 KO mice across acute
timepoints (Figure 3A). This result was in concordance with type I
IFN suppression in the nasal tissue at 7 dpi and is consistent with a
sequence of antiviral resolution in the URT preceding the
dissemination of a robust inflammatory response in the LRT.
Interestingly, a significant population of immune cells were
retained in the airways of infected WT mice at 42 dpi, but not
in TLR7 KO mice. Considering the equivalent level of virus
detected acutely in the lungs, this observation indicates that
TLR7 enhances airway inflammation without improving
viral clearance.

Flow cytometric labelling of immune cell markers revealed that
RSV infection induced an early airway influx of innate immune
responder cells, comprised of macrophages, monocytes,
neutrophils, natural killer (NK) and DCs at 4 dpi (Figure 3B).
Eosinophilia also accompanied infection. There were significantly
less pDCs and myeloid dendritic cells (mDCs), macrophages and
monocytes in RSV-infected TLR7 KO mice at this timepoint. The
frequency of patrolling and inflammatory monocytes in the airways
was also significantly reduced in infected TLR7 KO mice
(Supplementary Figure S1A). By 7 dpi, the numbers of Ly6C™
inflammatory monocytes and mDCs increased in WT mice while
other innate immune cells had decreased. Similar to the
inflammation at 4 dpi, the airways of TLR7 KO mice contained
less innate immune cell numbers at 7 dpi with significantly lower
NK cells and monocytes. There was no difference in the
composition of cells in the airways of infected mice between
genotypes at 7 dpi (Supplementary Figure S1A). Interestingly, a
significant number of pDCs, Ly6C" patrolling monocytes and
eosinophils persisted in the airways of infected WT mice at 42
dpi, with non-significant trends of macrophage and NK cell
populations also present (Figure 3B). These lingering cells were
absent in infected TLR7 KO mice at 42 dpi.
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TLR7 suppresses acute inflammatory signaling in the nasal tissue following RSV infection. WT C57BL/6 or TLR7 KO mice were infected with RSV (0.5-
2x10” PFUs) or PBS via intranasal administration. Nasal tissue mRNA expression of various (A) proinflammatory cytokines and (B) immune specific
markers was quantified after 4, 7 or 42 dpi. Responses are relative to RPS18 and expressed as a fold-change above uninfected controls of each
mouse genotype. Data are expressed as mean + SEM, n = 4-8 mice per experimental group from a single experiment. Statistical analysis was
conducted using two-way ANOVA test followed by Tukey's post hoc test for multiple comparison to compare differences between genotype or
infection timepoints (*p < 0.05, **p < 0.01, ****p<0.0001). A Sidak’s post hoc test was performed to compare differences between uninfected
controls (fold change of 1) and respective infected groups for each genotype (p < 0.05, ##p < 0.01, **#p < 0.001, ***#p < 0.0001).

Analysis of the adaptive T cell response revealed the migration
of a dominant population of CD4+ helper T cells to the airways of
infected mice of both genotypes at 4 dpi, but the T cell response
eventually shifted towards a CD8+ cytotoxic phenotype by 7 dpi
(Figure 3C, Supplementary Figure S1B). Despite RSV infection
increasing CD8+ cytotoxic T cells to similar frequencies in both
genotypes, approximately half as many CD8+ cytotoxic T cells were
detected in TLR7 KO mice at 7 dpi, although this did not affect
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overall viral clearance. Interestingly, CD8+ cytotoxic T cells
persisted in the airways of infected mice at 42 dpi at similar
frequencies in both genotypes, but total cell numbers were lower
in TLR7 KO mice. Furthermore, we noted that WT mice exhibited a
greater CD8+:CD4+ T cell ratio at 42 dpi compared to TLR7 KO
mice. These data reveal an acute TLR7-dependent enhanced total
cellular immune response in the airways of RSV-infected mice and a
chronic persistence of a subset of immune cells namely CD8+
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RSV-induced airway immune infiltration is reduced in TLR7 KO mice. WT C57BL/6 or TLR7 KO mice were infected with RSV (0.5-2x10” PFUs) or PBS
via intranasal administration and analysis performed after 4, 7 or 42 dpi. (A) Airway inflammation was assessed by counting the total number of live
cells isolated from the bronchoalveolar lavage (BAL) fluid. Data are expressed as mean + SEM, n = 12-16 mice per experimental group from three
independent experiments. Immune cell populations in the airways collected in the BAL fluid were determined by flow cytometry. (B) Innate immune
cell types: interstitial macrophages (CD11b* F4/80%), patrolling monocytes (CD11b* Ly6C'), inflammatory monocytes (CD11b* Ly6C™), NK cells
(CD3™ NK1.1%), neutrophils (CD11b* Ly6G"), plasmacytoid DCs (CD11c* CD11b™ PDCA-1*) and myeloid DCs (CD11c* CD11b* MHCII*). Numbers of
differentially stained eosinophils was determined by counting 500 cells from random fields by standard morphological criteria relative to the total
number of isolated cells. (C) Adaptive T cell subtypes: T helper (CD3" CD4") and cytotoxic T cells (CD3* CD8%). Cell populations were measured as
absolute number of CD45* population per total live cells. Data are expressed as mean + SEM, n = 5-8 mice per experimental group from two
independent experiments. Statistical analysis was conducted using two-way ANOVA test followed by Tukey's post hoc test for multiple comparison
test (*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001).
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cytotoxic T cells, NK cells, patrolling monocytes, eosinophils
and pDCs.

2.3 RSV infection provokes TLR7-
dependent lung pathology

Our analysis of persistent immune cell infiltration detected in
the BAL fluid indicated that this model of RSV infection induces
chronic inflammation of the larger airways in the LRT that is driven
by TLR7. As mentioned earlier, severe RSV infection of the LRT
can manifest in some individuals leading to bronchiolitis and
pneumonia. RSV infection induced lung oedema in WT mice at 7
dpi, as evidenced by significantly heavier lung weights compared to
uninfected lungs, but this oedema was absent in TLR7 KO mice
infected with RSV (Figure 4A). This may be an indication of the
greater infiltration of inflammatory cells to the lungs of TLR7
expressing mice following infection, consistent with enhanced
airway infiltration.

Haematoxylin and eosin (H&E) staining of lung sections was
conducted to assess the level of inflammation within the lung tissue.
Acute alveolitis was evident in RSV-infected WT mice while TLR7
KO mice showed no difference in alveolar inflammation with
infection (Figures 4B, C). Inflammation into the alveolar wall
near the bronchioles peaked at 7 dpi in WT mice whereas in
TLR7 KO mice there was significantly less infiltration of
inflammatory cells around the bronchioles. Additionally, RSV
infection resulted in an insignificant trend towards chronic
alveolitis at 42 dpi in WT mice but this was not evident in TLR7
KO mice. There were overall fewer inflammatory cells infiltrating
the lung tissue of TLR7 KO mice compared to WT mice during
acute infection. No significant differences in the degree of immune
infiltration of infected lungs were detected at 42 dpi in either mouse
genotype, suggesting a resolution of immune lung infiltration, at
least by H&E observation. This histological analysis indicates that
RSV infection induces an infiltration of cells into the deep airway
spaces of the lung, which is likely to be TLR7-dependent, leading to
chronic alveolitis and enhanced bronchiolar inflammation.

We further analyzed the infiltrating immune cell types in the
lungs following RSV infection at both acute and chronic stages.
Significant changes in immune cell numbers (monocytes, DCs and
NK cells) in the lungs of WT mice following infection were evident
at 7 dpi (Figure 5A). The lungs of infected TLR7 KO mice consisted
of significantly less pDCs, and a trend towards less NK cells, mDCs
monocytes at 7 dpi (Figure 5A). Populations of CD4+ and CD8+ T
cell subtypes were similar in the infected lungs of either mouse
genotype. While infection at day 7 increased the CD8+:CD4+ T cell
ratio in the lungs of both genotypes, this was significantly lower in
TLR7 KO mice (Figure 5B). This, in conjunction with the immune
analysis of the airways, implied an overall reduced T cell effector
response in the absence of TLR7, without compromising viral
clearance. However, unlike in the upper airways of the LRT,
infection did not result in any chronic increases of immune cells
in the lungs at 42 dpi.

These data show that RSV infection causes a TLR7-dependent
infiltration of inflammatory cells to the deeper lung tissue and that

Frontiers in Immunology

10.3389/fimmu.2023.1240552

the chronic inflammatory phenotype, in addition to the acute phase
of infection, is mainly localized to the upper airways of the LRT.

2.4 TLR7 drives an exacerbated Th1/Th2
proinflammatory profile in the lungs
following RSV infection

To further dissect the immunopathological mechanism driven
by TLR7-mediated hyperinflammatory responses in the LRT during
RSV infection, we analyzed the expression of key Thl and Th2
cytokine mediators as alterations in these responses can influence
the severity of RSV infection and risk of subsequent respiratory
illness, particularly in early life (33, 34). Early inflammasome
activation was induced 4 dpi, as evidenced by increased
expression of NLRP3 and IL-18, as well as IL-6 and TNFa
upregulation in the lungs of both mouse genotypes (Figure 6A).
Lung IL-1P gene and protein expression were higher at 7 dpi in WT
mice, as were NLRP3, IL-6 and TNFo. gene levels, however these
proinflammatory markers were suppressed in the absence of TLR7.
This also correlated with a TLR7-dependent alteration in
chemotactic factors: where infection raised the levels of CXCL2,
CCL3 and CCLI11 chemokines at 4 and 7 dpi in WT mice, but these
responses were blunted in TLR7 KO mice (Figure 6B), most likely
accounting for the reduced airway infiltration of neutrophils,
macrophages and eosinophils in TLR7 KO mice.

Inflammasome activation has direct effects on shaping the Thl,
Th2 and Th17 immune responses (35). Infection promoted early
expression of the Thl cytokine IFNYy in the lungs at day 4 that
dramatically rose by more than 10-fold at 7 dpi (Figure 6C). Gene
expression of another Th1 cytokine IL-12 in the lung did not change
with infection. The levels of IFNy were similar between genotypes at
4 dpi, but TLR7 KO mice expressed significantly less IFN7y at 7 dpi.
This observation in the lungs of TLR7 KO mice at 7 dpi contrasts
with the nasal tissue analysis in which these mice displayed higher
IFNYy expression at the same timepoint (Figure 2A). However,
secreted protein levels of IFNy in the BALF at 7 dpi (Figure 6C)
mirrored the nasal tissue data demonstrating higher IFNYy levels in
the airways of TLR7 KO mice, consistent with delayed viral
clearance in the URT. This suggests that the loss of TLR7
enhances Thl responses in the URT, but limits hyperactivation in
the LRT. In regard to Th2 cytokines, higher IL-13 expression was
detected at 4 dpiin WT lungs and was retained at 7 dpi (Figure 6D).
This early IL-13 response at 4 dpi was blunted in TLR7 KO mice,
but rose to similar levels to WT mice at 7 dpi. In contrast, the IL-4
response was not evident until 7 dpi and was only detected in the
WT lung.

The expression profile of the panel of inflammatory cytokines
and chemokines analyzed was unaltered in the infected lung tissue
of both genotypes of mice at 42 dpi. This is in contrast to the URT,
where only infected WT mice showed significantly higher IFNy
expression in the nasal tissue (Figure 2A) or BALF (Figure 6C) at
the day 42 timepoint. Analysis of the IFNy:IL-13 ratio as an
indicator of Thl versus Th2 response supported the notion of a
dominant Thl response in the lungs of infected WT mice at day 7,
which was retained at day 42 (Figure 6E). This analysis also
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FIGURE 4

TLR7 KO mice have reduced lung pathology following RSV infection. WT C57BL/6 or TLR7 KO mice were infected with RSV (0.5-2x10” PFUs) or PBS
via intranasal administration, then lung pathology was assessed after 4, 7 or 42 dpi. (A) Pulmonary oedema was assessed by measuring the wet lung
weight to bodyweight ratio. (B) Lung histopathological analysis was assessed for alveolitis (alveolar inflammation of parenchyma), total inflammatory
cell infiltrate and peribronchiolar inflammation (inflammation around bronchiolar airway wall) using a scoring system of 0-5 for each individual
mouse, where higher numbers indicate increased severity. Each section was scored blindly by two independent assessors. (C) Representative images
displaying lung inflammation from paraffin embedded lung sectioned (4 um) longitudinally and stained with H&E. Scale bars represent 1 mm in the
overview and 100 um for the zoomed images. Data are expressed as mean + SEM, n = 12-16 mice per experimental group from three independent
experiments. Statistical analysis was conducted using two-way ANOVA test followed by Tukey's post hoc test for multiple comparison test (*p <
0.05, **p < 0.01, ****p<0.0001).
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RSV-induced lung infiltration of innate immune cells is reduced in TLR7 KO mice. WT C57BL/6 or TLR7 KO mice were infected with RSV (0.5-2x10”
PFUs) or PBS via intranasal administration. Immune cell populations in lung tissue were determined by flow cytometry after 4, 7 or 42 dpi. (A) Innate
immune cell types: interstitial macrophages (CD11b* F4/80%), patrolling monocytes (CD11b* Ly6C'), inflammatory monocytes (CD11b* Ly6C™), NK
cells (CD3™ NK1.1%), neutrophils (CD11b* Ly6G™"), plasmacytoid DCs (CD11c* CD11b™ PDCA-1*) and myeloid DCs (CD11c* CD11b* MCHCII*)

(B) Adaptive T cell types: T helper (CD3" CD4") and cytotoxic T cells (CD3" CD8"). Cell populations are measured as absolute number of CD45*
population per 10,000 counting beads. Data are expressed as mean + SEM, n = 5-8 mice per experimental group from two independent
experiments. Statistical analysis was conducted using two-way ANOVA test followed by Tukey's post hoc test for multiple comparison test

(*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001).

suggested that the lungs of infected TLR7 KO mice did not exhibit a
dominant Thl or Th2 phenotype at either acute or chronic
timepoints. Conversely, the IFNY:IL-4 ratio, as an alternative
measure of Thl versus Th2, was higher in infected TLR7 KO
mice at 4 dpi, although eventually rose to the same degree in
both genotypes at 7 dpi, supporting an overall Thl dominant
response at early timepoints. Despite a significant influx of Th2-
dominant eosinophils to the airways of WT mice (Figure 3B), IL-5
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expression did not change during infection (Figure 6D).
Furthermore, acute RSV infection increased expression of mucin
genes Muc5b and Muc5ac in the lung, suggesting enhanced mucus
production and goblet cell hyperplasia with infection (Figure 6F).
Consistent with the suppressed inflammatory profile, Muc5ac
expression was significantly reduced in TLR7 KO mice at 7 dpi.
IL-17A levels were also high at 4 dpi although expression was
significantly higher in TLR7 KO mice (Figure 6G), suggesting these
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Reduced pro-inflammatory mediators in the lungs of TLR7 KO mice. Lung mRNA expression from WT C57BL/6 or TLR7 KO mice infected with RSV (0.5-
2x107 PFUs) or PBS was analyzed after 4, 7 or 42 dpi. (A) Proinflammatory cytokines, (B) proinflammatory chemokines, (C) Thi cytokines, (D) Th2 cytokines,
(E) Th1:Th2 cytokine ratios, (F) mucin genes, (G) Th17 and (H) anti-inflammatory cytokines were measured. Proteins levels of (A) IL-1 from the lung or

(C) IFNY from the BALF were also quantitated by ELISA. Responses are relative to RPS18 and expressed as a fold-change above uninfected controls of each
mouse genotype. Data are expressed as mean + SEM, n = 5-8 mice per experimental group from a single experiment. Statistical analysis was conducted
using two-way ANOVA test followed by Tukey's post hoc test for multiple comparison to compare differences between genotype or infection timepoints (*p
< 0.05, **p < 0.01, ****p<0.0001). A Sidak's post hoc test was performed to compare differences between uninfected controls (fold change of 1) and
respective infected groups for each genotype (***p<0.001, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).
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mice had an enhanced Th17 profile during early infection, but this
response was resolved in both genotypes by day 7. The lung profile
of IL-10, which is considered to exert suppressive effects on
inflammation, mirrored the IFNY response. Infection induced
equivalent levels of IL-10 at 4 dpi in both genotypes, which then
rose dramatically in WT mice at 7 dpi, but this increase was
significantly less in TLR7 KO mice (Figure 6H). This suggests
that the overall reduction of the Th1/Th2 response in the lungs of
TLR7 KO mice is paralleled by the reduced need for inflammatory
suppression signaling.

These data demonstrate that TLR7 promotes a profound
hyperinflammatory response to RSV infection in the LRT
following effective early antiviral responses by driving a strong
Thl dominant phenotype in the lung, which persists chronically.
Loss of TLR7 improves the resolution of this inflammatory response
(at 7 dpi) in the LRT by balancing the Th1/Th2 landscape that
ultimately reduces the acute and chronic immunopathology caused
by excess immune infiltration of the airways present in TLR7
proficient mice.

2.5 RSV infection induces a TLR7-
dependent inflammatory response in
alveolar macrophages

The above experiments revealed that the RSV-induced
inflammatory signal is predominantly derived from the LRT
rather than the URT (nasal compartment), suggesting that
immune infiltration to the upper airways is heavily influenced by
the Th1/Th2 cytokine signals in the lung. As RSV disseminates to
the LRT it commonly infects and stimulates pulmonary
macrophages, although these cells do not efficiently support RSV
replication but are important initiators of inflammation in the lung
(36). Studies have also reported an indirect activation mechanism of
alveolar macrophages (AM®) by upstream pDCs via TLR7, which
may drive a “cytokine storm” in the LRT (26, 27). Thus, Th1/Th2
signaling in the lung can likely influence the polarization of
macrophage subtypes and vice versa. RSV infection induced an
early Th2-skewed M2 “anti-inflammatory” macrophage response at
4 dpi in the airways that shifted to a Thl dominant M1
“inflammatory” macrophage response at day 7 (Figure 7A). Both
M1 and M2 macrophage responses were blunted in TLR7 KO mice
across acute infection timepoints, consistent with the cytokine gene
expression in the lung. Moreover, populations of M2 macrophages
from lung tissue increased significantly in infected WT mice at 7 dpi
while no significant increases in M2 populations were observed in
TLR7 KO mice (Figure 7B). The M1 macrophage population and
overall M1:M2 ratios did not change significantly in the lung
following infection in either genotype. However, M1:M2 ratios in
the upper airways suggested RSV infection induced an early Th2
dominant inflammatory response disseminating from the URT in a
TLR7 dependent manner.

Additional experiments on naive AM® isolated from WT or
TLR7 KO mice and subsequently infected ex vivo with RSV were
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performed to assess the intrinsic effects of RSV on these cells. RSV
induced a cell-intrinsic increase in TLR7, TLR8 and TLR9
expression in WT-derived AM®, and this was accompanied by
enhanced IFN-B expression, which was curiously higher in
macrophages lacking TLR7, although the viral load remained
equivalent (Figure 7C). Therefore, these results may account for
the elevated IFN- levels observed in the lungs of infected TLR7 KO
mice at early timepoints (Figure 1B). Measurement of secreted IFN-
B protein into the culture supernatant also revealed increased
production of IFN-f protein by TLR7-deficient AM® upon
exposure to RSV compared to WT macrophages (Figure 7D). In
addition, there was no significant increase in TLR8 or TLR9
expression observed in TLR7 KO macrophages. Infection boosted
IL-1B, IL6 and NLRP3 levels in TLR7 expressing AM® but these
proinflammatory markers were suppressed upon TLR7 deficiency.
Additionally, anti-inflammatory IL-10 was only significantly
elevated in TLR7-deficient AM®s. We were unable to detect
either basal or stimulated gene expression of IL-4, IL-5, IL-13 and
IFNy in AM®. These experiments reveal that direct RSV infection
of AM® preferentially activates a TLR7-dependent
proinflammatory response that is ineffectively regulated and
somewhat suppresses type I IFN.

2.6 RSV infection provokes TLR7-
dependent chronic airway hyperreactivity
that correlates with CD8+:CD4+ T cell
ratios in the airways

We next determined if the chronic persistence of airway
inflammation offered by TLR7 contributed to airway hyperreactivity
as a functional consequence of poorly resolved acute
hyperinflammatory responses in the LRT. Mice were subjected to
methacholine (MCh) challenge after 4, 7 or 42 dpi then Newtonian
resistance (Rn, central airways resistance), tissue dampening (G, small
airway and alveolar resistance) and total lung resistance (Rrs, total
airway resistance) were measured. WT mice infected with RSV
displayed overall higher resistance parameters than uninfected mice
at 4 and 7 dpi (Figures 8A, B). Importantly, central airway and total
lung resistance were significantly higher in infected WT mice at 42
dpi, illustrating the presence of chronic airway and lung
hyperreactivity (Figures 8C, D). There was also a non-significant
trend for enhanced alveolar (G) resistance in infected WT mice at 42
dpi. In contrast, uninfected and RSV-infected TLR7 KO mice
displayed similar responses to MCh for all resistance parameters at
42 dpi, indicating these mice did not experience airway
hyperreactivity. We then stratified the number of immune cells
retained in the airways at 42 dpi with the extent of central airway
hyperreactivity at maximal MCh (100 mg/mL). A positive correlation
was identified between the CD8+:CD4+ T cell ratios in the airways
and maximum airway hyperreactivity (Figure 9).

These experiments demonstrate that TLR7 drives chronic
airway hyperreactivity following RSV infection and this correlates
with the CD8+:CD4+ T cell ratio in the airways.
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FIGURE 7

RSV infection stimulates proinflammatory responses in alveolar macrophages. WT C57BL/6 or TLR7 KO mice were infected with RSV (0.5-2x10”
PFUs) or PBS. After 4, 7 or 42 dpi, macrophage subtypes M1 “inflammatory” (CD11b* F4/80* iINOS*) and M2 “anti-inflammatory” (CD11b* F4/80*
CD206") were isolated from the (A) airways (BAL) or (B) lung tissue and assessed by flow cytometry. Cell populations were measured as absolute
number of CD45" population per 10,000 counting beads (lung) or total live cells (BAL). Data are expressed as mean + SEM, n = 5-8 mice per
experimental group from two independent experiments. (C) Alveolar macrophages (AM®) were isolated and infected ex vivo with RSV (MOI 1) for
24 h. Expression of indicated genes was then performed, and is presented relative to RPS18 as a fold-change above uninfected controls of each
genotype. (D) Secreted protein was also measured in the cell culture supernatant by ELISA. Data are expressed as mean + SEM, n = 3-5 per
treatment group from three independent experiments. Statistical analysis was conducted using two-way ANOVA test followed by Tukey's post hoc
test for multiple comparison test (*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001).

3 Discussion widespread inflammation may prolong disease pathology
resulting in tissue damage, disease progression, and even

Inflammation is critical for regulating viral clearance and  autoimmunity. TLR7 is an important immune sensor and key
establishing immunological memory, however uncontrolled,  driver of inflammation following viral infection that has been
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FIGURE 8

TLR7 KO mice are spared from RSV-induced chronic airway hyperreactivity. WT C57BL/6 or TLR7 KO mice were infected with RSV (0.5-2x10” PFUs)
or PBS. Mice were anaesthetized after 4, 7 or 42 dpi, connected to the Flexivent FX1 system and mechanically ventilated at 300 breaths per minute.
Lung function was performed in response to increasing doses of nebulized methacholine (MCh; 0, 3, 10, 30 and 100 mg/ml). Dose response curves
of central airways resistance (Rn, Newtonian resistance), total respiratory system resistance (Rrs) and tissue dampening (G) is presented relative to 0
mg/ml MCh (saline) after (A) 4, (B) 7 or (C) 42 dpi. (D) Maximal resistance (100 mg/ml MCh) parameters at 42 dpi relative to 0 mg/ml MCh (saline) are
shown. Data are expressed as mean + SEM, n = 5-8 mice per experimental group from two independent experiments. Statistical analysis was
conducted using two-way ANOVA test followed by Tukey's post hoc test for multiple comparison test (*p < 0.05).

implicated in hyperinflammatory responses in autoimmunity,
influenza and SARS-CoV2 infection (26, 27, 37, 38). We reasoned
that TLR7 plays a significant role in controlling the URT infection
and the immunopathology provoked by RSV in the LRT, where
chronic respiratory disease manifests.

Mice infected with RSV developed airway hyperreactivity
several weeks after infection, consistent with previous neonatal
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and adult mouse models of RSV (39, 40). Strikingly, the absence
of TLR7 prevented RSV-infected mice from developing chronic
airway hyperreactivity. Our study showed that the acute phase of
RSV infection established a TLR7-dependent inflammatory niche
within the LRT that facilitated the development of chronic
respiratory disease. While TLR7 suppressed inflammatory
markers in the nasal tissue, this enhanced the progression of
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CD8+:CD4+ T cell ratios in the airways correlate with airway hyperresponsiveness. Correlations at 42 dpi were made of the maximal central airways
resistance (100 mg/ml MCh) with the number of immune cells present in the airways (BAL) of each mouse. Data are expressed as mean + SEM, n =
5-8 mice per experimental group from two independent experiments. Statistical analysis was conducted using a simple linear regression test.

inflammation and immune infiltration in the LRT, which added
little benefit to the host response to infection, but rather expedited
long-term immunopathological consequences. In contrast, the
absence of TLR7 in the URT provoked a localized inflammatory
response in the nasal tissue that modestly impacted viral clearance,
but prevented the dissemination and establishment of a
hyperinflammatory environment in the LRT. Overall, these
observations illustrated a sub-optimal resolution of the host
immune response in the LRT that is driven by TLR7, which
contributes to hyperinflammatory signaling, lung pathology and
persistent immune infiltration of the airways, leading to chronic
airway hyperreactivity (Figure 10). It is unclear whether this effect
can occur upon direct engagement of TLR7 in the absence of a
productive infection, although we reason that this sustained
immune response, rather than persistent viral mRNA, induced
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chronic airway hyperreactivity as mice lacking TLR7 effectively
resolved inflammation of the LRT and did not experience
airway hyperreactivity.

TLR7 paradoxically contributed different immune responses in
the URT and LRT in response to RSV infection. We did not detect a
strong proinflammatory signal in the nasal tissue during acute
infection implying that the immune response in the URT was
predominantly antiviral, which was likely propagated early by
cytosolic RLRs. Loss of TLR7 modestly impeded clearance of the
virus in the nasal tissue as viral titres were higher in TLR7 KO mice
at 7 dpi, and this coincided with the upregulation of IFNy, IL-1f3
and TNFa, as well as CD8+ T cells. In contrast, early (day 4)
antiviral responses in the LRT of TLR7 KO mice were not impaired.
This was accompanied by intact levels of proinflammatory
mediators and concomitant airway infiltration of NK cells,
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macrophages and CD4+ T cells, with no observed impact on viral
titres in the lung. This is consistent with the engagement of various
PRRs driving the antiviral responses to RSV infection (41-43) and
illustrates that, unlike in the URT, TLR7 is dispensable for antiviral
effects in the LRT in this model. Only TLR7 expressing mice
displayed heightened inflammatory responses, lung pathology and
immune infiltration of the airways in the LRT at 7 dpi; suggesting
that the initial PRR response to infection combined with the
secondary TLR7 response to effect a dual immune activation
scenario, which might explain the heightened inflammation.
Moreover, sustained levels of some inflammatory markers
implicated in driving immunopathology, for instance elevated
NLRP3 inflammasome activity, or NK cell or M1 macrophage
populations (44-46), were lessened in the LRT of TLR7 KO mice.
This effect was probably facilitated by the lack of CXCL2 and CCL3
upregulation in these mice although the observed lack of effect on
viral titres highlights LRT viral clearance was not compromised.
Our data also imply that the RSV-induced inflammatory
response is compartmentalized to the URT in TLR7 KO mice,
thereby sparing the LRT from exacerbated immune infiltration and
the development of critical lung pathology. Markers of
inflammation were significantly elevated in the nasal tissue of
TLR7 KO mice at 7 dpi but there was reduced immune
infiltration to the rest of the airways, suggesting that the
inflammatory response was localized to the URT. Importantly,
less pDCs were present in the upper airways of the LRT early
during infection, which likely influenced the airway responses of
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AM® and CD8+ T cells, as has been reported for SARS-CoV2 (26)
and RSV (47) respectively. As such, we found the TLR7-mediated
response to RSV in AM® primarily promoted inflammatory
signaling. Thus, reduced AM® activation in TLR7 KO mice (a
result of lower pDC stimulation or viral dissemination), is likely to
limit inflammation in the LRT. CCL3-mediated chemotaxis has also
been noted to influence the migration and function of CD8+ T cells
to sites of infection following RSV exposure (48). Nasal aspirates
obtained from infants hospitalized with severe RSV-induced
bronchiolitis contained higher levels of CCL3, neutrophils,
monocytes and Th2-CD8+ T cell subtypes, suggesting that these
markers in the nasal tissue correlate with the severity of pathology
in the LRT (49, 50). Interestingly, the expression of CCL3 in the
nasal tissue of TLR7 KO mice was indifferent from WT mice at 7
dpi. This, combined with the severely blunted levels of CCL3 in the
lungs of TLR7 KO mice at the same timepoint, supports an overall
reduced LRT pathology in TLR7-deficient mice, further suggesting
the partial localization of the inflammatory response to the URT in
those mice.

A deeper analysis of the Th1/Th2 immune landscape in our
model shed further light on the potential mechanisms underlying
the manifestation of chronic RSV disease, particularly given the
known contribution of Th2 dominant immune activation observed
in infant cases of severe RSV infection, potentiating asthma and
allergy sensitization (9, 51, 52). Notably, infection of neonatal mice
with RSV enhanced the airway hyperreactivity response to
subsequent allergen challenge, with higher eosinophil,
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macrophage and CD4+ T cell accumulation and elevated IL-4, IL-5
and IL-13 cytokines (53). In our study, the relative proportions of
M2 compared to M1 macrophages in the upper airways of WT mice
was highest during early infection and, in concordance with
eosinophilia and expression of IL-13 in the lung, suggested a Th2
dominant phenotype that was absent in TLR7 KO mice. In WT
mice at day 7, we observed a dominant population of Ml
macrophages, which coincided with a Thl-skewed phenotype in
the lung accompanied by high IFNY:IL-13 ratios that persisted to
day 42. The IFNY:IL-4 ratios in the lung show that the loss of TLR7
appeared to initiate a stronger Th1 response during early infection,
although there was no difference at 7 dpi. Neither mouse genotype
exhibited significantly altered IL-5 levels, which is often associated
with severe eosinophilic asthma, particularly following RSV
infection (54). This suggests that the airway eosinophilia we
observed in WT mice was probably driven by IL-13 and IL-4
resulting in a less overall severe eosinophilic pathology to
infection, and suggesting other cell types contributed to the
immunopathology observed (55). Interestingly, RSV-induced
airway hyperreactivity has been reported to occur independently
of increases in IL-13 (56). This suggests that the mechanism behind
chronic manifestations of RSV disease, at least in older cohorts,
might stem from hyperinflammatory reactions of prolonged Thl
responses, and not an exacerbated Th2 inflammatory response.
Overall, this analysis implies that RSV infection induces a TLR7-
mediated imbalance of Th1/Th2 responses, likely driving an early
Th2 skew in the URT followed by a Th1 skew in the LRT later in the
infection and pathogenesis process. Loss of TLR7 appeared to
stabilize this Th1/Th2 balance, which improved acute lung
pathology and had lasting effects on chronic disease.

We observed a population of pDCs retained in the airways up to
42 dpi, implying antigen presentation was occurring several weeks
following acute responses to infection. Consistent with other studies
(31, 32,57, 58), low levels of RSV mRNA persisted in the lungs (and
nasal tissue) at 42 dpi, but there were equivalent, if not higher
amounts in TLR7 KO mice; which correlated with significantly less
pDCs, patrolling monocytes and cytotoxic T cells. Thus, while TLR7
modestly influenced viral load in the URT, our data imply TLR7 is
an unlikely contributor to RSV viral persistence. It remains unclear
whether the mRNA transcripts detected at day 42 and thereafter
represent the presence of virus capable of replication and potential
reactivation. The use of standard plaque assays employed to detect
replicating RSV from lung tissue is limited to acute infection
protocols as the sensitivity falls below the detection limit of the
assay after 7 dpi RSV (39). However, Schwarze et al. (32) were able
to amplify the G, F, NS1, NS2 and M2 genes by RT-PCR from lungs
of RSV infected mice up to 60 dpi, suggesting that the RSV genome
can persist and contains the intact regions required for cell fusion
and replication rather than being random viral fragments.
Persisting viral RNA and presentation could indeed stimulate
chronic activation of lingering CD8+ T cells, leading to T cell
exhaustion and even airway immunopathology (59), although pre-
existing RSV-specific “memory” CD8+ T cells within the airways of
healthy individuals, correlated with reduced disease severity
following RSV challenge (60). Importantly, we identified that
mice experiencing the greatest airway and lung resistance upon
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MCh challenge (RSV-infected WT mice after 42 dpi) had the
highest CD8+:CD4+ T cells ratios in the airways. This correlation
existed in both mouse genotypes although TLR7 KO mice displayed
a lower CD8+:CD4+ T cell ratio and minimal airway
hyperreactivity. This is consistent with a study that reported
infants who developed respiratory distress or were infected with
RSV or human metapneumovirus had a skewed CD8+:CD4+ T cell
ratio and increased IL-6 levels in their airways (61). The degree of
the CD8+ T cell response also correlated with disease severity. Our
results imply a potential relationship between RSV-induced airway
hyperreactivity and CD8+ T cell persistence in the airways, and that
the magnitude of this persistence is likely exacerbated by the TLR7-
mediated hyperinflammatory responses during acute infection.
Future experiments suppressing pulmonary T cell recruitment
will provide important insight into the chronic consequences of T
cell-mediated immunopathology during RSV infection.

Using TLR7 KO mice, Lukacs et al. (29) reported IL-17A-
dependent mucus production during early RSV infection (3 dpi)
that was increased in TLR7-deficient mice. IL-17A levels were
similarly higher in TLR7 KO mice in our study, although we
observed an overall reduction of immune infiltration in the BALF
across 4 and 7 dpi. Conversely, we found that expression of mucin
genes was lower in TLR7 KO mice implying excess mucus secretion
in response to infection occurred in the presence of TLR7. This
complemented our observations of LRT pathology. Consistent with
Lukacs et al. (29), there was no difference in T cell numbers in the
lungs, although we did observe slightly less DC subsets, NK cells and
monocytes, overall emphasizing that the alteration in the immune
response to RSV infection in TLR7 KO mice primarily impacted
airway pathology in both models. IL-17A levels have been implicated
in autoimmune disease pathogenesis and contribute to impaired lung
function caused by respiratory viruses like RSV (62, 63). It is possible
that the modulation of the IL-17A signal following its early Th17
response was better regulated in TLR7 KO mice as IL-6, an IL-17A-
stimulating factor (64), was more effectively resolved and type I IFN,
which is an IL-17A suppressing factor (65), was initially higher.
Furthermore, Th17 cells reportedly influenced CD8+ cytotoxic T cell
function in the airways in a model of chronic obstructive pulmonary
disease (COPD) (66, 67) and impacted their virus-specific functions
(68). Different strains of RSV A elicit slightly different immune
responses and pulmonary pathophysiology in mice (69) and may
account for the differences between our study and Lukacs et al. (29).
We used RSV A Long strain, which induces a stronger type I IFN
response in both epithelial and immune cells than RSV A2 strain
(70). A greater type I IFN response, as observed in our RSV-infected
TLR7 KO mice at 4 dpi, improves the rate of viral clearance and
reduces pathology (71), thus infection with RSV A Long may
represent a less severe, acute model in comparison to some other
viral subtypes. Host responses to this strain also appear to favor Th1
immunity as Thl but not Th2 cytokines were preferentially
upregulated following RSV A Long infection compared to the line
19 strain, and this reduced the mucus-related pathology (72, 73).
There is also evidence to suggest that the A2 strain can evade TLR
recognition (70). Lukacs et al. (29) did not report IFN levels in the
lungs, but observed no difference in IFN expression when DCs were
infected with RSV ex vivo.
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Host inflammatory responses to infection need to
appropriately complement the acute antiviral mechanisms
that clear the virus and cause minimal tissue damage and
immunopathology. Our study demonstrates that TLR7 promotes
a modest antiviral effect in the URT, but potentiates prolonged
airway inflammation in the LRT, establishing a persistent
inflammatory phenotype that drives chronic airway hyperreactivity.
Therefore, the specific modulation of TLR7 during acute RSV infection
may prevent individuals from developing severe RSV-induced
pathology. For the first time, we can consider the novel approach of
confining viral infections to the URT in order to prevent the serious
inflammatory and pathophysiological ramifications of viral
penetration into the LRT.

4 Materials and methods

4.1 Mice

Female C57BL/6] mice were obtained from the Animal
Resources Centre (Western Australia, Australia). Homozygous
TLR7 knockout mice (B6.129S1-Tlr7""**V/]) were obtained from
The Jackson Laboratory (Maine, USA) and bred in-house at the
RMIT University animal research facility (Bundoora, Australia).
Mice were housed in a 12 h light/12 h dark cycle with food
and water.

4.2 Preparation of RSV stocks

Human respiratory syncytial virus (RSV A Long strain) was
kindly provided by Prof. Patrick Reading (Department of
Immunology and Microbiology, The Peter Doherty Institute for
Infection and Immunity, University of Melbourne). RSV stocks
were propagated on HEp-2 cells by incubating infected cells at 37°C,
5% CO2 for 3-4 days until at least an 80% cytopathic effect was
observed. Culture medium was then removed, cell debris pelleted,
and supernatant filter sterilized with a 0.22 um Filter-Stericup.
Virus was precipitated using poly-ethylene glycol (PEG) 6000
(Merck) and NaCl to a final concentration of 10% by incubating
on ice for 2 h with gentle shaking. Virus was then pelleted and
resuspended in phosphate buffered saline (PBS, Sigma, USA) + 1%
fetal bovine serum (FBS; Sigma, USA). Viral titres were determined
by plaque assay using HEp-2 cells.

4.3 RSV infection

For in vivo infection, 8-14-week-old female mice were
anaesthetized by isoflurane inhalation and inoculated intranasally
with 5 x 10° (acute infection) or 2 x 107 (long-term infection)
plaque forming units (PFU) of RSV-A or PBS for controls in a 35 uL
volume. Data were compared against PBS mice to control for any
baseline anti-inflammatory effects from the anesthetic procedure.
The greater viral inoculum administered for the long-term infection
experiments was based on previous studies assessing RSV-induced
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chronic defects in lung function (31, 58). Mice were weighed and
monitored daily. Mice were euthanized by injection (i.p) of a
mixture of ketamine (180 mg/kg) and xylazine (32 mg/kg) at
experimental endpoints. All animal experiments were conducted
according to approval obtained from the RMIT University Animal
Ethics Committee (Ethics number 23328) and in compliance with
the guidelines of the National Health and Medical Research Council
of Australia on animal experimentation.

For ex vivo infection, primary alveolar macrophages were
extracted from bronchoalveolar lavage (BAL) and grown in
Dulbecco’s Modified Eagle’s Medium (DMEM; Thermofisher, USA)
containing 4.5 g/L of glucose, 110 mg of sodium pyruvate and 10%
FBS in flat 96-well plates (10° cells per well) and allowed to adhere for
3-4 h prior to infection. Media was then replaced, and cells infected
with RSV at a multiplicity of infection (MOI) of 1 and incubated at
37°C, 5% CO2 for 24 h before direct cell lysis for RNA extraction.

4.4 Airways inflammation

To assess airway inflammation, bronchoalveolar lavage fluid
(BALF) was isolated by an incision of the lower jaw to the top of the
rib cage to expose the salivary glands, which were separated to
expose the top of the trachea. A small incision on the trachea was
made and a sheathed 21-Gauge needle was inserted into the lumen.
The lung was then lavaged with 300-400 pL aliquots of PBS
repeatedly with gentle massaging of the chest with each aspirate
collected until a volume of 1 mL was collected. The total number of
live cells in the BALF was determined via Acridine Orange staining
(Thermofisher) and counted using a hemocytometer. Differential
staining of BAL was performed as previously described (74) and
scored using standard morphological criteria counting at least 500
cells/slide from random fields.

4.5 Histology analysis of lungs

The left lung was dissected from mice and immersed in neutral
buffered formalin (10%). After fixation, the lung tissue was
processed, embedded in paraffin wax, and longitudinal 4 um
sections cut and stained with hematoxylin and eosin (H&E).
Slides were scanned by light microscopy using the Olympus VS-
120 Slide Scanner (Olympus Life Sciences, VIC, Australia).
Histology was analyzed blindly by two independent assessors
using Olympus OlyVIA imaging software. Each sample was
scored from 0-5 for each individual mouse (higher numbers
indicate increased severity). At least five random fields from each
lung section were assessed for alveolar inflammation of the
parenchyma (alveolitis), inflammation around the bronchiolar
airway wall (peribronchiolar inflammation), and total
inflammatory cell infiltration. Alveolitis was defined based on the
regularity and branching of the alveoli as well as the density of cells
within the alveolar spaces (interstitium). Peribronchiolar
inflammation was characterized by immune cell infiltration into
the alveolar wall around the bronchioles. Analysis of bronchioles
were limited to airways of 100- to 350-pm luminal diameter. The
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degree of inflammatory cellular infiltrate was taken by observing the
density of cells throughout the entire lung section.

4.6 Gene expression analysis by reverse-
transcriptase quantitative PCR

Lungs and nasal tissue were harvested for RNA extraction using
the RNeasy Mini kit (Qiagen, USA), as per manufacturer’s instructions.
RNA sample concentration and quality were measured using the
Nanodrop one Spectrophotometer (Thermofisher). The cDNA
synthesis was performed on 1-2 ug of total RNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA,
USA) according to the following settings: 25°C for 10 min, 37°C for 120
min, 85°C for 5 min. Quantitative polymerase chain reaction was
carried out using the TagMan Fast Advanced Master Mix
(Thermofisher) and analyzed on the QuantStudio 7 Flex Real-Time
PCR system (Thermofisher). PCR primers used in this study were
included in the Assay on-Demand Gene Expression Assay Mix
(Thermofisher). Additionally, RSV titres were measured using
custom designed forward and reverse oligonucleotides for the F gene:
5-TTGGATCTGCAATCGCCA-3', 5-CTTTTGATCTTGTTCACT
TCTCCTTCT-3" using Fast SYBR Green PCR Master Mix
(Thermofisher). The following program settings were used for
amplification: 50°C for 2 min, 95°C for 2 min, then 40 cycles of 95°
Cfor 1 s and 60°C for 20 s. The quantitative values were obtained from
the average threshold cycle (Ct) number of each sample run in
triplicate and gene expression analysis performed using the
comparative Ct method. Target gene expression was normalized
against RPS18 mRNA expression for each sample and expressed
relative to the indicated control. Mean Ct numbers for RPS18 for
each experimental group are shown in Supplementary Table S1.

4.7 Cytokine protein levels by enzyme-
linked immunosorbent assay

Enzyme-linked immunosorbent assays (ELISA) were
performed to quantitate cytokine protein levels from whole lung
tissue (IL-1P), BALF (secreted IFNY) or cell culture supernatants
(secreted IFNP or IL-6). Individual mouse IL-1 beta/IL-1F2, IFN-
gamma, IFN-beta or IL-6 DuoSet ELISA kits were used (R&D
System, MN, USA). Lung lysates were generated by resuspending
tissue in RIPA buffer containing protease inhibitor and passing
tissue through a 25-Gauge needle multiple times. Protein
concentrations were determined from cleared lysates using the
Pierce BCA Protein Assay kit (ThermoFisher) according to
manufacturer’s instructions. One hundred micrograms of protein
was added in duplicate to pre-coated 96-well plate and incubations
performed according to manufacturer’s instructions. To measure
secreted proteins, 100 pl of BALF or cell culture supernatant was
added in duplicate and processed in the same manner. The 96-well
plate was read on the CLARIOstar (BMG) at a wavelength of
450 nm. Cytokine titres in the samples were determined by plotting
the optical densities, using a four-parameter fit for the standard
curve and expressed in pg/mL.
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4.8 Immunophenotyping by
flow cytometry

Whole lung was finely minced using scissors and then
enzymatically digested using 1% Liberase (Sigma) for 45 min at
37°C shaking at 700 rpm. Tissues were homogenized then single
cell suspensions prepared by straining through a 40 um strainer.
After lysing the red blood cells with ACK lysis buffer, cells were
stained with cocktail mixtures of fluorescent-labelled anti-mouse
antibodies diluted in FACS buffer (PBS + 2.5% FBS) for 30 min on
ice. The following Biolegend antibodies were used (unless stated
otherwise): CD45-PerCP (30-F11), CD3e-APC (145-2C11; BD
Pharmingen), CD4-BV605 (RM4-5), CD8a-PE-Cy7 (53-6.7),
NK1.1-FITC (PK136), CD11b-BV421 (M1/70), CD11c-PE-Cy7
(N418; eBioscience), PDCA-1-PE (JF05-1C2.4.1; Miltenyi Biotec),
MHC-II-APC (M5/114.15.2), Ly6C-FITC (HK1.4), Ly6G-APC-
Cy7 (1A8), F4/80-PE (BMS; eBiocience), iNOS-FITC (6; BD
Transductions Laboratories) and CD206-PE-Cy7 (MMR;
eBioscience). CD16/32 (2.4G2) and LIVE/DEAD Fixable Aqua
Dead Cell Stain Kit (Invitrogen) were contained within each
antibody cocktail mixture to block of Fc-mediated adherence of
the antibodies and to exclude dead cells, respectively. Samples
were processed on a BD LSRFortessaTM X-20 flow cytometry
analyzer with DIVA software (Becton Dickinson Bioscience, USA)
and data analyzed using FlowJo software (Tree Star, Inc.). Cells
were analyzed as a percentage of the CD45-positive (live cells) and
lung cells expressed in absolute numbers per 10,000 counting
beads and amount of tissue (g) processed. BAL cells were
expressed in absolute numbers relative to live cell counts. A
representative gating strategy is shown in Supplementary
Figure S2.

4.9 Airway hyperresponsiveness and
lung function

Mice were anesthetized by ketamine (80 mg/kg) and xylazine
(16 mg/kg) after which tracheotomy was performed by inserting an
18-Gauge canular into the trachea. Airway reactivity in response to
increasing doses of nebulized methacholine (MCh; Sigma) or PBS
was measured in vivo using the Flexivent FX1 (SCIREQ®, QC,
Canada). Forced oscillation technique was used to measure the
pressure, flow and volume responses to measure total airway
resistance (Rrs), Newtonian resistance (Rn; representing resistance
of the central/conducting airways) and tissue dampening (G;
representing resistance of the small airways and alveolar space).

4.10 Statistical analysis

All data are expressed as the mean + SEM. All comparisons
were performed using GraphPad Prism (GraphPad Software
Version 8.2, USA) and performed by two-way ANOVA followed
by Tukey’s or Sidak’s post-hoc tests for multiple comparison
(stated in figure legends). Statistical significance was considered
at p<0.05.
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Application of toll-like
receptors (TLRs) and their
agonists in cancer vaccines
and immunotherapy

Samik Chakraborty*?!, Juan Ye*, Herui Wang*, Mitchell Sun?,
Yaping Zhang®, Xueyu Sang* and Zhengping Zhuang™*

!Neuro-Oncology Branch, National Cancer Institute, National Institutes of Health, Bethesda,
MD, United States, 2NE1 Inc., New York, NY, United States

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs) expressed in
various immune cell types and perform multiple purposes and duties involved in
the induction of innate and adaptive immunity. Their capability to propagate
immunity makes them attractive targets for the expansion of numerous
immunotherapeutic approaches targeting cancer. These immunotherapeutic
strategies include using TLR ligands/agonists as monotherapy or combined
therapeutic strategies. Several TLR agonists have demonstrated significant
efficacy in advanced clinical trials. In recent years, multiple reports established
the applicability of TLR agonists as adjuvants to chemotherapeutic drugs,
radiation, and immunotherapies, including cancer vaccines. Cancer vaccines
are a relatively novel approach in the field of cancer immunotherapy and are
currently under extensive evaluation for treating different cancers. In the present
review, we tried to deliver an inclusive discussion of the significant TLR agonists
and discussed their application and challenges to their incorporation into cancer
immunotherapy approaches, particularly highlighting the usage of TLR agonists
as functional adjuvants to cancer vaccines. Finally, we present the translational
potential of AIWTC-MBTA vaccination [irradiated whole tumor cells (rWTC) pulsed
with phagocytic agonists Mannan-BAM, TLR ligands, and anti-CD40
agonisticAntibody], an autologous cancer vaccine leveraging membrane-
bound Mannan-BAM, and the immune-inducing prowess of TLR agonists as a
probable immunotherapy in multiple cancer types.

KEYWORDS

TLR - toll-like receptor, TLR agonists, cancer vaccine, immunotherapy, adjuvant, cancer
immuno therapy
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Introduction

Emerging strategies in cancer immunotherapy, including
immune checkpoint inhibitors (ICIs), cancer vaccines, and
chimeric antigen receptor-T cells (CAR-T), have shown
exceptional promise in clinical trials, giving rise to a plethora of
ongoing research and development in this field (1). ICIs, including
antibodies targeting anti-CTLA4 and anti-PD-1/PDL-1, have
significantly progressed in various clinical trials to treat diverse
cancer types (1). Meanwhile, adoptive cell therapies like CAR-T
have shown promising results in treating multiple hematopoietic
malignancies (2). Additionally, regulatory agencies have approved
several preventive and therapeutic cancer vaccines for treating
different cancers with numerous other vaccines in various
development stages (3-7). These immunotherapies have
underscored the importance of stimulating a robust anti-tumor
immune response in cancer patients as a potential avenue for
combating cancer. Exploring and harnessing appropriate
immunostimulatory mechanisms is crucial in developing new
cancer immunotherapy approaches. Toll-like receptors (TLRs) are
a particular group of membrane receptor molecules that play the
above-mentioned immunostimulatory functions in several innate
immunity pathways (8). Consequently, TLRs are some of the most
sought-after molecules used as vaccine adjuvants and in several
immunotherapeutic approaches related to preventing and treating
several infectious diseases, including cancer (8).

The inception of cancer immunotherapy dates back over a
century, with the initial attempts involving using bacteria or
bacterial products to activate the immune system (9-11). In 1891,
William Coley pioneered the field of immunotherapy by
administering a blend of heat-inactivated Streptococcus pyogenes
(a Gram-positive bacteria) and Serratia marcescens (a Gram-
negative bacteria) through intratumoral injections (9-11). This
bacterial mixture became known as Coley’s toxin later (11, 12).
This approach by Coley achieved a robust immune response against
sarcomas, resulting in reduced tumor growth and, in some cases,
tumor elimination even though the inherent mechanism remained
unclear at that time (10-12). Subsequent research elucidated this
therapeutic response, unveiling the significance of unique signaling
molecules like pattern recognition receptors (PRRs) and pathogen-
associated molecular patterns (PAMPs), which serve as ligands or
activators for PRRs (11, 13-15).

TLRs are a subclass of receptors from the PRR family and serve
as central players in innate immune responses (16). TLRs are
transmembrane domain proteins (type I) with tripartite motifs
(16, 17). TLRs feature three distinct functional domains: an
leucine-rich repeats (LRRs) containing amino (N)-terminal
responsible for ligand binding (folded into a typical horseshoe-
like structure), a transmembrane spanning region, and a carboxyl
(C)-terminal cytoplasmic domain resembling the cytoplasmic
region of globular Toll/interleukin-1 (IL-1) receptor (TIR) (16,
17). To date, ten human and thirteen murine TLRs have been
identified (18). Based on their subcellular localization, TLRs are
categorized into extracellular and intracellular groups (16, 19).
TLRs such as TLR1, TLR2, TLR5, TLR6, and TLRI10 are
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exclusively expressed on the plasma membrane and belong to the
extracellular group; while TLR3, TLR7, TLR8, and TLR9 fall within
the intracellular group, are expressed on the endosome and
endoplasmic reticulum (16, 19). Only TLR4 is present in both
intracellular components and the plasma membrane (16, 19). For
each of the TLRs, there is a specific ligand(s) (Figure 1, Table 1).
Every TLR with its ligand activates specific downstream signaling
pathways either through myeloid differentiation primary response
protein 88 (MyD88) and/or TIR-domain-containing adapter-
inducing IFNB (TRIF) (16, 20, 39-41). TLR-mediated signaling
initiates the secretion of multiple cytokines that enhance the
immune system’s ability to combat external pathogens and
infectious agents (16, 17, 39). Moreover, TLRs play a crucial role
in activating and maturing various immune cells involved in innate
and adaptive immune responses (16-18). We have listed the
location of all the TLRs and their agonists in Figure 1. Moreover,
we have provided a detailed classification, localization, and involved
ligands of the TLRs in Table 1.

This review aims to consolidate the current strategies involving
TLR agonists as potential therapeutics for cancer, either as
standalone treatments, in combination therapies or as adjuvants
for cancer vaccines. We also explore the supporting evidence for
TLR agonists as adjuvants in cancer vaccines, promoting innate and
adaptive immune responses against cancer cells, specifically
focusing on the rWTC-MBTA autologous vaccine developed by
our research group.

The roles of TLRs in various immune
cell types and their impact on the
regulation of cancer

It’s crucial to note that TLRs are present in various types of cells,
encompassing innate immune system components such as
macrophages, neutrophils, dendritic cells (DCs), natural killer
(NK) cells, and mast cells. They are also found in adaptive
immune system elements like T and B lymphocytes, stromal cells,
and various tumor cells. When TLRs engage with a ligand, they can
significantly boost the expression of multiple costimulatory
molecules on the cell membranes, activating cytokines and T-cell
activation (16, 17). The following section briefly discusses how
TLRs stimulate different immune cells and their role in regulating
cancer immunity.

Dendritic cells

Dendritic cells (DCs) are widely recognized as the immune
system’s most efficient professional antigen-presenting cells (APCs)
(42). DCs are also the most studied cells among all the TLR-
expressing immune cells in the milieu of instigation of adaptive
immunity (42). When faced with an infection or inflammation,
immature DCs undergo a process of activation and transformation
into mature DCs. These mature DCs are responsible for activating
adaptive immune cells such as B and T lymphocytes (43). The
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FIGURE 1

Location and agonists of different TLRs. TLRs 1/2, 2, 2/6, 4, and 5 are present in the extracellular region of the plasma membrane. In contrast, TLRs 3,
7, 8(only in humans), and 9 are localized on the endosomal membrane. The TLRs are stimulated by their specific ligand or agonists. The extracellular
TLRs are mainly activated by exogenous agonists of bacterial, viral or pathogenic origin. The major exogenous ligands or microbial agonists are
flagellin protein from bacterial flagella, lipoteichoic acid (LTA) and peptidoglycan (PGN) from Gram-positive bacteria, LPS from Gram-negative
bacteria, lipoarabinomannan (LAM), lipopeptides, lipoglycans, and lipomannans from mycobacteria, zymosan from yeast (20, 21). There are synthetic
TLR agonists like Pam3CSK4 or recombinant flagellin to stimulate the extracellular TLRs (20, 21). In contrast, nucleic acid ligands stimulate the
endosomal TLRs 3, 7, 8, and 9. For example, TLR3 is stimulated by viral double-stranded RNA (dsRNA); TLR7 and 8 are triggered by viral and bacterial
single-stranded RNA (ssRNA), and TLR9 recognizes CpG DNA from viruses and bacteria (20—-25). There are also some endogenous ligands resulting
from cellular injury, cell death, extracellular matrix components (e.g., hyaluronan, fibronectin, and fibrinogen), plasma membrane constituents,
nuclear and cytosolic proteins and heat shock proteins, and elements of damaged/fragmented organelles such as mitochondrial DNA (mtDNA) (26,
27). TLRs 2 and 4 bind to most of the endogenous ligands resulting from cellular injury, cell death, and extracellular matrix components (27). The
endogenous nucleic acid ligands like RNA or mtDNA bind with the endosomal ligands TLRs 3, 7, 8, and 9 (26, 27).

TABLE 1 Expression, localization, agonists/ligands of different TLRs.

Species Localization Microbial Microbes expressing TLR Endogenous Synthetic
ligands ligands ligands agonists
TLR1 Human Plasma Triacyl lipopeptides Mycobacterium tuberculosis Unknown Pam3CSK4 (20,
and mouse membrane Bacterial 28)
lipoprotein
TLR2 Human Plasma Lipoproteins, Mpycoplasma, Neisseria meningitides, Versican Pam2CSK4, (20,
and mouse membrane Zymosan, Haemophilus influenzae, Leishmania Pam3CSK4 28—
lipoarabinomannan, major, Staphylococcus aureus, Herpes 32)
peptidoglycan, simplex virus, Measles virus
lipoteichoic acid
(Continued)
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TABLE 1 Continued
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TLR Species Localization Microbial Microbes expressing TLR Endogenous Synthetic

ligands ligands ligands agonists
TLR3 Human Endosome Viral dsRNA Reovirus mRNA Poly(I:C), poly-ICLC, (20,
and mouse poly(I:C;,U) poly(A: 21,
U) 33)
TLR4 Human Plasma LPS Escherichia coli, Pseudomonas Oxidized low- Monophosphoryl (20,
and mouse membrane and aeruginosa density lipid-A (MPL) 21,
Endosome lipoprotein, derivatives 33,
Amyloid-beta 34)

protein

TLR5 Human Plasma Flagellin Salmonella sp. Unknown Recombinant flagellin (20,
and mouse membrane derivatives 21,
33)
TLR6 Human Plasma Diacyl lipopeptides, Mycoplasma, Hepatitis C virus (HCV), Oxidized low- Macrophage-activating (20,
and mouse membrane lipoteichoic Cytomegalovirus density lipopeptide 2, 21,
acid, zymosan lipoprotein, synthetic diacylated 29)

Amyloid-beta lipoproteins,

protein, versican Pam2CSK4
TLR7 Human Endosome Viral and bacterial Human immunodeficiency virus (HIV), Immune Thiazoquinoline and (20,
and mouse ssRNA HCV complexes, self- imidazoquinoline 21,
RNA derivatives (e.g., 33)
resiquimod, (35,
imiquimod) 36),
TLR8 Human Endosome Viral and bacterial Human immunodeficiency virus (HIV), Immune Thiazoquinoline and (20,
and mouse ssRNA HCV complexes, self- imidazoquinoline 21,
RNA derivatives (e.g., 33)
resiquimod, (35,
imiquimod) 36),
TLR9 Human Endosome Viral and bacterial Human papilloma virus (HPV), Chromatin-IgG- CpG (20,
and mouse CpG DNA, Hepatitis B virus (HBV), Epstein-Barr immune Oligodeoxynucleotides 33,
DNA: RNA hybrids virus (EBV), Polyomavirus complexes, self- (CpG ODNs) 37)

DNA
TLR10 Human Plasma Unknown Unknown Unknown (20)
membrane
TLRI11 Mouse Endosome Profilin and Toxoplasma gondii Unknown Unknown (38)
flagellin
TLR12 Mouse Endosome Profilin Unknown Unknown (20)
TLR13 Mouse Endosome Bacterial 23S Unknown 23S rRNA-derived (20)
ribosomal RNA oligoribonucleotide
(rRNA)

Adapted from “Toll-like receptors: Activation, signalling and transcriptional modulation.” by De Nardo D. 2015, Cytokine. 74(2):181-9.

maturation of DCs involves a series of complex stages, including
changes in the composition of receptors involved in endocytosis
and phagocytosis, increased expression of co-stimulatory molecules
like CD40, CD58, and CD86, alterations in morphology, and
reorganization of lysosomal and MHC compartments (44). It’s
important to note that the DC population is highly diverse,
consisting of various subtypes that exhibit differences in their
functions, phenotypes, and distribution within the body (45). The
two central populations of DCs found in the human immune
system are lymphoid-derived plasmacytoid dendritic cells (pDCs)
and myeloid-derived dendritic cells (mDCs) (45). Both pDCs and
mDCs can activate the CD4" and CD8" T cells as well as facilitate
the process of antigen cross-presentation to initiate the proliferation
of CD8" T cells (46-48). Other phenotypes of DCs are monocyte-
derived DCs (moDCs) and CD34+ cell-derived DCs (49). The

Frontiers in Immunology

activation status of dendritic cells is critical in determining how the
immune system responds to a particular threat. All the subsets of
DCs express distinctive TLRs, permitting themselves to generate a
dedicated response against different pathogens (44). The major
TLRs involved in DC maturation and function are TLR2, 3, 4, 5, 7/8,
and 9 (50). TLR signaling is the key to DC-mediated cytotoxic T-cell
activation (50). Previous studies demonstrated that TLR-mediated
stimulation augments maturation and antigen presentation of
murine DCs followed by induction of cytotoxic T cells (51, 52).
Maturation of DC sub-populations and onset of cytotoxic CD8" T
cells through IL-27-mediated signaling were reported after ligand
mediated activation of TLR3 and TLR7 (51, 52). As suggested by the
distinct Toll-like receptor (TLR) expression profiles in different DC
subsets, the pDCs are primarily activated by viral pathogens, while
mDCs primarily respond to fungal and bacterial antigens, and these
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functional characteristics are exploited in DC-mediated vaccination
and immunotherapy (53, 54). Similarly, the anti-tumor outcome of
TLR7 activation was evident in central nervous system tumors,
increasing maturation of DCs and activating tumor specific
cytotoxic CD8" T cells (55). Another report demonstrated TLR
mediated enrichment of the Th1 microenvironment and promoted
activation of cytotoxic T-cells via IFN-A-induced IL-12 released by
breast cancer-associated dendritic cells (56). TLR4 activation also
induced anti-colorectal cancer T cell response in vitro through DC
maturation (57). Likewise, activation of TLR-4 and processing of
tumor antigens stimulate DC maturation to markedly increasing in
vivo CD8'IFNY" cytotoxic T cells (58). Interestingly, activating
TLR7 and 8 was a crucial step in promoting the maturation of
DCs isolated from AML patients and subsequently activating
cytotoxic T cells in vitro (59). Interestingly, TLR7 signaling
activated plasmacytoid dendritic cells (pDCs) leading to killing of
murine melanoma cells through stimulation of NK cells and
activating CD8" cytotoxic T-cells (60). Similarly, in ALL patients,
activation of pDCs vial TLR9 molecules led to increased IFN
production, which stimulated NK cells through TRAIL and
CD69-mediated signaling (61). An earlier report about DC-
targeted vaccines, demonstrated CD8" T cell response and better
therapeutic efficacy after the activation of DCs through TLR7/8 and
TLR3 mediated signaling (62). The immunosuppression present in
the tumor microenvironment (TME) impedes the success of cancer
immunotherapy, and DCs are extremely important in generating
anti-tumor immunity inside the TME (42). Research has shown
that the tumor microenvironment (TME) can hinder the growth
and differentiation of mDCs (63). However, multiple studies
demonstrated that TLR-mediated signaling has the potential to
reactivate the immune functions of these inhibited dendritic cells,
and this method could be beneficial to effectively counteract
immunosuppression in the TME, offering a new arrow in the
quiver of immunotherapy (64, 65).

Macrophages

Macrophages were the first immune cells identified to uphold
tissue homeostasis, facilitate tissue repair, orchestrate immune
responses, and combat pathogens (66, 67). Subsequently, it
became evident that they also infiltrate and inhabit tumor sites
and influence tumor development (66, 67). In addition,
macrophages can alter their transcriptional profile, display
remarkable cellular plasticity, and modify their functions in
response to various inflammatory, tissue-specific, external
pathogenic, and environmental stimuli, leading to anti-tumor and
pro-tumor effects (67). In inflammatory conditions, classifying the
tumor-associated macrophages (TAM) is still a complex task (66,
67). Classically, the macrophages were mainly categorized into two
polarization states: M1, with pro-inflammatory traits, and M2, with
anti-inflammatory characteristics (66, 67). M2 macrophages were
considered to support tissue remodeling, tumor growth, and
cancer-related processes, including cell proliferation, invasion,
metastasis, and immune suppression; whereas, M1 macrophages
were designated to drive immune responses, cause tissue damage,
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and inhibit tumor growth by enhancing anti-tumor responses of T
cells and natural killer cells (66, 67). Macrophages are one of the
most influential players in the TME, rendering them as a vital point
for cancer immunotherapy (68). The anti-inflammatory M2
subtype of macrophages supports tumor growth and
maintenance, but the pro-inflammatory M1 subtype promotes
inflammation and tumoricidal properties (68). Switching the M2
subtypes to M1 in the tumor microenvironment by stimulants can
promote tumoricidal activity (69). Regrettably, this simplified
classification of macrophages into just the M1 or M2 category
failed to define the diverse range of macrophage polarization states
present within tumors or the TME (70), leading to a modern
classification of TAMs where M1 and M2 represent the extremes
of a spectrum with numerous intermediate subsets (66, 67). In
relation to the complex interactions between different cell types
within the TME, the TAMs are now considered into two main
subtypes, M1-like (pro-inflammatory macrophages) and M2-like
(anti-inflammatory macrophages) (67). Stimulation of Toll-like
receptors (TLRs) in macrophages has been long recognized as a
mechanism that drives macrophages toward a pro-inflammatory
phenotype, and this renders TLR agonists particularly attractive in
the context of cancer immunotherapy (71). It’s noteworthy that
since 2015, over 60 clinical trials have been initiated to assess the
therapeutic potential of TLR agonists in treating various cancers (4).
Activation of TLR3, recruits in vitro and in vivo IFN signaling
cascade resulting in switching to M1 phenotype from M2
phenotype (69). The switching of M2 to M1 involves signaling
associated with CD86, CD80, CD40, IL-12, IL-6, and TNF-o
ensuing in enhanced antigen uptake by the macrophages and
activation of T cells-mediated mice tumor growth regulation (72).
Comparable anti-tumor results were detected in mice models of
Lewis lung carcinoma and sarcoma following induction of TLR3
and TLR4 mediated signaling, respectively (73, 74). TLR4 was also
suspected to promote the migration of macrophages through the
upregulation of proinflammatory molecules like TNF-0, NF-kB,
and VEGF (75). In a similar study, TLR-mediated signaling
promoted the antitumor M1 phenotypes along with the
upregulation of immunostimulatory cytokines like IL-18 (76).
These immunostimulatory cytokines directed an antitumor
collaboration between macrophages and NK cells ex vivo in
ovarian cancer to stimulate IFN-y secretion and Thl-type
immune responses via NK cells (76). It is worth noting that
TLR7/8 activation has been found to influence the differentiation
of myeloid-derived suppressor cells (MDSCs) towards M1
phenotype within the tumor microenvironment, ultimately
resulting in a regression of colorectal tumors in mice and a
decrease in resistance to oxaliplatin (77). Oxaliplatin hindered the
transformation of MDSCs into M1-like macrophages, but in
combination with TLRs 7/8 agonist R-848, this hindrance was
overcome (77). The addition of R-848 augmented the polarization
of MDSCs to Ml-like pro-inflammatory macrophages leading to
increased apoptosis of the colorectal tumor cells (77). Furthermore,
the stimulation of macrophages by TLR2/6 led to the activation of
the NK cells and cytotoxic CD8"-T cells in several tumors,
including metastasis mice models and pancreatic cancer (78, 79).
This was accompanied by increased immune surveillance in tumors
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with concomitant increase of COX-2 expression in macrophages
(78). COX-2 is the rate limiting enzyme of Prostaglandin E2 (PGE2)
biosynthesis, and PGE2 is a strong suppressor of NK cells in the
TME (78). Macrophage-activating lipopeptide-2 (MALP-2), a
TLR2/6 agonist, enhances NK cell cytotoxicity towards the tumor
cells, while the PGE2 mediated immunosuppression was blocked by
COX-2 inhibitor (78).

NK cells

NK or natural killer cells are a group of lymphocyte, an
indispensable component of the innate immune system, and they
are best recognized for killing pathogen or virus infected cells and
also responsible to detect and regulating initial signs of cancerous
tissues (80). NK cells are termed as the first rank of defense against
cancer cells, with the capability to kill the cancer cells without any
prior activation or priming. That is why they are named “natural
killers” (80). Multiple reports documented that depending upon
originating population, NK cells express almost all types of TLRs
(81). Amid all the TLR ligands TLR3, 7, 8, and 9 mediated signaling
demonstrated a significant role in cancer biology. Human NK cell
lines for instance YTC12, YTS, and NK92 expressed high amounts
of activated TLR3, causing cytotoxic killing effects on K562 cancer
cells (82). Furthermore, head and neck squamous cell carcinoma
(HNSCC) cells are killed via IFNYy secreting NK cells activated
through TLR3 (82, 83). TLRs like TLR7, 8, and 9 can sense foreign
nucleic acids, and their subsequent activation on NK cells
empowers anti-tumor immune responses (84, 85). Though the
activation of this nucleic acid-sensing, NK cell-associated TLRs
are mostly dependent on the signaling induced by other cells
present in the associated tumor microenvironment (84, 85).
While there is some argument concerning the expression of TLR7
and 8 on NK cells (84, 85), several reports depicted the activation
and proliferation of NK cells by the cytokines secreted from
neighboring cells of the tumor microenvironment (84, 85). In
addition to TLR9 stimulated cytotoxicity of NK cells on B16
melanoma cells, the secretion of inflammatory cytokines as IFNy
and IL-12 was promoted via TLR7/8 activation, which in order
aided the NK cells to eliminate the HNSCC cells and B16-F10
melanoma cancer cells (86-88). Interestingly, another report
showed an acceleration of antitumor activity of HER2(human
epidermal growth factor receptor 2)-targeting monoclonal
antibodies both in vivo and in vitro after TLR2-mediated
activation of NK cells (89).

B cells

B cells are the production house of antigen-specific antibodies
and considered as the epicenter of the adaptive immune system (90).
To date, several distinct B-cell subsets have been identified
performing diverse functions in both adaptive and innate immune
responses (90). B cells express an array of TLRs, whose signaling is
collaborated with the B cell receptor signaling (91). Signaling from
TLRs like TLR7 and TLR8 are well documented to augment the
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antibody and cytokine production from B cells (90). This TLR-
mediated stimulation of B cells depicted increased expression of B7
costimulatory molecules and amplified survival as like B cell
activation by CD40 (90). Activated B cells were reported to secrete
multiple chemokines and cytokines after stimulation of TLR1/2,
TLR7, and TLRY (92). TLR-mediated signaling enhances cytokine
secretion, promotes better antigen presentation from B cells along
with overexpression of the costimulatory molecules, and, which
sequentially augments the activation of helper T cells (91).
Moreover, multiple reports demonstrated the activation of effector
functions of B cells by TLR signaling, e.g., proliferation, antibody
production, and immunoglobulin class switching (93-95). While B
cells are known for their ample Toll-like receptor (TLR) expression
and their critical role in humoral immunity and the adaptive immune
response, their potential for TLR-mediated utilization in cancer
immunotherapy remains relatively unexplored (91-93).
Nevertheless, there have been a few instances where TLR-mediated
activation of B cells has been applied in the context of cancer
immunotherapy. B cells use TLRs to coordinate antibody responses
during infection and autoimmune diseases, where the B cell receptors
(BCR) and TLR7 or 9 are activated in response to self-antigens
complexed with nucleic acids, such as RNA or DNA-containing
immune complexes (96). This TLR-mediated stimulation can also be
harnessed to generate tumor-specific antigen (TSA)-specific
responses (44, 50). When high levels of antibodies are required for
protection, be it infection or anti-tumor immunity, targeting TLRs on
B cells can prove to be an effective strategy to enhance antibody
production (97). The presence of tumor-specific antigens (TSAs) is
essential for activating T cell and B cell immunity (98). Notably, B
cells are the sole immune cells that consistently express TLR9 (97).
Several studies have demonstrated that TLR9 agonists can induce
significant anti-tumor immunity by activating B cells. TLR9 agonists
endorse the differentiation of B cells into plasma cells and enhance
antibody-dependent cellular cytotoxicity (ADCC) (99, 100). Brody
et al. (101) reported clinically significant anti-B cell lymphoma
responses following in-situ tumor vaccination with a TLRY agonist.
These studies underscore the efficacy and advantages of
administering TLR agonists directly at the tumor site rather than
systemically. TLRY ligands like CpG-ODNs have shown great
potential in stimulating B cell-mediated adaptive immunity (102-
104). CpG-ODNs strongly induce B cell proliferation, activate
plasmacytoid dendritic cells (pDCs) and monocyte maturation,
stimulate natural killer (NK) cell activation, and trigger the
production of inflammatory cytokines (102). B cell stimulation by
CpG-ODNs increases their sensitivity to antigen stimulation and
promotes their differentiation into antibody-secreting plasma cells,
resulting in increased production of antigen-specific antibodies (103).
TAC-001, an antibody-ODN conjugate consisting of a specialized
TLR9 agonist (T-CpG) linked to an antibody against CD22 (a
receptor restricted to B cells), is designed to deliver potent and
targeted immune activation through systemic administration (104).
In vitro stimulation of B cells with TAC-001 leads to increased
expression of co-stimulatory molecules, immunoglobulin secretion,
and cross-presentation, ultimately leading to T cell proliferation
(104). TAC-001 has demonstrated efficient and durable single-
agent anti-tumor activity in checkpoint inhibitor-resistant and
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refractory murine tumor models (104). Systemic administration of
TAC-001 in mice has resulted in increased B cell infiltration,
enhanced T cell effector functions, modulation of myeloid-derived
suppressor cells (MDSCs), and a significant decrease in IL-10+
regulatory B cells within the tumor microenvironment (104).
Intravenous administration of TAC-001 in monkeys has shown
favorable tolerability, pharmacokinetics, and pharmacodynamic
profiles (104). Additionally, TLRY activation in B cells leads to the
expression of co-stimulatory molecules, enhancing cross-
presentation, and allowing for the activation and proliferation of T
cells, as well as the secretion of chemokines, cytokines, and
immunoglobulins (3). Among other TLR9 ligands, Lefitolimod
(MGN1703) has been utilized in several preclinical studies to assess
B cell-mediated immunity. Multiple studies have demonstrated that
MGN1703 significantly activates both innate and adaptive immune
cells, including B cells, and induces the secretion of various
inflammatory cytokines (IL-6, IL-8, IFN-0, and IFN-y) and
chemokines (CD40, CD69, CD86, CD169, and IP-10) from
activated immune cells (105, 106). The combination therapy of
TLR3 agonist with a TLRY agonist (CpG: 5-cytosine-phosphate-
guanine-3’) along with adoptive T cell transfer (ACT) has shown
promise in increasing the abundance of various immune cell types,
including B cells with CD4" and CD8" T cells, macrophages,
neutrophils, and NK cells in tumor-draining lymph nodes (107).
This combination therapy has augmented the elimination of murine
melanoma cells and improved the survival of tumor-bearing mice,
doubling their survival compared to untreated mice (107).
Combination therapy involving TLR9 agonists and immune
checkpoint inhibitors (ICIs) has also shown promising effects in
clinical studies (108). For instance, Ribas et al. evaluated the safety
and anti-tumor activity of co-treatment with intratumoral SD-101, a
synthetic CpG oligonucleotide ligand for TLR9, and pembrolizumab
in patients with melanoma (108). This combination therapy was well
tolerated and improved overall survival, accompanied by a significant
increase in B cells within the tumor microenvironment (TME), as
well as other immune cell populations (108). These results indicate
that combining SD-101 administration with PD-1 blockade
potentially enhances clinical efficacy and reduces PD-1 blockade-
related toxicity (108). Apart from TLR9, monophosphoryl lipid A
(MPLA), a TLR4 ligand derived from the lipopolysaccharide (LPS) of
Salmonella Minnesota, is used as an adjuvant in a prophylactic
vaccine against human papillomavirus types 16 and 18, which are
common causes of cervical cancer (109). As an adjuvant, MPLA
enhances the antigen-presenting capabilities of macrophages and B
cells, primes naive T cells, induces the maturation of dendritic cells,
and stimulates antibody production (109).

Effector T cells

The effector T cells carry out multiple functions of the immune
responses, like cytotoxicity, helper, and regulatory (110). Diverse
types of effector T-cells express different TLRs, which can
consequently regulate associated T-cell functions and antitumor
immune activities (111). TLR1, 2, 5, 7, and 8 mediated signaling is
identified to activate the proliferation of CD4" memory T-cells and
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upregulate accompanying cytokine secretion (112). For example,
the presence of a higher amount of TLR5 agonists amplified CD4"
T-cell population and concomitant expression of the cytokine IL2
(112). Activation of multiple TLRs like TLR2, 3, and 9 in purified B6
expressing CD4+ T cells provides costimulatory signals aimed at T
cell receptor (TCR) activation. NF-xB signaling through TLR2-
mediated signaling in CD8" T cells and TLR9 activation in CD4" T
cells inhibits apoptosis and promotes survival (113). In a similar
study, activation of TLR7 along with TLR8 on CD4" T-cells
enhanced the secretion of IFNY, IL-2, and IL-10; in addition to
proliferation of T cells (114). Interestingly, the antitumor
commotion of CD8" T-cells was promoted via glucose-uptake-
dependent MyD88 and AKT-mTOR pathway through activation of
TLR7 (115). It is well established that stimulation of immune cells
like NK cells, DCs, and Tregs can control the CD8" effector T cell
functions (51, 52, 82); similarly, multiple TLRs can control multiple
functional characteristics of CD8" T-cells directly inside the tumor
microenvironment (116). Activation of TLR1/2 promotes the
effector activity of CD8" T cells in B16 melanoma cells both in
vivo and in vitro through upregulation of perforin, Granzyme B,
IFNY and TNF-o (116). In addition, effector CD8" T cell functions
along with increased IFNYy expression as a functional coactivator
was also reported to be regulated by activation of TLR3 (117).
Besides, transgenic OT-1 (CD8) T cells were stimulated through an
antigen-independent manner after activation of TLR3, as measured
by in vitro assays, leading to increased expression and robust
expansion of immune-activation markers in vivo (118).

Regulatory T cells

The immunosuppressive activity of both human and murine
regulatory T-cells (Tregs) can be modulated by some of the TLRs,
and it is documented in multiple reports. TLR4 activation on Tregs
enhanced their viability and immunosuppressive commotion (112).
Also, a slight ligand-mediated activation of TLR5 increased the Treg
marker FOXP3 on CD4"CD25" Treg cells and increases their
immunosuppressive aptitude slightly (112). There is also a
contrasting report of reverting Treg’s suppressive properties in
vivo through the TLR8-MyD88-IRAK4 signaling cascade (119).
There are some controversies regarding the reversion of
suppressive activity of Tregs after TLR2 activation even though
multiple reports depicted an increase in Treg proliferation after
TLR2 activation (120, 121). For instance, activation of TLR2,
inhibited the immunosuppressive activity of Tregs though it
increased proliferation of Treg cells in vivo (122). In the tumor
microenvironment (TME), activation of immunosuppressive cells
like tolerogenic dendritic cells (DCs) and Treg cells is vital for
establishing immunosuppression (123). Using antibodies to inhibit
Treg cell function is an initial approach to enhance the effectiveness
of cancer vaccines by reducing TME’s immunosuppressive effects
and boosting effector T cell function (124). Consistently,
administering a DC vaccine with the TLR4 agonist LPS resulted
in a notable increase in NK cells and a significant reduction in Treg
cells within the tumor microenvironment in an ovarian cancer

mouse model (125). TLR ligands can also trigger Th1 inflammatory
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cytokines like IL-12, which facilitate the transition of CD4" T cells
from Th2 to Thl subtype, boost CD8* T cell responses, and
suppress Treg cell function (126). TLR3 ligands were also
reported to overturn the immunosuppressive TME towards anti-
tumor immunity through modulation of the Treg cells (127, 128).
TLR3 ligand poly A:U shifts the immunosuppressive tumor
microenvironment towards anti-tumor immunity by altering the
composition in favor of antigen-specific CD8" granzyme B* T cells,
resulting in a lower Treg/CD8" cell ratio (127). Salazar et al.
reported that administration of poly-ICLC induced in situ
vaccination in a rhabdomyosarcoma patient induced local tumor
inflammation and a systemic immune response, leading to a
significant reduction in a facial tumor (128). Their research
revealed that tumor regression was a result of the activation of
both local and systemic anti-cancer immunity triggered by
intratumoral and intramuscular poly-ICLC injections. Their
findings suggest that intramuscular poly-ICLC maintenance
therapy contributes to a systemic anti-tumor immune response
through the induction of chemokines, co-stimulatory molecules,
inflammasome formation, and an increase in the Teff/Treg cell ratio
(128). In addition to TLR3, TLR7 agonists also inhibit Treg cell
function, and activate NK cells, promoting anti-cancer immune
responses (87, 129). Topical imiquimod application in a melanoma
mouse model reduces Treg cell-related chemokine mRNA
expression and increases cytotoxic molecules like granzyme B and
perforin within tumors (130). Imiquimod also decreases Tregs and
boosts CD8" cells in the tumor microenvironment (TME) (130).
Intratumoral administration of SZU101(another TLR7 agonist)
triggers a systemic anti-tumor response and alters the TME by
increasing CD4" and CD8" cells while reducing Treg cells in a
murine breast tumor model (131). Intraperitoneal injection of the
TLR7 agonist resiquimod in mice with pancreatic ductal
adenocarcinoma (PDAC) tumors reduces Tregs in the TME,
enhances activation, infiltration, and cytotoxicity of CD8" T cells,
suppressing tumor growth and improving survival (65).
Combination therapy of radiation and imiquimod decreases Treg
cells and MDSCs while increasing CD4" and CD8" T cell
recruitment in the TME, commencing systemic anti-cancer
responses and potentially limiting metastasis ultimately leading to
increased survival (132). Administrating imiquimod as adjuvant
preceding HPV vaccination enhances intratumoral CD4" and CD8"
T cell infiltration while reducing Treg cells in the TME (133).
Importantly, the effectiveness of the vaccination correlates with pre-
existing and post-treatment (with imiquimod) Treg cell levels (133).
Combining PD-L1 blockade with resiquimod reduces tumor size,
activates DCs, diminishes Treg cells, and boosts the CD8" T cell/
Treg cell ratio in the TME in mice tumor models (134).
Furthermore, in the case of mice PDAC derived tumors,
resiquimod elicited a robust immune response characterized by
heightened immune complexity, reduced growth, enhanced
infiltration of CD8" T cells, and a lowered frequency of
intratumoral CD4"CD25"FOXP3" Treg cells (135). TLR9 ligands
were also reported to modulate the TME via the suppression of Treg
cells. CpG-A, the TLR9 ligand, induces IFNo and IFNf production,
promoting effector CD4" T cell proliferation by counteracting Treg
cell suppression (119). In a mouse tumor model, adoptive transfer
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of Treg cells after pretreatment with poly-G10 (a TLR8 ligand)
enhances antitumor activity and reduces Treg cell suppression
(119). Remarkably, this study also suggests that Treg cells express
TLRY and can recognize CpG DNA molecules (119). Furthermore,
CpG ODNSs reduce Treg cell population in the draining lymph node
(136). Local administration of CpG enhances OX40 expression, a
TNF receptor, on both effector T and Treg cells in the tumor
microenvironment (TME) (137). PF-3512676, one of the earlier
synthetic TLR9 agonists to treat melanoma patients, increases pDC
and mDC frequency, along with the release of inflammatory
cytokines, while markedly reducing Treg cell population in the
sentinel lymph nodes (SLN) (138). In addition, SD-101 (TLR9
agonist) treatment also reduces numbers of Treg cells and T
follicular helper cells within tumors (139).

Application of TLR ligands/agonists in
Cancer immunotherapy

With their ability to activate several innate immunity
pathways, TLR ligands or agonists are considered compelling
immunomodulators (44, 140, 141). Upon stimulation of TLRs by
agonists, the downstream signaling also initiates enduring adaptive
immune responses including cytotoxic NK cells, T-cells and
maturation of DCs (140). Several TLR agonists demonstrated
significant therapeutic efficacy against multiple ailments,
including cancer (44, 141). Recent reports depicted improved
efficacy of current immunotherapy approaches in cancer patients,
such as cell-based immunotherapy combined with TLR agonists
(19). TLR agonists are also known to sensitize cancer cells to
conventional cancer therapies like radiation and chemotherapy (4,
140). Apart from combined therapy, TLR agonists are also
administered as monotherapy in several malignancies (19). With
growing information about several TLRs and involved TLR-
agonists along with their downstream signaling pathways, several
natural (resourced from microbes) or chemically synthesized TLR
agonists, are being involved in cancer immunotherapy approaches
(4, 140). But there are some early clinical setbacks in using TLR
agonists as cancer therapeutics (142) because of the pro-
tumorigenic nature of some TLRs in certain cancer types (44),
and the activation of some of the TLRs led to an increase in tumor
growth and metastasis (143). For this reason, it is necessary to
determine the right tumor type and appropriate TLRs to be targeted
and involved combinatorial approaches before treating any tumor
with TLR-based immunotherapy. For the last two decades, TLR
agonists have been used to stimulate and activate DCs in cancer
immunotherapy (123). Moreover, in multiple vaccination strategies
and immunotherapy approaches, TLRs can modify T-cell
responses, which is revealed to be an excellent means to control
and direct adaptive immunity (144, 145). One of the reasons for the
growing popularity of TLR agonists for treating tumors is their
aptitude to reinstate the activity of immunosuppressed DCs, which
can be extremely useful for reversing the immunosuppressive
atmosphere inside the TME (64, 65). TLR ligands have been
widely utilized as adjuvants of anti-cancer vaccines, or in
combination with other traditional standard of cares for cancer
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(19, 44). Some TLR agonists have shown great promise at the
clinical scenarios (19, 44). In recent years, against poorly
immunogenic tumors, synthetic TLR agonists performed
markedly better as adjuvants of cancer vaccines by enhancing the
Thl or Th2-mediated immune response (146). In Table 2, we have
listed all the current clinical trials where TLR agonists are used as
adjuvant(s) to cancer vaccines (3, 4, 6, 7, 90).

At the next section of this review, we are trying to present and
discuss multiple clinical and preclinical pieces of evidence which
demonstrates that TLR agonists can significantly improve the
therapeutic outcome in different types of cancer, either in
combined immunotherapy or as a cancer vaccine adjuvant.

10.3389/fimmu.2023.1227833

Application of TLR agonists as
adjuvants of cancer vaccine

TLR2/TLR4

Bacillus Calmette-Guerin (BCG) is the first successful TLR
ligand/agonist approved for cancer treatment (147, 148). More
than 40 years ago, BCG was first approved by the US Food and
Drug Administration (FDA) to treat bladder cancer (147, 148).
BCG wields its anti-cancer effect by the dual activation of TLR2, and
TLR4 (147, 148). BCG as an adjuvant with whole cell vaccines also
has been widely assessed in melanoma and colorectal cancer (CRC)

TABLE 2 Clinical Trials that are testing TLR agonists as adjuvants of cancer vaccines.

Target = Molecule Indication Status Vaccine or co-therapy Phase NCT
number
TLR2 BCG Melanoma Unknown In combination with cyclophosphamide, IL-2 and a I NCT00477906
melanoma specific
vaccine
TLR3 Ampligen Colorectal carcinoma Withdrawn In combination with DC-based vaccination, interferon- 1I NCT02615574
o2b and
celecoxib
TLR3 Hiltonol (poly Breast carcinoma Active, not In combination with a peptide vaccine and durvalumab I NCT02826434
(I.C)) recruiting
TLR3 Hiltonol Breast carcinoma Active, not In combination with a peptide vaccine and I NCT03362060
recruiting pembrolizumab
TLR3 Hiltonol Gynecological tumors Active, not In combination with a DC-based vaccine, guadecitabine I/11b NCT03206047
recruiting and
atezolizumab
TLR3 Hiltonol Lung cancer Active, not In combination with a MUC1-vaccine 1 NCT03300817
recruiting
TLR3 Hiltonol Solid tumors Completed In combination with a personalized vaccine 1 NCT02721043
TLR3 Hiltonol Solid tumors Withdrawn In combination with bevacizumab and a peptide vaccine I NCT02754362
TLR3 Hiltonol Multiple myeloma Active, not In combination with a peptide vaccine and durvalumab I NCT02886065
recruiting + lenalidomide
TLR3 Hiltonol Glioma Active, not In combination with a cancer cell lysate vaccine before I NCT02549833
recruiting and after or
only after surgery
TLR3 Hiltonol Glioma Active, not In combination with a peptide vaccine + varlilumab I NCT02924038
recruiting
TLR3 Hiltonol Glioma Active, not In combination with a peptide vaccine I NCT02960230
recruiting
TLR4 G100 Solid tumors Terminated In combination with a NY-ESO-1-targeting vaccine 1 NCT02387125
TLR8 Imiquimod Cervical intraepithelial Unknown In combination with a DNA-based vaccine na. NCT03206138
lesions
TLR8 Imiquimod Cervical intraepithelial Active, not Alone or in combination with HPV vaccination 1I NCT02864147
lesions recruiting
TLR8 Imiquimod Genital warts Completed In combination with a DNA-based vaccine 1I NCT03180684
TLR8 Imiquimod Chronic lymphocytic Completed In combination with a peptide-based vaccine and I NCT02802943
lymphoma lenalidomide
TLR8 Imiquimod NSCLC Unknown In combination with a DRibble-based vaccine, DC/CIK 1 NCT03057340
cells and GMCSF
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1227833

Target  Molecule Indication Status Vaccine or co-therapy Phase NCT
number

TLR7/8 Resiquimod Melanoma Completed Combined with a peptide-based vaccine 1 NCT01748747

TLR7/8 Resiquimod Melanoma Completed Combined with a peptide-based vaccine I NCT00470379

TLR7/8 Resiquimod Melanoma Unknown Combined with a peptide-based vaccine + poly-ICLC /11 NCT02126579

TLR7/8 Resiquimod Melanoma Completed Combined with a peptide-based vaccine 1I NCT00960752

TLR7/8 Resiquimod NY-ESO-1+ tumors Completed Combined with a peptide-based vaccine I NCT00821652

TLR7/8 CV8102 Hepatocellular Completed Combined with cyclophosphamide and a peptide-based /11 NCT03203005

carcinoma vaccine

TLR9 DUK-CPG- Hematological Withdrawn In combination with a DC vaccine 1I NCT02115126
001 neoplasms

TLR9 Vidutolimod Chronic lymphocytic Recruiting Multipeptide vaccine, XS15 1 NCT04688385
leukemia

Adapted from.
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(149, 150). In a randomized Phase III trial, Canvaxin, an allogeneic
melanoma vaccine utilizing BCG as an adjuvant, failed to improve
both overall and disease-free survival, despite showing promise in
phase IT (149). Interestingly, in the same trial with resected stage-III
and stage-IV melanoma, monotherapy of BCG in patients
demonstrated improved efficacy (149, 150). OncoVAX, an
autologous colon cancer vaccine with BCG as an adjuvant, in a
phase II study showed significant improvement in disease-free and
overall survival (150, 151). Similarly, anti-tumor effect generated
through activation of TLR2 and 4, by OM-174 (CXR-526), a lipid A
(Escherichia coli origin) derivative, is currently being evaluated as a
vaccine adjuvant for the treatment of melanoma in phase I/II trials,
in addition to a phase I trial against solid tumors (152). The
observed results from a few preclinical studies depict the increase
of TNF-o,, IFN-y, and iNOS behind the therapeutic activity of OM-
174 administration (152, 153). Another lipid A derivative,
monophosphoryl lipid A (MPL), also an activator of TLR4, is also
used in several vaccines as an adjuvant (153, 154). Stimuvax, the
liposomal cancer vaccine against the MUCI tumor antigen, uses
MPL as an adjuvant (153). Stimuvax underwent phase III
evaluation against advanced NSCLC but failed to add any marked
therapeutic advantage (153). A cancer vaccine targeting the MAGE
A3 tumor antigen utilizes a MPL containing special mixed adjuvant
system (AS15, AS02b) (155). Other TLR4 activators like AS04
(MPL derivative, cervical cancer) and GLA-SE (lymphoma
Merkel cell carcinoma) are also studied via preclinical and clinical
studies (156-158). Meanwhile, lipoteichoic acids (LTA) from
Gram-negative bacterial cell walls, responsible for the “endotoxin”
of bacteria, can also act as an agonist of TLR2 receptors and trigger
anti-tumor immune responses (11, 14).

Frontiers in Immunology

TLR3

The activation of TLR3-mediated signaling by sense double-
stranded RNA was first discovered by Alexopoulou et al. (159).
Currently, the synthetic polynucleotide polyinosinic-polycytidylic
acid or poly(I:C) is being used as a TLR3 agonist, and is known as a
powerful activator of the innate immune responses (160). Poly(I:C)
promoted the activation of DCs and subsequently enhanced antigen
presentation for CD8" cytotoxic T cells (161). Additionally, after
stimulation via poly(I:C), DCs can indirectly activate NK cells and
T-cells, generating robust antitumor immune responses, and for
this reason poly(I:C) is often employed in cancer vaccines (162).
Because of the associated toxic effects and hasty degradation of poly
(I:C) in the body, several stable derivatives or variants of poly(I:C)
are established through experimental studies (163, 164). For
example, Hiltonol or poly-ICLC is stabilized through the addition
of poly-lysine and was assessed in several clinical trials involving
different types of solid tumors (165, 166). Though these clinical
studies didn’t demonstrate significant anti-tumor efficacy but still it
managed to be physiologically safe without any adverse side effects
(165, 166). Additionally, rintatolimod or poly(I:C;,U) (Ampligen),
another poly(I:C) derivative, is stabilized by the substitution of
cytidine with uridine and is approved for the treatment of
pancreatic, triple-negative breast cancer, and brain tumors in
combinatorial therapy with some vaccines demonstrated
substantial efficacy (167-169). Poly(I:C) and all of its derivatives
induce maturation of DCs, as well as intensify the expression of
Thl-related cytokine, and currently evaluated in multiple clinical
trials as potent vaccine adjuvants (170). In addition, poly-ICLC was
moderately successful as combinatorial therapy with peptide or DC
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vaccines in various advanced malignancies, including malignant
glioma (136).

TLR5

TLR5 is activated by bacterial flagellum protein flagellin, and
flagellin derivatives are evaluated for anticancer efficacy (171-173).
The clinical efficacy of CBLB502 (natural flagellin/entolimod
derived from natural Salmonella flagellin) is evaluated against
squamous cell head and neck cancer and solid tumors in phase I
clinical trials (174). Mobilan, a recombinant nonreplicating
adenovirus encoding flagellin which is commercially available as
M-VM3 is also has been studied for anti-cancer effects in prostate
cancer (175). Treatment of breast cancer cells with the TLR5 agonist
flagellin also reported to suppress cell proliferation and inhibiting
anchorage-independent tumor growth (171). In another interesting
in vivo study, the researcher demonstrated contrasting effects on
tumor growth after TLR5 activation by flagellin. Activation of TLR5
by flagellin reduces the growth of strongly immunogenic tumors,
but it failed to do the same for weakly immunogenic variants (172).
These conflicting results were caused by the disproportionation
between IFN-y:IL-4 ratio and the concomitant number of
CD4*CD25" T regulatory cells (172). Also in the same study,
early combinatory treatment of flagellin and CpG-containing
oligodeoxynucleotides (CpG ODNs) completely inhibited tumor
growth (172).

TLR 7/8

Among all the TLRs, ligands or agonists of TLR7 and 8 have
shown the most promising immunomodulatory and anticancer
effects, and many of them transitioned to the clinic (176). TLR7
and 8, both recognize ssRNA as ligands, and this property has been
exploited to synthesize several types of TLR7/8 agonists that could
achieve stimulation of these receptors simultaneously (176). Based
on chemical structures, TLR7/8 agonists are organized into
guanosine and adenosine analogs or imidazoquinoline derivatives
with modified RNA sequences (176, 177). Dual agonists of TLR7/
TLRS, resiquimod (R-848), and loxoribine (178) failed to enter
phase III trials because they lacked significant efficacies (179). Initial
studies attributed the lack of local immune activation by resiquimod
to its property of solubility in body fluid and subsequent dispersion
from the injection site (178). Resiquimod was thereafter
administered as a dermal cream to counteract this problem (180).
Resiquimod induces the expression of TNF-o, IFN-c, and other
proinflammatory cytokines, via the initiation of the TLR7-MyD88-
dependent pathway (22). Imiquimod, another imidazoquinoline
marketed as Aldara (5% imiquimod cream), was approved by the
European Medicines Agency and FDA in 1997 for treating human
papillomavirus (HPV) induced genital warts (181). Later in 2004,
imiquimod was also approved as therapeutics of primary skin
malignancies like superficial basal cell carcinoma and
premalignant actinic keratosis (182). Topical ointment of
imiquimod is also used for the treatment of other local cutaneous
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tumors, including melanoma, and interestingly imiquimod exerts
an impressive over 85% success rate while treating lentigo maligna
melanoma (183, 184). Imiquimod also demonstrated significant
efficacy in combinatorial therapies with other traditional anticancer
therapies like chemotherapy or radiotherapy in multiple cancer
types (180). Imiquimod has also shown promise in developing DC-
based vaccines (6, 185). Imiquimod promoted the stimulation and
maturation of immature DCs and their consequent migration to
draining lymph nodes in cancer patients (185). Topical imiquimod
ointment amplified the immunogenicity of the peptide vaccine for
melanoma (185). In patients with resected melanoma, imiquimod
as an adjuvant also augmented the immunogenicity of the NY-ESO-
1 peptide vaccine, recruiting and activating pDCs and mDCs
subcutaneously and in inflammatory infiltrates (6). In contrast to
imiquimod’s topical application, 852A (a TLR7 agonist) and VTX-
2337 (a TLRS agonist) are dispensed systemically, and their efficacy
are under evaluation through multiple phase I/II clinical trials
involving malignant breast, ovarian, endometrial, cervical, and
head and neck cancers (186). 852A activates APCs and stimulate
NK cells with increased secretion of IFN-o from plasmacytoid DCs
in cancer patients (179, 187). In a phase II trial, 852A demonstrated
safety and systemic immune activation in metastatic melanoma
patients who had failed chemotherapy, leading to prolonged disease
stabilization (188). While treating patients suffering from chronic
hepatitis C virus (HCV) infection and cancer, ANA773- the orally
administered TLR7/8 agonist, induced IFN-0,, activated NK cells,
and reduced serum HCV RNA levels (189). Lastly, 3M-052 (a lipid-
modified imidazoquinoline derivative), was assessed as a cancer
vaccine adjuvant demonstrating marked synergistic efficacy in
tandem with checkpoint-blocking antibodies for CTLA4 and
PDL-1 (190). This result highlighted the potential on the aspect
of utilizing TLR7/8 agonists in combinatorial therapies with other
immunotherapeutic agents like immune-checkpoint
inhibitors (ICIs).

TLR9

Unmethylated cytidine phosphate guanosine (CpG) and
oligonucleotides (CpG ODNSs) are the main ligands or agonists
for TLRY receptors (191). Several CpG oligodeoxynucleotides are
verified for their anticancer effects both in vitro and in vivo models
of multiple cancers (192-194) and clinical trials (195). Some of the
significant examples of TLR9 agonists undergoing clinical trials are
IMO2055 (a CpG ODN-based oligonucleotide tested in advanced
NSCLC), dSLIM (two single-stranded oligodeoxynucleotide loops
connected with double-stranded oligodeoxynucleotide stem,
currently tested in advanced colorectal cancer), MGN1703 (a
natural DNA molecule assessed in small cell lung cancer and
advanced solid tumors), CpG-7909 (a single-stranded CpG ODN,
currently evaluated in melanoma, renal cell carcinoma, non-
Hodgkin’s lymphoma, glioblastoma, cutaneous T cell lymphoma,
and NSCLC), KSK-CpG (phosphorothioated derivative of CpG
ODN:s, being evaluated in melanoma), SD-101 (tested in follicular
lymphoma), ODN M362 (tested in hepatocarcinoma), and CpG-
1826 (demonstrated amplified antitumor effect in glioma
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xenografts) (106, 191, 196, 197). Even after promising preclinical
studies, the administration of IMO2055 in combination with
platinum-based drugs against recurrent and metastatic head and
neck cancer, raised some safety issues in a phase II trial (142).
Similar safety concerns were raised against CPG7909, in a phase III
trial involving NSCLC (142). CpG ODNs blended (emulsified) with
Montanide ISA 51, being used as an adjuvant with vaccines
targeting cancer-testis antigens, demonstrated promising results
by promoting pDC-mediated infiltration of lymphocytes at the
site of vaccination (198). Therefore, the application of CpG ODN
as an adjuvant of cancer vaccines or intratumoral injection could be
a potential opportunity to direct effector lymphocyte-
mediated response.

TLR ligands as adjuvants in autologous
MBTA vaccine immunotherapy

Till now in the previous sections, we discussed the classification,
the immunomodulatory functions of TLRs, and the administration
of TLR agonists in immunotherapeutic strategies and cancer
vaccines. We concisely described how different TLR agonists are
employed as adjuvants to cancer vaccines in several preclinical and
clinical studies. Most of the current immunotherapy trends are
heavily oriented toward the onset of adaptive immunity via
immunomodulators like TLR agonists. Here we present a new
immunotherapeutic approach developed by our research group
based on autologous tumor neoantigens and TLR agonists that
are proficient in triggering both the innate and adaptive immune
responses (199, 200). It’s an autologous vaccine strategy that
leverages the PRR assets of TLRs as well as fungal
polysaccharides, and it has been tested in diverse types of mouse
tumor models (11, 14, 199-201).

This vaccine is called rtWTC-MBTA, comprising of irradiated
autologous tumor cells (rfWTC) mixed with mannan-BAM, TLR
agonists, and anti-CD40 antibody (MBTA) (199-202). This
vaccination strategy was initiated with the utilization of TLR
agonists accompanied by concurrent labeling of tumor cells with
phagocytosis-inducing ligands leading to enhanced recognition of
the tumor cells by the different immune cells (203, 204). Mannan, a
branched polysaccharide from the yeast Saccharomyces cerevisiae, is
affixed to the cancer cell membranes through linkage with the
hydrophobic BAM (Biocompatible Anchor for Membrane) anchor
and serves as a PAMP, which in turn is recognized by the mannan-
binding lectin complex (MBL) (11, 14) (Figure 2). Recognition of
mannan-BAM by MBL activates the lectin pathway of complement
activation and ultimately leading to iC3b-mediated opsonization
and phagocytosis of tumor cells (11, 14, 201). To augment the
vaccine-induced innate immune responses through the initiation of
multiple inflammatory pathways, along with mannan-BAM, we use
TLR ligands lipoteichoic acid (LTA)(agonist of TLR2),
polyinosinic-polycytidylic acid (poly(I:C))(agonist of TLR3), and
resiquimod (R-848)(agonist of TLR7/8) (11, 199-201) (Figure 2).
Several previous reports from our group demonstrated the
applicability of TLR ligands as adjuvants in rWTC-MBTA
vaccines (11, 199-201). This vaccine strategy plays on stimulating
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the immune system on various stages, starting from primary
activation of innate immunity trailed by concomitant activation
of adaptive immunity (11, 14, 201). Each TLR ligands as adjuvants
in the vaccine as unique function. The strongly immunogenic LTA,
which is sourced from the Gram-Positive bacteria Bacillus subtilis,
stimulates the TLR2-mediated inflammatory pathway, resulting in
elevated secretion of TNF-alpha and heightened inflammatory
response (205, 206). Poly(I:C) triggers TLR3-mediated signaling,
leading to activation of antigen-presenting cells (APCs) and
activates tumor associated macrophages (206-208). R-848 or
resiquimod induces the activation of innate immune cells and the
promotes Thl cell-mediated immune responses (209, 210). In
addition, anti-CD40 monoclonal antibodies in the vaccine
preparation binds with the CD40L ligand to activate the CD4" T
lymphocytes, permitting the dendritic cells to mediate the adaptive
immune responses (199, 200) (Figure 2). To prepare rtWTC-MBTA-
Vax, (i) autologous or syngeneic cancer cells are irradiated so that it
remains alive but non-replicative, (ii) irradiated cells are combined
with mannan-BAM and TLR agonists, along with anti-CD40
antibody, to produce the effective vaccine, and (iii) the prepared
rWTC-MBTA is injected peripherally over four weeks to propagate
a tumor-specific immune response to inhibit tumor or cancerous
growth, metastasis, and prevent recurrence (199, 200).

One of the foremost advantages of the MBTA vaccines or
rWTC-MBTA is that it can affect the immunogenic status of the
TME to facilitate the outcome of the immunotherapy. The “cold”
TME of some solid tumors is a major barrier to cancer
immunotherapy (211-213). The immunogenically cold TME
status is associated with a lack of inflammatory T-cell infiltration
and lower neoantigen presentation (214). TLR agonists can
promote Th1(T helper) mediated inflammatory responses and
activate APCs in the TME, facilitating tumor infiltration as well
as improved functioning of the effector immune cells, like CD8" T
cells and NK cells (212). When used as adjuvants, the TLR agonists
augment the antigen presentation capacity of APCs and initiate the
expressions of Thl inflammatory cytokines along with increasing
the expression of several co-stimulatory factors (126, 212, 215). The
Thl family of inflammatory cytokines endorse the switching of
CD4" T cells from Th2 subtype to Thl subtype, increase CD8"
effector T-cell responses, and impede the immunosuppressive
activity of Treg cells (126). The MBTA vaccine approach
manipulates the TME, by the application of TLR agonists to turn
the cold TME to hot, and it was evident by the efficacy of rWTC-
MBTA on curbing immunogenically cold tumors like glioblastoma
multiforme (GBM) (200) or triple-negative breast cancer (202).

Previous investigations involving intratumoral MBTA
injections sustained a profound antitumor response, but patients
are prone to secondary inflammatory damage or mass effect due to
the in situ delivery of the vaccine (151, 216). Earlier studies of the
MBTA anti-cancer therapeutics involved a unique combination of
two different types of PAMPs, mannan-BAM serving as a tag for
phagocytosis and soluble TLR agonist ligands as triggers of innate
immunity (11, 14). This unique amalgamation of mannan-BAM
and TLR agonists generates a robust infiltration of inflammatory
cells toward the tumor. This led to reduction of tumor burden and
even, in some experimental mice models, complete remission of the
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Mechanism of action for MBTA vaccine therapy. (A). The MBTA vaccine consists of mannan-BAM tagged irradiated cancer cells mixed with TLR
ligands resiquimod, poly(I:C), and LTA along with anti-CD40 antibody. The polysaccharide mannan is chemically linked with the hydrophobic lipid
tail biocompatible anchor for membrane (BAM). The hydrophobic lipid tail enables the attachment of mannan to the plasma membrane of irradiated
tumor cells. Mannan-BAM acts as a PAMP and exploits the pattern recognition properties of Mannose-binding lectin (MBL). This recognition of
Mannan-BAM by MBL culminates into the activation of the lectin pathway of complement activation through the proteolytic cleavage of
complement protein C3, and iC3b, the inactive cleaved form of C3 initiate the opsonization of the tumor cells. Concurrently, the three TLR ligands
(resiqguimod/R-848, poly(l:C), LTA) and anti-CD40-antibody act as adjuvants facilitate recruitment of the innate immune cells like macrophages,
dendritic cells, neutrophils, and monocytes into the tumor (199-202). (B). The TLR agonists activate the innate immune cells with augmented
expression of inflammatory cytokines and chemokines that endorse maturation of APCs. The activated APCs opsonize and phagocytose the tumor
cells and process tumor neoantigens. These activated APCs further internalize tumor antigens and display them to T cells in lymph nodes. This leads
to the initiation of adaptive immune cells like effector T cells along with generation of immunologic memory through memory T cells (199-202).

tumor (11, 14, 203, 204). In our preceding study, in a colon
carcinoma preclinical mouse model, compared to control or
injecting irradiated whole tumor cells alone, we found that
subcutaneous injection of the rWTC-MBTA vaccine (irradiated
whole tumor cells mixed with MBTA) caused a substantial decrease
in tumor volumes and improved overall survival (199). In one of
our recently published manuscripts, we demonstrated that the
rWTC-MBTA vaccine effectively inhibited the metastasis and
impeded the growth of tumors in animal models of both breast
cancer and melanoma (202). Additionally, in a therapeutically
mimicking postoperative model of breast cancer, it prevented the
metastasis of residual tumors and extended the survival (202). Our
results also demonstrated that the rWTC-MBTA vaccine effectively
prevented the growth of autologous tumors but rendered ineffective
against allogeneic tumors (202). Mechanistic studies regarding the
rWTC-MBTA vaccination revealed enhanced activation of APCs,
heightened CD4" and CD8" T-cell mediated response, generation
of immune memory along with tumor specific cytotoxicity (202).
Moreover, we also proved rtWTC-MBTA vaccine efficacy was T-cell
dependent through T-cell depletion assay (202). With the
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surmounting preclinical evidence, we want to translate tWTC-
MBTA to the clinic for further investigations, and altogether the
efficacy of rWTC-MBTA is dependent on TLR agonists, and this
can direct toward a new track of cancer immunotherapy.

Conclusions and future perspectives

TLR activation sparks immune responses against pathogens,
making TLR agonists promising cancer immunotherapy. Targeting
TLRs, alone or combined with other methods, offers a potential
pathway to enhance the immune system and eradicate cancer cells.
TLRs are crucial components of the immune system, playing a
significant role in both innate and adaptive immunity. It’s exciting
to know that there are currently various TLR agonists being
evaluated in both preclinical and clinical settings worldwide.
However, there are some foremost expected roadblocks with the
implementation of TLR agonists as therapeutic options. Toll-like
receptors in cancer have a dual role; on one side, they activate innate
immunity, recruiting immune cells to eliminate invasive pathogens
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like tumor cells, but they can also contribute to chronic
inflammation, driven by TLRs, resulting in anti-apoptotic effects
through NF-xB and promoting tumor growth (217, 218). As TLRs
regulate the stimulation of several immune cells of the human body,
any improper tuning of the TLR agonists can trigger autoimmune
diseases. There are also chances of the onset of chronic
inflammatory side effects through uncalled activation of
cytokines. Multiple examples of inflammatory side effects exist
while using TLR ligands in immunotherapy (142, 217, 219, 220).
Therefore, choosing the right TLR agonist for the treatment of a
specific type of cancer is a vital issue to diminish the chances of
post-therapeutic complications.

Both pre-clinical and clinical findings suggest that combining
TLR agonists with antigens, immune modulators, or other
treatments can enhance their effectiveness (19, 221). Therapies
like chemotherapy or phototherapy release tumor antigens and
cellular factors from dying cells, further activating dendritic cells
and promoting cross-presentation to T cells (221). Current research
highlights the potential of TLR-targeted drugs in cancer treatment.
However, it’s crucial to acknowledge that factors like tumor
characteristics and the microenvironment can impact the clinical
success of TLR-targeting immunotherapies. These variables should
be carefully addressed, especially in preclinical animal studies.
Recent data suggests that combining TLR antagonists with other
immunotherapy approaches, like checkpoint inhibitors and cell-
based treatments, could improve overall immunotherapy
effectiveness (19). Current trends of using TLR agonists in clinical
trials project them as a compelling booster of immune responses in
combination with cancer vaccines or other therapeutic approaches,
suggesting a more promising strategy (Table 2). Another challenge
is the difficulty of translating many TLR agonists from animal
studies to human applications due to significant species-specific
differences in TLRs (97). For instance, murine TLRS8 reacts
differently to imiquimod and R848 compared to human TLRS8
(97). This highlights the importance of assessing potential TLR
agonists in appropriate animal models and considering species-
specific variations when interpreting results. Despite the potential of
TLR agonists to activate the immune system for anti-tumor effects,
they face persistent limitations. For instance, small molecule TLR
ligands often fail to accumulate adequately in lymph nodes to
activate immune cells effectively, leading to drug resistance. Rapid
dispersion of TLR ligands can also trigger the production of
immunosuppressive factors and undesirable immune responses.
Additionally, these agonists/ligands have a short in vivo lifespan,
especially endosomal TLR ligands, which are vulnerable to
nucleases (222). As a result, innovative and efficient delivery
platforms like dendrimers, stimuli-responsive polymeric particles,
liposomes, hydrogels, lipoprotein-based scaffolds, and complexes
have been devised to address these challenges (222).

Here in this review article, we presented the immense
therapeutic potential, background aspects, and key investigations
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of using TLR ligands or agonists as an emerging component of
immunotherapy. We also review the current landscape of using
TLR agonists in cancer immunotherapy, including ongoing clinical
trials and their drawbacks. Moreover, we explored how TLR
agonists can induce diverse components of the immune system
and how they are or could be applied as adjuvants of cancer
vaccines. Last but not the least, our research group implemented
TLR agonists as adjuvants augmented the immunogenicity of the
rWTC-MBTA whole-cell autologous cancer vaccine. By continuing
further studies, we have confidence in TLR agonist-based
immunotherapy, in combination with other conventional
therapies like surgery, chemotherapy, and radiotherapy, can shift
the much-needed paradigm in the treatment of cancer and confirm
an improved quality of life (QoL) for cancer patients.
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Dexamethasone impairs the
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Glucocorticoids potently inhibit expression of many inflammatory mediators,
and have been widely used to treat both acute and chronic inflammatory
diseases for more than seventy years. However, they can have several
unwanted effects, amongst which immunosuppression is one of the most
common. Here we used microarrays and proteomic approaches to
characterise the effect of dexamethasone (a synthetic glucocorticoid) on the
responses of primary mouse macrophages to a potent pro-inflammatory
agonist, lipopolysaccharide (LPS). Gene ontology analysis revealed that
dexamethasone strongly impaired the lipopolysaccharide-induced
antimicrobial response, which is thought to be driven by an autocrine
feedback loop involving the type | interferon IFN. Indeed, dexamethasone
strongly and dose-dependently inhibited the expression of IFNf by LPS-
activated macrophages. Unbiased proteomic data also revealed an inhibitory
effect of dexamethasone on the IFNB-dependent program of gene expression,
with strong down-regulation of several interferon-induced antimicrobial factors.
Surprisingly, dexamethasone also inhibited the expression of several
antimicrobial genes in response to direct stimulation of macrophages with
IFNB. We tested a number of hypotheses based on previous publications, but
found that no single mechanism could account for more than a small fraction of
the broad suppressive impact of dexamethasone on macrophage type |
interferon signaling, underlining the complexity of this pathway. Preliminary
experiments indicated that dexamethasone exerted similar inhibitory effects on
primary human monocyte-derived or alveolar macrophages.

KEYWORDS

glucocorticoid, dexamethasone, macrophage, type | interferon, interferon B, innate
immunity, virus, SARS-CoV-2
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Introduction

Synthetic glucocorticoids are widely used in the treatment of
both chronic and acute inflammatory pathologies (1), despite the
fact that they can cause serious adverse effects, including
immunosuppression (2). Both harmful and beneficial effects of
natural and synthetic GCs are mediated by the GC receptor (GR),
a member of a large family of ligand-activated transcription factors
(3). Ligand-bound GR can either activate transcription (most often
by binding as a dimer to palindromic GC response elements) or
suppress transcription (for example via functional interference with
the transcription factor NF-xB). It was initially thought that
harmful effects of GCs were mediated by transcriptional
activation, and beneficial anti-inflammatory effects by
transcriptional repression (transrepression) (4). It is now
increasingly recognized that this model is too simplistic. Instead,
anti-inflammatory effects of GCs involve both transcriptional
activation and repression (5, 6). For example, in several cell types
GCs increase the expression of dual specificity phosphatase 1
(DUSP1), which exerts anti-inflammatory effects by inactivating
mitogen-activated protein kinases (MAPKs) (7-11).

Monocyte-derived and tissue resident macrophages play central
roles in both chronic inflammatory pathologies such as rheumatoid
arthritis (12, 13) and acute inflammatory pathologies such as the
viral sepsis that can be unleashed by the zoonotic pathogen SARS-
CoV-2 (14, 15). Macrophages are important targets of the beneficial
anti-inflammatory effects of endogenous and exogenous GCs (9,
16). To investigate how macrophages respond to GCs we and many
others have used the Toll-like receptor 4 (TLR4) agonist
lipopolysaccharide (LPS) as a stimulus. This reagent has some
unique advantages as an experimental tool. When it engages
TLR4 it initiates two distinct signaling responses that drive more
or less discrete programs of gene expression (17). At the cell surface,
TLR4 uses the adaptor molecule MyD88 (myeloid differentiation
primary response 88) to activate NF-kB and MAPK cascades. These
cooperate to drive rapid expression of several pro-inflammatory
genes. Following internalization to endosomes, TLR4 also signals
via the adaptor TICAM1 (TIR domain containing adaptor molecule
1) to activate TBKI1 (Tank-binding kinase 1) promoting
phosphorylation of the transcription factor IRF3 (interferon
response factor 3), which in turn induces expression of the type I
interferon IFNP. Macrophages express the dimeric [FNP receptor
encoded by Ifnarl and Ifnar2 genes, and can therefore respond in
autocrine or paracrine fashion to secreted IFN. This causes
activation of the tyrosine kinases JAK1 (Janus kinase 1) and
TYK2 (tyrosine kinase 2), which then phosphorylate and activate
the transcription factors STAT1 (signal transducer and activator of
transcription 1) and STAT2. STAT1 can function as a homodimer
to regulate transcription via palindromic GAS elements. STAT1 and
STAT2 can also dimerize with one another and combine with a
third protein, IRF9, to form the heterotrimeric transcription factor
ISGF3 (interferon-stimulated gene factor 3), which binds to a
distinct regulatory sequence known as an ISRE (interferon-
stimulated response element) (18). ISGF3 and STAT dimers
promote expression of hundreds of genes, many of which are
mediators of antimicrobial defense, but some of which are pro-
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inflammatory cytokines and chemokines. A large part of the
macrophage response to LPS is dependent on this positive
feedback loop mediated by IFNB (19-22). The use of LPS as a
stimulus therefore allows researchers to examine a broad spectrum
of pro-inflammatory and antimicrobial macrophage functions.
Moreover, IFNP serves as a generic alarm signal for the presence
of intra- and extra-cellular pathogens, and evokes an antimicrobial
state that is not highly pathogen-specific. Hence, many interferon-
stimulated genes encode restriction factors that contribute to cell-
intrinsic defense against diverse pathogens (23, 24).

Here we set out to investigate the impact of the synthetic GC
Dexamethasone (Dex) on macrophage transcriptome and proteome
responses to LPS. We also wanted to determine how the
phosphatase DUSP1 contributed to effects of Dex. By serendipity,
this study revealed an extremely broad effect of Dex on IFNf
signaling in primary mouse bone marrow-derived macrophages,
including consistent suppression of many antimicrobial factors at
both mRNA and protein levels. Dex inhibited both the LPS-induced
expression of IFNf and the regulation of gene expression by IFNJ,
but neither of these effects could be explained by existing models of
GC action. Our preliminary data indicated that at least some of
these phenomena also occurred in primary human monocyte-
derived or alveolar macrophages.

Results

Dexamethasone broadly inhibits
IFNB-dependent gene expression in
LPS-treated macrophages

To investigate the impact of GCs on the macrophage response
to LPS, primary mouse bone marrow-derived macrophages
(BMDMs) were stimulated with LPS in the absence or presence
of 100 nM Dex for four hours. This is similar to the mean serum
concentration in healthy volunteers after 7.5 mg oral Dex, and can
be considered a moderate dose (25). Steady state mRNA abundance
was then assessed by microarray. The data were first filtered for
robust gene induction by LPS (greater than five-fold increase of
expression, p < 0.05), leading to the identification of 599 LPS-
induced protein-coding transcripts. The responses of these
transcripts to the addition of Dex were then assessed. As
illustrated by volcano plot (Figure 1A), the effect of Dex was
strongly dominated by inhibition, 169 transcripts being down-
regulated and only 13 up-regulated (fold change > 2 and p <
0.05). Several LPS-induced genes were suppressed more than 80%
by 100 nM Dex. Cooperative regulation of the Lcn2 (lipocalin 2)
gene by LPS and Dex was previously reported (28) and confirmed
here (Figure 1A).

Gene Ontology (GO) analysis of GC down-regulated genes
revealed highly significant enrichment of terms related to
inflammation, cytokine production and responses to biotic stimuli
(Figure 1B; Supplemental Table 1). Enrichment of such terms was
predictable and uninformative, since the original set of 599
transcripts was selected on the basis of strong induction by LPS.
We were interested by the gene sets “Response to virus”
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FIGURE 1

Dexamethasone broadly inhibits IFNB-dependent gene expression in LPS-treated macrophages. (A) Mouse BMDMs (three independent isolates per
condition) were treated with vehicle, 10 ng/ml LPS for 1 h or 4 h, or 10 ng/ml LPS + 100 nM Dex for 4 h. mRNA was harvested, quantified by
microarray and analyzed using Partek. Transcripts robustly induced by LPS at 4 h (fold increase > 5, pAdj < 0.05) were identified and their responses
to addition of Dex illustrated by volcano plot. Black dots represent LPS-induced transcripts whose expression was significantly altered by addition of
Dex (fold change > 2, pAdj < 0.05). The transcripts highlighted in green are discussed in the text. (B) LPS-induced and Dex-suppressed transcripts
(black dots in left quadrant of (A) were subjected to GO analysis using default parameters in Panther. Significantly enriched GO terms were filtered
manually and using REVIGO to eliminate redundant terms. The top 14 remaining terms were plotted according to enrichment, FDR, gene number
and gene ratio. (C) Gene set enrichment analysis was performed using the comparison of LPS vs. LPS + Dex as a quantitative data set, and the top
70 IFNAR1-dependent transcripts from (26) as a categorical gene list. Dex-inhibited transcripts are clustered at the left, and Dex-enhanced
transcripts at the right. ES, enrichment score; NES, normalized enrichment score; q, false discovery rate. (D) Gene set enrichment analysis was
performed as in C, except using the 93 most robustly IFNB-inducible genes from (27). (E) For 96 genes that were robustly induced by LPS in our data
set and interferon-regulated according to (26) or (27) gene expression was normalized to the 4 h value, and mean expression was plotted in Tukey
box-and-whisker format. Outliers exceed the median by more than 1.5x interquartile range. **** p < 0.001.

(GO:0009615; set 9 in Figure 1B), “Cellular response to interferon
beta” (GO:0035458; set 12 in Figure 1B), and “Response to
protozoan” (GO:0001562; set 14 in Figure 1B), which displayed
10.4-fold, 31.8-fold and 39.3-fold enrichment, respectively.
Enrichment of these terms suggested that Dex inhibited
expression of genes involved in antimicrobial responses (which
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are commonly regulated by IFNP). However, there was no
significant enrichment of GO terms specifically related to
responses to intracellular bacteria.

Closer inspection of the microarray data revealed many
interferon-stimulated genes (ISGs) amongst the LPS-induced
genes that were significantly down-regulated by Dex. To explore
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this in more detail we made use of two published data sets related to
interferon-mediated gene regulation in primary murine
macrophages (generated in a similar manner). First, a systems-
based analysis of the macrophage transcriptome identified a large
number of genes whose delayed induction by lipidA (a highly
TLR4-specific LPS moiety) was dependent on autocrine signaling
via the interferon receptor IFNARI (29). The top 70 IFNARI-
dependent genes from that study were used as a gene set for GSEA
(gene set enrichment analysis) (Figure 1C). This confirmed
extremely strong enrichment of IFNARI-dependent genes
amongst those negatively regulated by Dex in our own data set,
with an enrichment score of 0.866 and p value 0.0. From a study of
macrophage regulatory networks (26) we then identified genes
robustly induced by treatment of BMDMs with IFN alone (fold
change > 100 and p < 0.05), and used this list of 93 genes in GSEA
(Figure 1D). Once again there was very strong enrichment of IFNp-
inducible genes amongst those suppressed by Dex in our microarray
set, with enrichment score 0.800 and p = 0.0. Removal of genes
common to the two lists reduced the enrichment score only
marginally (ES = 0.775) and did not change the nominal p value
of zero.

We generated a list of 96 genes that were robustly induced by
LPS in our own data set and interferon-regulated according to one
or both of the above-mentioned data sets (26, 29). Mean responses
of these genes to LPS and/or Dex were then plotted (Figure 1E). The
great majority were expressed in a delayed fashion, with little or no
increase of expression 1 h after addition of LPS (Figure 1E). At the
4 h time point, expression of 86 out of 92 genes was significantly
inhibited by Dex. Importantly, the inhibitory effect of Dex was not
quite universal. The IFNfB-responsive gene Acodl (aconitate
decarboxylase 1), previously known as Irgl (immune-responsive
gene 1), mediates production of the anti-inflammatory metabolite
itaconic acid (27, 30). The Acod1 transcript was induced more than
1000-fold by LPS, and this response was spared from inhibition by
Dex. Two IFNB-responsive genes were significantly cooperatively
regulated by LPS and Dex (the outliers AWI12010 and Slc6al2 in
Figure 1E: p = 1.73x10™ and p = 1.00 x 107, respectively).

These data suggested that LPS treatment of BMDM:s induced an
antimicrobial state, likely involving autocrine signaling by IFN,
and that this process was opposed by Dex. The nature of the
antimicrobial state was difficult to define because of lack of
knowledge of factors that restrict some pathogens, and because
many antimicrobial factors are in fact not specific for pathogen
class. We therefore focused on antiviral mediators, because many of
these have been systematically identified and annotated on the basis
of high throughput functional screens [for example (31)]. First we
conducted a systematic screen of our microarray data, identifying
genes that were induced by LPS (log, fold change > 1, p < 0.05);
expressed in a delayed manner (at least two-fold higher at 4 h than
at 1 h); inhibited by Dex (p < 0.05); labelled as type I interferon-
inducible in mouse according to the Interferome database (32); and
had plausible roles in the regulation of viral life cycles (at least two
supporting publications found in Pubmed using the systematic gene
name and “antiviral” as search terms). This generated a list of 107
genes (Supplemental Table 2), which is likely to be under-inclusive
because of the use of a single, relatively early time point for analysis
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of gene expression; shortcomings of the text-mining approach; or
shortcomings in functional annotation of genes. For example, the
poorly annotated gene AA467197, mouse ortholog of the human
Cl50rf48 gene, has only recently been identified as an interferon
regulated gene and a putative antiviral factor (33, 34). It is also
important to note that viruses may co-opt cellular antiviral
machinery to gain a competitive advantage, therefore not all of
the genes in the final list are unequivocally “antiviral” under all
circumstances. However, many of these are known to contribute to
cell-intrinsic defense against viral pathogens (23, 31). These genes
belong to several classes including: GTPases or GTP-binding
proteins, which contribute to antimicrobial defense via a number
of mechanisms (23, 35) (Gbp2, Gbp4, Gbp5, Gbp9, Gnb4, Iligpl,
Irgm2, Mx1, Mx2, Tgtpl, Tgtp2); PRRs involved in the recognition
of intracellular pathogens and the initiation of antiviral responses
(Aim2, Ddx58 [RIG-1], Dhx58, Eif2ak2 [PKR], Ifi203, Ifi204, Ifih1
[MNDA-5], Mndal, Nirc5, Pyhin); several members of the poly-
ADP ribosyltransferase (PARP) and Schlafen (SLFN) families that
contribute to antiviral defenses (36, 37); and diverse restriction
factors that act at distinct points of infectious cycles to prevent
entry, replication or exit of viruses (Bst2 [tetherin], Ch25h, Cmpk2,
Herc6, Ifi35, Ifi44, Ifi47, Ifitl, Ifit2, Ifit3, Isg15, Isg20, Oasll, Parpl14,
Rsad2 [viperin], Trim21, Uspl18) (23, 24). Patterns of expression of
the top 50 most Dex sensitive genes are illustrated in heatmap form
in Figure 2A, whilst the full list is included in Supplemental Table 2.

An unbiased proteomic screen was then used to assess protein
levels in BMDMs treated with vehicle, LPS or LPS + Dex for 24
hours. Depth of proteome coverage was good, with more than 6,000
proteins detected, and normalized protein concentrations were
similar across conditions, indicating an absence of systemic bias
(not shown). We identified proteins whose abundance was
increased by LPS (> 1.5-fold increase, Padj < 0.05). The lower
threshold for fold change was chosen because LPS-induced changes
of abundance were generally lower at the protein than at the mRNA
level. This generated a list of 410 LPS-regulated proteins, whose
responses to Dex were then examined. According to volcano plot,
the effect of Dex was again dominated by suppression (Figure 2B).
125 LPS-induced proteins were significantly negatively regulated by
Dex, and 96 of these were identified as type I interferon-regulated
genes in the Interferome database (32). Amongst these Dex
sensitive targets, gene ontology analysis revealed very strong
enrichment of terms related to type I interferons (response to
interferon-beta, GO:0035456, fold enrichment 41.2, p = 3.2 x
10Y% cellular response to interferon-beta, GO:0035458, fold
enrichment 40.9, p = 9.3 x 10™7). Gene set enrichment analysis
also revealed exceptional enrichment of IFNAR-dependent genes
that were negatively regulated by Dex at the protein level
(Figure 2C). Where data were available in the proteomic data set,
we examined the expression of individual protein products of the
top 50 Dex-sensitive genes (Figure 2D). With a few exceptions,
patterns of expression were similar at mRNA and protein levels,
with significant increase in response to LPS and significant decrease
in response to addition of Dex. The extent of agreement is striking
given that mRNAs were sampled at 4 and proteins at 24 hours after
stimulation. The selection of the 24 h time point for assessment of
protein expression may have led us to miss or underestimate effects
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Dexamethasone inhibits expression of multiple antiviral mediators at both mRNA and protein levels. (A) To identify putative interferon-regulated
antiviral mediators that are suppressed by Dex we filtered our data set for genes that were 1) well-annotated; 2) robustly induced by LPS (Log, FC >
1, padj < 0.05); 3) expressed in delayed manner (mean expression at least 2-fold higher at 4h than at 1 h); 4) significantly down-regulated by Dex
(padj < 0.05); 5) annotated as type | interferon regulated genes according to the Interferome database (32); 6) with plausible evidence of a role in the
regulation of viral life cycles (at least two supporting publications found by PubMed search with appropriate gene symbol and “antiviral”). For these
107 genes (See Supplemental Table 2), mean expression was normalized to expression after 4 h stimulation with LPS. The 50 most Dex-sensitive
genes are illustrated in heat map format, ordered alphabetically. (B) Mouse BMDMs (four independent isolates per condition) were treated with
vehicle, 10 ng/ml LPS or 10 ng/ml LPS + 100 nM Dex for 24 h. Protein lysates were generated and subjected to data independent acquisition-based
quantitative proteomic analysis. The 410 proteins whose levels were increased by LPS treatment (> 1.5-fold change, padj < 0.05) are illustrated in
volcano plot according to their response to addition of Dex. Black dots indicate proteins whose levels were significantly affected by Dex (> 1.5-fold
increase or decrease, padj <0.05). (C) Gene set enrichment analysis was performed essentially as in 1C. Protein expression data were clustered
according to response to Dex, with Dex-suppressed proteins on the left; protein accession numbers were substituted by corresponding gene
symbols; and IFNAR-dependent genes from (26) formed the categorical list. (D) Where data were available from the proteomic study, levels of
proteins corresponding to the genes listed in A were plotted. Numerical values are protein concentrations in nM. The last eight plots (after the
vertical bar) show proteins of interest, whose corresponding transcripts were not in (A) *, p < 0.05; **, p < 0.01; ***, p < 0.005. Absence of symbol

indicates lack of statistical significance.
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of both LPS and Dex in this experiment. Nevertheless, the emerging
picture is one of strong and sustained GC-mediated suppression of
antiviral programs. Note that some mediators of antiviral responses
(e.g., STINGI and MAVS) were constitutively expressed at both
mRNA and protein levels and neither up-regulated by LPS nor
down-regulated by Dex (data not shown).

Several transcripts encoding secreted or cell-surface
immunomodulatory factors were also expressed in delayed
fashion, negatively regulated by Dex, and identified as ISGs
according to the Interferome database (32) (Figure 3A). Il12b, Il6
and 1127 mRNAs were highlighted in Figure 1A. Levels of the
corresponding proteins were measured in supernatants of BMDMs
treated under the same conditions (Figure 3B). All of these
cytokines displayed no increase of expression 1 h after an LPS
stimulus, strong increase at 4h, and strong inhibition by Dex. Some
of the immunomodulatory proteins were measurable in the
unbiased proteomic screen, up-regulated by LPS and suppressed
by Dex (Figure 3C). Here we also confirmed the strong induction of
LCN2 protein by the combination of LPS and Dex (Figure 3C).

Dexamethasone strongly
inhibits expression of IFNJ by
LPS-activated BMDMs

ISGF3 plays a central role in the regulation of ISGs (18). Ligand-
activated GR was reported to inhibit expression of ISGs by

10.3389/fimmu.2023.1190261

competing with ISGF3 for an essential transcriptional cofactor
(38). To investigate the site of action of Dex we therefore used a
mouse macrophage cell line stably transfected with an ISGF3-
dependent reporter construct. This construct was strongly
activated by either LPS or recombinant IFNB, and in each case
the response was ablated by the broad-spectrum JAK inhibitor
Ruxolitinib, consistent with dependence on the phosphorylation of
STATI1 and STAT2 (Figure 4A). LPS-induced activation of the
reporter was dose-dependently inhibited by Dex, whereas the IFNf3-
induced response was insensitive to even the highest dose of Dex
used (1 uM), suggesting that Dex does not directly interfere with
ISGF3 function.

IFNP caused a rapid increase in the phosphorylation of STAT1,
which was evident by 30 minutes and insensitive to Dex (Figure 4B).
In contrast, LPS caused delayed STAT1 phosphorylation, which was
not evident until 2 h, and was impaired by Dex, particularly at later
time points. The delayed activation of STAT1 in response to LPS
was dependent on IFNARI-mediated signaling, and could be
prevented by either an IFNARI-neutralising antibody or
treatment of cells with Ruxolitinib (Figure 4C). These
observations suggest that Dex acts upstream of IFNf biosynthesis
to disrupt the IFNB-mediated autocrine loop that controls
macrophage functions. In fact, the Ifnbl gene appeared in several
of the GO terms discussed above (Supplemental Table 1), and its
expression was strongly inhibited by Dex in the microarray
experiment (see below). Quantitative PCR confirmed rapid,
strong and sustained induction of the Ifnbl gene following LPS
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FIGURE 3

Dexamethasone inhibits expression of multiple cell surface and secreted immuno-modulators at both mRNA and protein levels. (A) Based on the
same microarray data as analyzed in Figure 1, expression of selected interferon-regulated immuno-modulatory proteins is illustrated in heat map
form as in Figure 2A. (B) In a separate experiment mouse BMDMs (three independent isolates) were treated as indicated, and secreted IL-6, IL-12
p40 and IL-27 p28 were measured in supernatants. ***, p < 0.005. (C). Where data were available from the proteomic study, the expression of
immunomodulatory proteins was plotted as in Figure 2D. **, p < 0.01; *** p < 0.005; n.s., not statistically significant
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FIGURE 4

Dexamethasone inhibits expression of IFNf in LPS-activated mouse macrophages via an unknown mechanism. (A) A RAW264.7 cell line stably
transfected with an ISGF3-dependent SEAP (secreted alkaline phosphatase) reporter was treated with combinations of LPS (10 ng/ml), IFNB (10 ng/
ml), Ruxolitinib (Rux) and Dex as indicated for 24 h and reporter activity was assayed. The graph shows mean results from 3-6 independent
experiments + SEM, with normalization against reporter activity in the presence of LPS alone. *, p < 0.05 (Wilcoxon signed rank test); ****, p < 0.001
(ANOVA). (B) Mouse BMDMs were treated with combinations of LPS (10 ng/ml), IFNB (10 ng/ml) and Dex (100 nM) as indicated. Cell lysates were
generated and western blotted using antibodies against phosphorylated (Tyr 701) or total STAT1. Representative of three independent experiments.
(C) Mouse BMDMs were stimulated with LPS for 4 h in the absence or presence of an IFNAR neutralizing antibody or isotype control (both 10 pug/ml).
Cell lysates were prepared and western blotted as in (B) Representative of three independent experiments. (D) Mouse BMDMs were treated with LPS
(10 ng/ml) or LPS + Dex (100nM) for the indicated times, and /fnbI mMRNA was measured by qPCR. Mean of three independent experiments + SEM
***% p < 0.005. (E) Mouse BMDMs were treated with combinations of LPS (10 ng/ml) and Dex (100 nM) for 0.5 — 4 h, cell lysates were prepared and
blotted for phosphorylated (activated) TBK1 or B-actin. Representative of two independent experiments. (F) Mouse BMDMs were treated as in E and

lysates were blotted for phosphorylated (activated) IRF3 or B-actin.

treatment of BMDMs (Figure 4D). Throughout a 24 h time course,
this response to LPS was inhibited at least 70% by 100 nM Dex.

It was previously reported that pre-treatment of the myeloid cell
line U937 with Dex impaired the LPS-induced phosphorylation and
activation of TBK1 (39). We therefore considered the hypothesis
that inhibition of TBKI1 function explains the inhibitory effect of
Dex on IFNB-mediated feedback in primary macrophages.
However, simultaneous treatment of primary BMDMs with LPS
and Dex caused no impairment of early LPS-induced TBK1
phosphorylation under conditions that resulted in strong
inhibition of both Ifnbl and ISGs (Figure 4E). Dex weakly but
consistently reduced TBK1 phosphorylation at the four-hour time
point. However, this late effect was unlikely to contribute to changes
in expression of Ifnb1, which were strongly declining by four hours.
Dex also had no effect on the phosphorylation of IRF3, which
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mediates the activation of Ifnbl transcription downstream of
TBKI1 (Figure 4F).

Glucocorticoids selectively inhibit the expression of certain pro-
inflammatory genes by increasing and prolonging the expression of
DUSPI1 and inhibiting MAPK p38 (7-10). DUSPI1 is a negative
regulator of Ifubl gene expression (40). Both serum IFN and
hepatic IFNB-dependent genes (including Ifit2, Rsad2, Iigpl and
many more of the ISGs discussed here) were over-expressed in
Duspl-/- mice following infection with E. coli (41). These
observations suggested the hypothesis that Dex impairs
expression of IFNP and IFNB-dependent genes in LPS-activated
BMDMs via the induction of DUSP1. This hypothesis was tested
using macrophages generated from Duspl-/- mice. IFN
biosynthesis was elevated in Duspl-/- BMDMs as previously
reported (40), but similarly inhibited by Dex in Duspl+/+ and
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DuspI-/- BMDMs (Figure 5A: note different scales of y axes). A
previous publication reported that Dex did not impair LPS-induced
IFNP expression in BMDMs (42). The reasons for this discrepancy
are not clear, but may include different sources and doses of LPS or
different duration of Dex treatment.

We then systematically examined the impact of DUSP1
depletion on the Dex sensitivity of IFNB-regulated antiviral genes
(Figure 5B, left) and immunomodulatory genes (Figure 5B, right).
For the gene sets discussed above, Dex sensitivity was calculated as
average ratio of expression under conditions (LPS + Dex/LPS). In
plots of Dex sensitivity in Duspl+/+ (x axis) and Duspl-/- (y axis)
backgrounds the dotted diagonal line represents the null hypothesis
that disruption of the Duspl gene has no impact on responsiveness
to Dex. For both gene sets, sensitivity to Dex was closely correlated
in Duspl+/+ and DuspI-/- BMDMs, supporting the null hypothesis
and suggesting a minimal impact of DUSP1 depletion. However,
there were several outliers whose response to Dex was altered by
Duspl gene disruption. Some of these are highlighted in Figure 5B,
and primary data from the microarray experiment are illustrated in
Figure 5C. In the cases of Irf7, Bst2, Sp100 and Cxcl3, significant
inhibitory effects of Dex were completely lost in the absence of

10.3389/fimmu.2023.1190261

DUSPI1. We conclude that overall DUSP1 plays a minor and highly
gene-specific role in the regulation of IFNP signaling by Dex.
Figure 5C also illustrates the behavior of the Ifnbl gene itself in
the microarray experiment, confirming elevated expression in
Duspl-/- BMDMs and strong suppression by Dex in BMDMs of
both genotypes.

Dexamethasone selectively inhibits IFNf3-
induced gene expression in BMDMs

Collectively, these observations led to a clear and testable
hypothesis: that Dex impairs the responses of macrophages to
LPS by inhibiting the expression of IFNP and disrupting the
IFNB-mediated autocrine feedback loop. We predicted that
secondary genes, which are induced by LPS in an IFN-
dependent manner, would be insensitive to Dex if activated
directly by IFNP, by-passing the site of GC action. To test this
hypothesis, we first generated a panel of test genes comprising three
intracellular antiviral effectors (Ifit2, Rsad2 and Iigpl) and three
secreted cytokines or chemokines (Cxcl9, Il6 and II27). IFNARI
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FIGURE 5

DUSP1 contributes to Dex-mediated suppression of ISGs. (A) Dusp1+/+ or Duspl-/- BMDMs (three independent isolates of each) were treated with
LPS (10 ng/ml) for 4h with or without addition of Dex as indicated. IFNB protein was measured by Luminex assay. The graph shows mean + SEM,

n = 3.** p < 0.005. (B) For each interferon-regulated gene of "antiviral” or “immmuno-modulatory” subsets (see Figures 2, 3), Dex sensitivity was
calculated as the ratio of expression in the presence of LPS + Dex vs. expression in the presence of LPS alone. In the plot of Dex sensitivity in Duspl
+/+ and Duspl-/- BMDMs, the dotted diagonal represents the null hypothesis, that effects of Dex are independent of Duspl genotype. Selected
outlier genes that do not fit the null hypothesis are highlighted. (C) Microarray-derived expression data for these outlier genes are illustrated. The
pattern of expression of Ifnb1 itself is also shown. n.s., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.005; all in comparison to 4 h LPS treatment.
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dependence of all of these genes was confirmed by reference to a
published data-set (29); by our own experiments using Ifnarl-/-
BMDMs (data not shown); and by use of an IFNARI-blocking
antibody (Figure 6A). We then tested the responses of all six genes
to challenge with LPS or IFNP in the absence or presence of Dex
(Figure 6B). All three of the antimicrobial effector genes responded
as predicted by the hypothesis: their expression in response to LPS
was significantly impaired by Dex, whereas their expression in
response to IFNf was insensitive to Dex. Surprisingly, all three of
the cytokine/chemokine genes were suppressed by Dex whether
induced by LPS or IFNP. Dex may therefore act both upstream and
downstream of IFNf to impair LPS responses of BMDMs. The
IFN-induced expression of Ifit2, Rsad2, Iigpl, 116 and Cxcl9 was
very strongly dependent on ISGF3 (at least 100-fold lower
expression in IFN-stimulated Irf9-/- BMDMs) (43). Ifit2, Rsad2
and ligpl were insensitive to Dex, whilst Il6 and Cxcl9 were

10.3389/fimmu.2023.1190261

suppressed by Dex in IFNf-stimulated BMDMs. This confirms
the conclusion from the reporter gene assay (Figure 4A); that Dex
does not regulate IFNP signaling in BMDM:s via broad suppression
of ISGF3 function.

Dexamethasone also acts both
upstream and downstream of IFNf3 in
primary human macrophages

To investigate the same phenomena in human cells we
generated monocyte-derived macrophages from peripheral blood
of healthy donors and stimulated them with LPS in the absence or
presence of 100 nM Dex. Surprisingly there was greater than ten-
fold donor-to-donor variation in quantity of IFNf secreted by LPS-
activated MDMs (note logarithmic axis in Figure 7A). However,
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IFNP release was consistently inhibited by 100 nM Dex (mean
inhibition + SEM 52% + 6%, p = 0.001). Basal expression of some
ISGs varied between donors by several hundred-fold (not shown),
and magnitudes of response to both LPS and IFN were also highly
variable (Figure 7B). This created a practical problem in generating
adequate statistical power to investigate effects of Dex, power
calculation suggesting that 100 or more individual donors would
be needed for some ISGs. Nevertheless, a preliminary analysis using
seven independent isolates of MDMs confirmed that Dex can
inhibit expression of the ISGs RSAD2 and CXCL9 whether
evoked by either LPS or IFNf. In human alveolar macrophages
the LPS-induced expression of IFNBI and RSAD2 genes was
consistently inhibited by Dex (Figure 7C); however, IFNf protein
was below the limit of detection in supernatants of these cells.
Scarcity of samples, low yields of mRNA and lack of statistical
power prevented us from carrying out an extensive survey of ISG
expression. Yet these preliminary data suggest that Dex may also
impair type I interferon signaling in alveolar macrophages.

Discussion

Glucocorticoids have been reported to impair type I interferon
signaling in macrophages, but these studies tended to document
expression of relatively few ISGs, at the mRNA level only (38, 39, 42,
44, 45). Here we describe a remarkably broad impact of Dex on
the expression of ISGs by LPS-activated BMDMs, occurring at
both mRNA and protein levels. Several mechanisms have been
suggested to mediate inhibitory effects of GCs on type I interferon
signaling, but none of them satisfactorily explain the observations
described here. 1) Dex pretreatment impaired the LPS-induced
phosphorylation and activation of TBK1 and IRF3 in a myeloid cell
line (39). In our hands Dex did not affect LPS-induced TBK1
phosphorylation or downstream IRF3 activation under conditions
where the expression of Ifnbl mRNA and IFNP protein
was strongly inhibited. In any case the impairment of IFNf
production only partially accounts for Dex-mediated impairment
of ISG expression in LPS-treated BMDMs, because some ISGs were
also sensitive to Dex when directly induced by IFNP itself. 2)
Downstream of the IFNf receptor, Dex was reported to inhibit
ISG expression by reducing the expression of STAT1 (44), or by up-
regulating SOCS1 and inhibiting STAT1 phosphorylation (42). In
the presence of either LPS or IFNf, Dex did not influence STAT1
protein expression over 8 hours. Although Dex inhibited the LPS-
induced phosphorylation of STAT1 this was almost certainly a
consequence of impaired IFNP secretion since IFNB-induced
STAT1 phosphorylation was insensitive to Dex. Furthermore,
Dex reduced rather than increased the LPS-induced expression of
SocsI mRNA (LPS alone, 17,621 + 912; LPS + Dex, 6,278 + 914). 3)
Another proposed mechanism of action of glucocorticoids is the
impairment of ISGF3 function, involving competition between GR
and ISGF3 for the essential transcriptional cofactor NCOA2
(nuclear receptor coactivator A2) (38). Several lines of evidence
argue against such a mechanism here. First, IFNB-mediated
activation of an ISGF3-dependent reporter construct was
insensitive to Dex. In contrast the same reporter was sensitive to
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Dex when activated by LPS, presumably again due to impairment of
IFNP expression. Amongst our Dex-sensitive ISGs, just over half
were reported to have ISGF3 binding sites in their vicinity in a
previous study (43) (Supplemental Table 2). However, there was
poor correlation between ISGF3-dependence in that study and Dex
sensitivity in ours (R* = 0.09). The discrepancy is illustrated by the
LPS-induced gene Oas2 (oligoadenylate synthase 2), which was
exceptionally dependent on ISGF3 (43) but unaffected by Dex in
our study. Although we cannot rule out that Dex inhibits some ISGs
via impairment of ISGF3 function, this mechanism cannot explain
the broad impact of Dex. 4) We previously reported that Dex-
induced expression of the phosphatase DUSP1 contributes to the
suppression of certain LPS-induced genes in macrophages (7, 8, 10).
However, the sensitivity of most ISGs to Dex was affected little by
disruption of the Duspl gene. In only a few cases was there a clear
loss of sensitivity to Dex in Duspl-/- BMDMs. If there is a unifying
mechanism by which Dex controls the type I interferon response, it
remains to be discovered. Any explanation of this phenomenon
must account for its selectivity, and the escape of certain well-
known ISGs such as Acodl and Oas2 (46).

An important question is whether the same suppression of
antimicrobial genes occurs in macrophages exposed to a viral
mimetic such as poly(I:C), rather than the bacterial component
LPS. Our preliminary data indicate that this is the case (data not
shown) - as one would predict given that poly(I:C) also induces
robust IFNB expression in macrophages. A second important
question is whether GCs similarly affect type I interferon-
dependent antimicrobial programs in other cell types. In A549
airway epithelial cells stimulated for 18 h with IL-1f, the expression
of 84 genes was significantly impaired by addition of Dex (fold
decrease >2, p < 0.05) (47). The majority of these genes are
interferon-regulated genes according to the Interferome database
(32), and many are orthologs of genes that we found to be
suppressed by Dex in LPS-treated BMDMs (e.g., Cmpk2, Herc6,
Ifi44, Ifih1, Ifit1, Ifit3, Isgl5, Isg20, Uspl8). It is likely that Dex also
disrupts IFNB-mediated positive feedback loops in these cells. More
than half of the ISGs discussed here were also induced by LPS in
primary human alveolar macrophages, suggesting that
antimicrobial responses of these cells are also governed by IFNf3-
mediated feedback (48) (Supplemental Table 2).

The type I interferon pathway has been described as a two-
edged sword in the battle between host and pathogen (49). On one
hand interferons are critical for cell-intrinsic defenses against
pathogens and initiation of adaptive immune responses to destroy
pathogens and infected cells. On the other hand, they can contribute
to pathogen-induced inflammatory pathology and consequent
tissue damage in infectious diseases such as influenza and
tuberculosis (50-52). GC treatment of infectious diseases also
has highly variable consequences. In specific contexts or at
specific stages of disease GCs may alleviate pathogen-induced
inflammation, but otherwise they may exacerbate infection. In the
majority of infectious diseases, the use of GCs is controversial,
outcomes of clinical trials are often contradictory, and consensus on
best practice is difficult to achieve. GC treatment of pandemic
(HIN1) influenza was associated with increased mortality,
increased length of stay in intensive care, and prolonged virus
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FIGURE 7

Dex regulates expression of ISGs both upstream and downstream of IFN in primary human macrophages. (A) Primary human monocyte-derived
macrophages (n=7) were stimulated with 10 ng/ml LPS + 100 nM Dex for 4 h, and IFNB protein in supernatants was measured by Luminex assay. Right
hand panel illustrates the same data with normalization to LPS alone. (B) Primary human monocyte-derived macrophages (n=7) were stimulated with 10
ng/ml LPS + 100 nM Dex (left) or with 10 ng/ml IFNB + 100 nM Dex (right) for 4, 8 or 12 h. Rsad2 and Cxcl9 mRNAs were measured by qPCR, with
normalization against untreated control for each individual macrophage culture. *, p < 0.05; **, p < 0.01; ***, p < 0.005; n.s., p > 0.05. C. Alveolar
macrophages were isolated from histologically normal regions of lung resection tissue and treated with 1 ug/ml LPS + 100 nM Dex for 12 h. IFNB1 and
RSAD2 mRNAs were measured by gPCR, with normalization against untreated control for each individual sample. *, p < 0.05.

shedding (53-55). Deleterious outcomes may be related to the  virus or rhinovirus. Treatment with a type I interferon reversed the
complex cross-talk between GCs and type I interferon signaling.  pro-viral effect of GC treatment both in vitro and in vivo (56, 57),
For example, GC treatment of bronchial epithelial cells impaired the  indicating that GCs can favor viral infections by suppressing the
expression of selected ISGs and promoted infection by influenza A type I interferon pathway.
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Several lines of evidence reveal the critical role of type I
interferon signaling for host defense against the zoonotic
coronavirus SARS-CoV-2. 1) Inborn and acquired defects of the
type I interferon pathway are associated with increased
susceptibility to infection (58). 2) Systematic screens and more
targeted approaches have identified several ISGs as restriction
factors that limit SARS-CoV-2 infection at different stages of the
viral life-cycle (31). 3) Like other viruses (59), SARS-CoV-2 deploys
several mechanisms to subvert the type I interferon-mediated
defense machinery, both impairing the detection of virus and
inhibiting the execution of antiviral programs of gene expression
(60). 4) An early and robust type I interferon signature in
circulating monocytes was associated with mild disease following
SARS-CoV-2 infection (61). Likewise myeloid cell interferon
responses correlated with viral clearance in an experimental
model of COVID-19 (62). 5) Conversely, low expression of
antiviral genes including CMPK2, EPSTI1, HERCS, IFI44, OASL
and RSAD?2 in peripheral blood was associated with worse clinical
outcomes in COVID-19 (63). On the other side of the equation,
several components of the damaging SARS-CoV-2-induced
cytokine storm are type I interferon-inducible factors that
contribute to pathogenesis of COVID-19 (64).

Almost uniquely amongst infectious pathologies, severe
COVID-19 is now routinely treated using GCs (65). This makes it
an important context in which to discuss the crosstalk between GCs
and type I interferon signaling, and the balance between beneficial
and harmful effects of GCs. Beneficial effects of GCs in severe
COVID-19 are thought to involve suppression of the pro-
inflammatory cytokine storm (66), in which the inhibition of type
I interferon signaling may play a part (67). For example, elevated
levels of the interferon-regulated cytokines IL-27 and IL-6
contribute to a signature that is predictive of poor outcome in
COVID-19 (68, 69). GC-mediated suppression of these factors may
contribute to improved outcomes. On the negative side,
endogenous GC excess is a risk factor for COVID-19 (70).
Similarly, prolonged use of synthetic GCs for the treatment of
immune-mediated inflammatory diseases both increases the
likelihood of contracting COVID-19 and contributes to worse
outcomes of the disease (71). Although GCs reduce mortality by
approximately a third in patients suffering from severe COVID-19
and requiring respiratory support (72), in mild or early disease there
is no evidence of benefit, and some suggestion of harmful effects
including delays to viral clearance (72-74). We note that several of
the ISGs that we found to be negatively regulated by Dex at mRNA
and protein levels are known restriction factors for SARS-CoV-2
(31) (Supplemental Table 2). These include DDX58 (RIG-I) and
IFIH1 (MDAS5), which are essential for detection of intracellular
SARS-CoV-2 (75) and are targeted by the virus as a means of
evading interferon responses (76). We therefore hypothesize that
GCs are able to promote SARS-CoV-2 infection by opposing type I
interferon-mediated antiviral mechanisms. This hypothesis remains
to be tested, and is the focus of our ongoing research.

There are clearly many unanswered questions about when and
how best to use GCs against SARS-CoV-2 and other viral
pathogens. Indeed, it has previously been argued that variable
outcomes of GC trials in COVID-19 were related to inconsistent
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timing of delivery (77). The balance between the harm of
suppressing antiviral mechanisms in early disease and the benefit
of suppressing the cytokine storm in the later phase is precarious.
The tipping point between harm and benefit may also differ
between individuals. There is clearly a strong case for application
of well-informed patient stratification in COVID-19 (78, 79). We
argue that the effects of GCs on type I interferon-mediated host
defenses should be part of such a precision medicine approach.
Furthermore, there is urgent need for further research on the
mechanistic basis of cross-talk between GCs and type I
interferon signaling.

Materials and methods
Macrophage isolation and culture

All mice were maintained at the Biomedical Services Unit of the
University of Birmingham. Animal care and experimental
procedures were performed according to Home Office guidelines
and approved by the University of Birmingham Local Ethical
Review Committee. Bone marrow was isolated from the femurs of
humanely culled 6-12-week-old wild type C57BL/6] mice, and
BMDMs (bone marrow derived macrophages) generated
essentially as described (80) by differentiation in vitro in RPMI
1640 medium with L-glutamine (Gibco Thermo Fisher Scientific
21875034) supplemented with 10% heat-inactivated fetal bovine
serum (Sigma F0392) and 50ng/ml recombinant M-CSF (Peprotech
300-25) for 7 days. BMDMs were plated at a density of 1 x 10®/ml in
the appropriate cell culture plate at least 1 d prior to stimulation.
This method generated primary mouse macrophages with purity
approaching 99% as measured by flow cytometry using antibodies
against F4/80, CD11b, CD14 and CD64 (Figure S1).

The Duspl-/- strain was a generous gift from Bristol-Myers
Squibb, and was back crossed to C57BL/6 for ten generations prior
to experiments described here.

Human monocytes from healthy blood donors were isolated
from leukapheresis blood cones supplied by the National Blood and
Transplant Service (ethical approval ERN_16-0191). Monocytes
were enriched by negative selection using StemCell RosetteSep
Human Monocyte Enrichment Cocktail (StemCell 15068; 75ul
per ml of blood) and Ficoll-Paque (VWR 17144003). Cells were
differentiated for 7 days in RPMI 1640 medium with L-glutamine
(Gibco Thermo Fisher Scientific 21875034) supplemented with 5%
heat-inactivated fetal bovine serum (Biosera FB-1001) and 50ng/ml
recombinant M-CSF (Peprotech 300-25). Differentiated
macrophages were plated at a density of 1 x 10®ml in the
appropriate cell culture plate at least 1 d prior to stimulation. In
our hands this method generates primary human macrophages with
purity >98% as measured by flow cytometry using antibodies
against CD14, CD64 and CD206 (Figure S1).

Ethical approval was obtained to recruit adult patients
scheduled for surgery to remove lung tissue as part of their
clinical treatment plan (predominantly lobectomy for lung
cancer) at the Thoracic Surgery Unit at the Queen Elizabeth
Hospital Birmingham (REC 17/WM/0272). Lung tissue samples
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distant from any tumor, without macroscopically evident
pathology, and surplus to requirement for histopathology, were
washed through with 500 ml of sterile 0.9% saline (Baxter, UK)
using a 14-gauge needle (Vasofix ®). The washed through lavage
fluid was collected and centrifuged at 4°C and 560¢g for 10 minutes.
Cell pellets were resuspended in 10 ml of RPMI1640 containing
10% FBS, and overlaid onto 10 ml of LymphoprepTM (StemCell)
prior to centrifugation at 800g for 30 min at 4°C. The interphase
layer containing mononuclear cells was aspirated into a sterile 50 ml
tube containing PBS with 10% FBS, which was then centrifuged at
300g for 10 minutes at 4°C. AMs were resuspended in RPMI1640
containing 10% FBS, 100U/mL penicillin, 100pg/mL streptomycin
and 2mM L-glutamine (Sigma-Aldrich), and plated. This method
generates primary human alveolar macrophages with purity >98%
as measured by a validated combination of cytospin and flow
cytometry using antibodies against CD68 (81).

Stimulations were carried out in appropriate culture plates
using the following reagents and concentrations unless otherwise
stated: LPS (Enzo ALX-581-010-L002; 10ng/ml); recombinant
human IFNP (Peprotech 300-02BC; 10ng/ml); recombinant
mouse [FNf (BioLegend 581306; 10ng/ml); Ruxolitinib (Selleck
S1378; 1uM); Dexamethasone (Sigma D8893; 100nM). Where
stated, cells were incubated for 2 hours with an IFNARI1 blocking
monoclonal antibody (Fisher Scientific MAR1-5A3; 10 ug/ml), or
mouse IgG1 kappa isotype control, (Fisher Scientific P3.6.2.8.1; 10
ug/ml) prior to stimulations.

Quality control of primary
macrophage populations

Upon harvesting of in vitro-differentiated cells for counting and
seeding for experiments (mouse BMDMs day 7; human MDMs day
6), a fraction of the cell suspension was used for purity assessment
by flow cytometry. Cells were stained with eFluor780 fixable
viability dye (eBioscience 65-0865, 1/1000 in PBS) for 20min on
ice to allow gating for live cells. Fc receptor blocking was performed
for 5min prior to antibody staining using Mouse BD Fc Block (BD
553142) or Human BD Fc Block (BD 564220). Antibody staining
was performed for 30min on ice in FACS buffer (PBS+2% FCS
+1mM EDTA) using the antibodies and dilutions listed below. Cells
were washed and resuspended in FACS buffer and run on a BD
LSRFortessa X-20. Analysis was performed using FlowJo v10.

Mouse BMDM staining: PE rat anti-mouse F4/80 Antibody
(Biolegend 123110, 1/50); PE rat IgG2a x Isotype Control Antibody
(Biolegend 400507, 1/50); FITC rat anti-mouse/human CD11b
Antibody (Biolegend 101205, 1/100); FITC rat IgG2b Isotype
Control Antibody (eBioscience 11-4031-82, 1/100); PerCP-
eFluor710 rat anti-mouse CD14 Antibody (eBioscience 46-0141-
80, 1/40); PerCP-eFluor710 rat IgG2a « Isotype Control Antibody
(eBioscience 46-4321-82, 1/40); APC rat anti-mouse CD64
Antibody (Biolegend 139305, 1/20); APC rat IgGl x Isotype
Control Antibody (eBioscience 17-4301-81, 1/20).

Human MDM staining: PE mouse anti-human CD14 Antibody
(Biolegend 367104, 1/100); PE mouse IgGl x Isotype Control
Antibody (Biolegend 400113, 1/20); PerCP-eFluor710 mouse anti-
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human CD64 Antibody (eBioscience 46-0649-41, 1/20); PerCP-
eFluor710 mouse IgG1 k Isotype Control Antibody (eBioscience 46-
4714-80, 1/20); APC mouse anti-human CD206 Antibody
(Biolegend 321110, 1/20); APC mouse IgGl k Isotype Control
Antibody (Biolegend 400119, 1/20).

Stable macrophage cell line ISGF3-
dependent reporter assay

The RAW-Blue ISG macrophage cell line stably transfected with
an ISGF3-dependent reporter construct was cultured and maintained
according to the manufacturer’s instructions (RAW-Blue ISG cells,
Invivogen raw-isg). ISGF3 reporter activity was determined from cell
culture supernatants using QUANTI-Blue detection reagents
according to the manufacturer’s instructions (Invivogen).

Measurement of mRNA

RNA was isolated from mouse BMDMs and human monocyte
derived macrophages using Norgen Total RNA Purification Plus kit
(Geneflow P4-0016) according to manufacturer’s instructions.
cDNA was synthesized using the iScript cDNA Synthesis Kit
(Biorad 1708891). mRNA was detected by RT-qPCR using SYBR
TB Green Premix Ex Taq (Takara RR820W) and primers supplied
by Eurofins Genomics or Sigma Aldrich. UBC (human) or B2M
(mouse) were used to normalize mRNA measurements via 2A-AACt
method. Primers are listed in Table 1.

Microarray analysis and bioinformatics

Microarray analysis was performed using SurePrint G3 Mouse
GE 8x60K slides (Agilent) and Partek Genomics Suite version 6.6,
build 6.13.0315 (Partek) as previously described (82). For
generation of volcano plots, transcripts were first filtered for
significant upregulation in response to LPS (> 5-fold increase,
adjusted p-value < 0.05) and weakly expressed transcripts were
removed by application of an arbitrary filter of 200 RMA. Plots (log,
fold difference of expression vs -log;o ANOVA p-value) were
constructed using Prism (GraphPad Software), with subset cut-
offs at p-value < 0.05 and fold difference of expression > 2.
Microarray data discussed in this paper were deposited at Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the
accession number GSE68449.

Gene Ontology analysis was performed using the Panther v16
online toolset (83). Redundant GO terms were filtered using
REVIGO (84). Gene Set Enrichment Analysis (GSEA) was
performed using GSEA_4.1.0 (85).

Multiplex cytokine analysis

Conditioned medium samples from cultured macrophages were
subjected to custom multiplex Luminex assay (Bio-Rad Custom Bio-
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TABLE 1 PCR primers used in this study.

Gene name

Human PCR primers

Forward primer

10.3389/fimmu.2023.1190261

Reverse Primer

CXCL9 GAGAAAGGGTCGCTGTTCCT TTTGGCTGACCTGTTTCTCC
IFNBI ACGCCGCATTGACCATCTAT GTCTCATTCCAGCCAGTGCTA
RSAD2 ATGTGGGTGCTTACACCTGC GAGAGCTCAGAGGTTGCCTG
UBC CGGGATTTGGGTCGCAGTTCTTG CGATGGTGTCACTGGGCTCAAC

Mouse PCR primers

B2m CTGCTACGTAACACAGTTCCACCC CATGATGCTTGATCACATGTCTCG
Cxcl9 TCGGACTTCACTCCAACACA CCTTATCACTAGGGTTCCTCGAA
Ifi2 ACACAGCAGTCATGAGTACAACG TCAGGATGCTGTTGCTGGAT

Tigp1 AGCACACTCAGAAGGGGAGA ACTTCAAGCAATAAAGGCACAGA
Ile ACTTCACAAGTCGGAGGCTT ATTGCCATTGCACAACTCTTTT
127 TGTCCACAGCTTTGCTGAAT GAAGGGCCGAAGTGTGGTAG
Rsad2 TGGCCGTGGTCAAGGAAAAA TTAGGAGGCACTGGAAAACCTTC

Plex Assays), and Invitrogen ProcartaPlex Mouse or Human IFNf
simplexes, (EXP01A-26044-901 or EXP01A-12088-901,
respectively), according to manufacturer’s instructions.

Western blotting

For whole cell lysates, cells were harvested in RIPA buffer and
samples passed through a Qiashredder column to disrupt genomic
DNA (Qiagen 79656). Protein was quantified by Pierce BCA Assay
(Thermo Fisher Scientific 23225). Laemmli or XT sample buffer was
added and samples heated to 95°C for 5min. Western blotting was
performed using Criterion TGX protein gels (BioRad) and Tris-
Glycine SDS buffer (Geneflow B9-0032) or 4-12% Criterion " XT
Bis-Tris Protein Gels (BioRad) and XT MES running buffer (BioRad
1610789). Protein was transferred to BioRad Trans-Blot PVDF
membranes (BioRad 1704157) using BioRad Trans-Blot Turbo
transfer system. Blots were imaged using Clarity Western ECL
Substrate (BioRad 1705061) and BioRad ChemiDoc MP Imaging
System. Densitometry for Western blot quantification was
performed using Image]. Antibodies used in western blotting are
listed in Table 2.

Proteomic analysis

Following derivation and stimulation of mouse BMDMs (as
described above) cells were washed with PBS and lysed in proteomic
lysis buffer (5% SDS, 10mM TCEP, 50mM TEAB). Unbiased
proteome analysis was carried out by data-independent
acquisition (DIA) mass spectrometry proteomics utilizing S-Trap
on-column digestion and purification, following the methods
detailed by Baker et al. (86). Protein copy number was
determined using Perseus software (86, 87) with normalization
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for histone protein content. Data were analyzed as described in the
above methods for microarray analysis and bioinformatics.

Statistical analysis

GraphPad Prism software (Version 6) was used for statistical
analysis. Mann Whitney U test was used for comparison of two
groups. For analysis of multiple groups, ANOVA was used with
Bonferroni correction for multiple comparisons. The following
marks are used throughout: *,p<0.05; **,p<0.01;***,p<0.005; n.s.,
not statistically significant. N numbers specified in figure legends
indicate biological replicates. In human alveolar macrophages,
where expression of ISGs was highly variable between donors,
ratio paired t test was used to test for consistent effect of Dex.

TABLE 2 Antibodies used in this study.

Antibody Dilution Company
pSTAT1 1:1000 58D6 Cell
Signalling
Statl 1:2000 (C-111) sc417 Santa Cruz
B-Actin 1:5000 A1978 Merck
pTBKI1/NAK (S172) 1:1000 (D52C2) 5483 Cell
Signalling
TBK1/NAK 1:1000 (D1B4) 3504S Cell
Signalling
PIRF3 (S396) 1:1000 (D601M) Cell
290478 Signalling
IFNARI1 Monoclonal 1:100 (10 (MAR1-5A3), Fisher
Antibody Functional ug/mL) Cat: 16-5945-85 Scientific
Grade
Mouse IgG1 kappa Isotype = 1:50 (10 (P3.6.2.8.1) Cat: Fisher
Control ug/mL) 14-4714-85 Scientific
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