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Abstract

IL-23 is a potent stimulus for Th17 cells. These cells have a distinct developmental pathway 

from Th1 cells induced by IL-12 and are implicated in autoimmune and inflammatory disorders 

including multiple sclerosis (MS). TGF-β, IL-6, and IL-1, the transcriptional regulator RORγt 

(RORC) and IL-23 are implicated in Th17 development and maintenance. In human polyclonally 

activated T cells, IL-23 enhances IL-17 production.

*Corresponding author at: Academic Division of Clinical Neurology, University of Nottingham, Queen’s Medical Centre, C Floor 
South Block Room 2712, Nottingham NG7 2UH, UK. cris.constantinescu@nottingham.ac.uk (C.S. Constantinescu). 

CRediT authorship contribution statement
Angela Midgley: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writing - original draft, Visualization, 
Supervision, Writing - review & editing. Dina Barakat: Methodology, Validation, Formal analysis, Investigation, Writing - 
original draft, Writing - review & editing. Manjit Braitch: Methodology, Validation, Formal analysis, Investigation, Data curation, 
Visualization, Writing - review & editing. Calen Nichols: Methodology, Validation, Formal analysis, Software, Investigation, Data 
curation, Writing - review & editing. Mihailo Nebozhyn: Methodology, Validation, Formal analysis, Software, Data curation, 
Visualization, Writing - review & editing. Laura J. Edwards: Methodology, Validation, Formal analysis, Investigation, Writing - 
review & editing. Susan C. Fox: Methodology, Validation, Formal analysis, Resources, Investigation, Writing - review & editing. 
Bruno Gran: Conceptualization, Supervision, Writing - review & editing. R. Adrian Robins: Conceptualization, Methodology, 
Validation, Formal analysis, Investigation, Supervision, Resources, Software, Writing - review & editing. Louise C. Showe: 
Conceptualization, Methodology, Validation, Formal analysis, Investigation, Supervision, Resources, Software, Data curation, Writing 
- review & editing. Cris S. Constantinescu: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Supervision, 
Resources, Data curation, Visualization, Funding acquisition, Writing - review & editing.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.imbio.2020.152023.

HHS Public Access
Author manuscript
Immunobiology. Author manuscript; available in PMC 2024 May 28.

Published in final edited form as:
Immunobiology. 2021 January ; 226(1): 152023. doi:10.1016/j.imbio.2020.152023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.imbio.2020.152023


The aims of our study were: 1). To validate microarray results showing preferential expression 

of platelet activating factor receptor (PAF-R) on IL-23 stimulated T cells. 2). To determine 

whether PAF-R on activated T cells is functional, whether it is co-regulated with Th17-associated 

molecules, and whether it is implicated in Th17 function. 3). To determine PAF-R expression in 

MS.

We show that PAF-R is expressed on activated T cells, and is inducible by IL-23 and IL-17, which 

in turn are induced by PAF binding to PAF-R. PAF-R is co-expressed with IL-17 and regulated 

similarly with Th17 markers IL-17A, IL-17F, IL-22 and RORC. PAF-R is upregulated on PBMC 

and T cells of MS patients, and levels correlate with IL-17 and with MS disability scores. Our 

results show that PAF-R on T cells is associated with the Th17 phenotype and function.

Clinical Implications—Targeting PAF-R may interfere with Th17 function and offer therapeutic 

intervention in Th17-associated conditions, including MS.
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1. Introduction

The role of Th1 cells, which produce interferon (IFN)-γ, Th17 cells (which produce IL-17), 

and Th1-17 cells (which produce both IFN-γ and IL-17 and are likely pathogenic) in 

multiple sclerosis (MS) in particular has been amply studied (Constantinescu and Gran, 

2014; Edwards et al., 2010). Several immunotherapeutic agents for MS have been reported 

to reduce the levels of these cytokines (Balasa et al., 2017; Montes Diaz et al., 2018).

IL-12 and IL-23 are related proinflammatory cytokines involved in the development and 

maintenance of Th1 cells and Th17 cells, respectively. IL-12 and IL-23 share the p40 subunit 

which is covalently linked with a unique p35 or p19 subunit, respectively (Teng et al., 2015).

Although TGF-β, in a proinflammatory environment characterised by the presence of IL-6, 

and possibly IL-1, along with the master regulatory transcription factor, retinoic orphan 

receptor-γt (ROR-γt), or its human orthologue RORC, are required for Th17 development 

and differentiation from naïve T cells, the presence of IL-23 receptor is required for Th17 

terminal differentiation and effector functions (Bettelli et al., 2006; O’Garra et al., 2008).

IL-23 stimulates the production of large amounts of IL-17 by supporting and expanding 

Th17 cells, a phenomenon observed both in the murine and the human immune system 

(Gaffen et al., 2014). In turn, IL-17 induces a wide range of cytokines, chemokines and 

metalloproteinases, which contribute to inflammation and tissue destruction (McGeachy et 

al., 2019).

The ability of IL-23 to induce IL-17 production in human polyclonally activated T 

cells and additional differential effects of IL-23 and IL-12 have been demonstrated 

(Hoeve et al., 2006). In this study, we investigated, using custom human microarrays, 

transcripts differentially induced by IL-12 and IL-23 in polyclonally activated human T cells 
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(phytohemagglutinin-induced T cell blasts) These studies identified 205 genes significantly 

(over 8-fold relative to IL-12) up-regulated by IL-23 and 126 up-regulated over 8-fold 

relative to IL-23 by IL-12 (supplementary Table 1). We identified platelet activating factor 

receptor (PAF-R), a G-protein coupled 7-transmembrane domain receptor, to be significantly 

upregulated by IL-23 but down-regulated by IL-12. The enzyme, cytosolic phospholipase 

A2α, which catalyses the synthesis of three inflammatory mediators, including leukotrienes, 

prostaglandins and PAF, was also upregulated by IL-23 and downregulated by IL-12, 

suggesting that the PAF pathway is differentially regulated by these cytokines. We 

subsequently confirmed these findings in activated, purified T cell populations. Platelet 

activating factor (PAF), the ligand for PAF-R is a potent phospholipid inflammatory 

mediator that is associated with diverse effects on a variety of cells (Kihara, 2019; Honda et 

al., 2002).

PAF plays an important role in asthma and anaphylaxis, but also is elevated in the peripheral 

blood and cerebrospinal fluid of patients with MS (Callea et al., 1999), in other human 

autoimmune diseases (Edwards and Constantinescu, 2009), and in the central nervous 

system of mice with experimental autoimmune encephalomyelitis (EAE) (Lock et al., 2002), 

the most widely used model of MS (Constantinescu et al., 2011). PAF-R was also among 

the genes associated with allergies that were discovered by microarray analysis in brains of 

patients with MS, suggesting PAF/PAF-R may contribute to the MS pathology (Lock et al., 

2002; Pedotti et al., 2003). This possibility was subsequently validated by the same group 

of investigators in EAE, where a PAF-R antagonist suppressed disease (Pedotti et al., 2003). 

This approach was successful in other EAE models as well (El Behi et al., 2007; Howat et 

al., 1989). Moreover, cPLA2a deficient mice are resistant to EAE and PAF-R deficient mice 

develop less severe disease (Marusic et al., 2005, 2008). In addition, PAF has been involved 

in neurodegeneration in EAE and PAF-R blockade is neuroprotective (Bellizzi et al., 2016).

Our microarray findings that PAF-R is expressed on activated T cells (which until now was 

not clearly known) and induced by IL-23 implicates PAF-R in the Th17 response and Th17 

cell phenotype. This is also supported by recent findings showing a role for PAF-R in Th17 

responses.

Here, we provide evidence to validate our microarray results and confirm that PAF-R is 

upregulated by IL-23 in part through IL-17, and show PAF-R to be a potential marker of 

Th17 cells and the PAF-PAF-R pathway to be potentially important for the development or 

maintenance of this pathogenic T cell population.

2. Materials and methods

2.1. Cell preparation

Peripheral blood mononuclear cells (PBMC) from healthy donors were isolated by gradient 

centrifugation with Histopaque 1077 (Sigma-Aldrich Dorset UK), prepared at 1 × 106 

cells/ml in RPMI 1640 with 2 mM glutamine, 20 mM Hepes, 0.1 mg/ml penicillin and 

streptomycin and 10% fetal calf serum and cultured with 10μg/ml PHA at 37 °C and 5% 

CO2 for 72 h, then stimulated with 100U/ml IL-2 for 24 h and then rested 24 h in serum free 

media.
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CD3+, CD4+ and CD8+ T cell populations were separated immunomagnetically using 

EasySep® (StemCell Technologies, UK).

PBMC were obtained as above from MS patients (20 females, 10 males, mean ± SD age, 

43.8 ± 8.5) and matched controls (11 females, 9 males; mean ± SD age, 42.1. ± 7.8). Ethical 

approval was obtained from the Nottingham Research Ethics Committee 2 (NS090102). 

Subjects gave informed consent. MS was scored clinically using the Expanded Disability 

Status Scale (EDSS) (Kurtzke, 1983). PAF-R and IL-17 mRNA were measured by qRT-PCR 

(see below). In a separate group of 8 patients (6 females, 2 males, mean ± SD age, 43.1 ± 

8.1) and 7 controls (4 females, 3 males, mean age 38 years), CD3± T cells were separated 

and PAF-R was measured in PBMC and T cells. The proportion of PAF-R RNA from T cells 

was consistently 50–60%.

2.2. Cell stimulation

Human PHA/IL-2T cell blasts or CD4+ cells stimulated with anti CD3/CD28, both at 1 

× 106cells/ml, were either left untreated or treated as follows: incubated with IL-12 (100 

ng/ml); IL-23 (10 ng/ml); IL-12 (100 ng/ml) & anti-IFN-γ (2.5 ng/ml); IL-23 & anti-IL-17 

(10 ng/ml); IFN-γ (2.5 ng/ml); or IL-17 (0.5 ng/ml) for 24 h at 37 °C and 5% CO2. Rabbit 

and goat IgG were used as controls for anti-IFN-γ and anti-IL-17, respectively.

In other experiments T cells were also incubated with TGF-β (50 ng/ml) & IL-6 (20 ng/

ml), or TGF-β & IL-6 & IL-23 for 24 h. The method was refined so optimum cytokine 

concentrations were used. PAF-R was inhibited using antagonist CV3988 (Biomol) (10 

μM/ml) (Terashita et al., 1983). In other experiments, the PAF-R antagonist WEB2086 

was used (Casals-Stenzel et al., 1987). Both inhibitors are reported to have similar effects 

(Hellewell and Williams, 1989). Cells were stimulated with PAF (Sigma) (3.6 nM) or IL-23 

for 24 h. In some experiments, T cells were also stimulated in solution with 1 μg/ml each 

of anti-CD3 and anti-CD28 antibodies (Beckman Coulter, Paris Nord, Roissy, France) in 

the presence or absence of IL-12 (100 ng/ml), IL-23 (10 ng/ml), IL-12 (100 ng/ml) & 

anti-IFN-γ (2.5 ng/ml), IL-23 & anti-IL-17, IFN-γ (2.5 ng/ml) or IL-17 (0.5 ng/ml) for 24 h.

2.3. Intracellular staining

Brefeldin A was added for the last 4–6 h of a 24 h incubation with cytokines. After the 

24 h, cells were fixed in 2% formaldehyde at room temperature for 5 min, washed by 

centrifugation once in PBA (PBS, 0.5% bovine serum albumin and 1% sodium azide), once 

in saponin buffer (PBA + 0.1% saponin) and once in 10% FCS in saponin buffer at 300g 

for 5 min. The supernatant was poured off and the cells resuspended in the residue, to 

which 10 μl anti-PAF-R (mouse anti-human monoclonal IgG2a antibody, Cayman Chemical) 

or isotyope control (Zymed) was added. Preliminary experiments on human PBMC 

showing that the adsorption of the antibody with the immunizing peptide LGFQDSKFHQ 

(Cayman Chemical) abolished the fluorescence on flow cytometry proved the specificity 

of the antibody. Cells were incubated, washed by centrifugation with saponin buffer, then 

incubated with 1 μg of FITC-conjugated goat anti mouse IgG (Zymed) for 30 min at room 

temperature. Staining with the directly PE-conjugated primary anti-IFN-γ and anti-IL-17 

mAb (eBioscience) was as above except the second step (secondary antibody) was skipped. 
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For double staining, cells were then blocked with unlabelled mouse Ig (Zymed) before 

staining with directly labeled mouse mAb. All cells were washed with 1 ml saponin buffer 

and resuspended in 0.5% formaldehyde for flow cytometry.

2.4. Quantitative real time PCR and non-quantitative PCR

qRT- PCR was used to assess PAFR, IL-17A and F, IL-22 and RORC 

mRNA abundance in human T cells. RNA was extracted using RNeasy kit 

(Qiagen). First-strand cDNA synthesis was initiated from 0.5 μg total RNA, using 

random hexamers and AMV reverse transcriptase (Promega). Oligonucleotide primer 

sequences were as follows: PAFR: forward 5′ CCTCCTTAGCACCAACTGTGTC 

3′, reverse 5′ CAACCACTTCAGTGACCGTATCC 3′; β2microglobulin forward 5′ 
CTCCGTGGCCTTAGCTGTG 3′, reverse 5′ ATGTGTCTGGGTTTCATCCATC 3′; 

IL-17A forward 5′ GCACAAACTCATCCATCCC 3′, reverse 5′ CATAGTGAA 

GGCAGGAATCAC 3′; IL-17F forward 5′ TGCACAAAGTAAGCCACCAG 3′, reverse 

GCTTGCCTTTCTGAGTG AGG 3′; RORC forward 5′ TGCCAACAACCACACAGTCT 

3′, reverse 5′ GATGGAAAGCCAGTTCCAAA 3′. IL-22 forward 5′ 
CTCCTTCTCTTGGCCCTCTT 3′, reverse 5′ GTTCAGCACCTGCTTCATCA 3′. qRT-

PCR was carried out as described (Fahey et al., 2006).

Non-quantitative PCR was also carried out on purified CD3+ cells as follows: PBMC 

were isolated by gradient centrifugation with Histopaque 1077 (Sigma Aldrich, Dorset, and 

U.K) and stimulated with PHA for 72 h and recombinant human IL-2 for a further 24 

h. The CD3+ human T cell enrichment kit (EasySep®) was utilized to obtain a purified 

population of CD3+ T cells. One million T cells were plated out into a 24 well plate and 

untreated or treated with 10 ng/ml of recombinant human IL-23 (Peprotech), or 2 ng phorbol 

dibutyrate (PDB)/1 μM Ionomycin for 18 h. The total RNA was extracted from the T cells 

by employing an RNeasy miniprepkit (Qiagen UK). DNase treatment of RNA samples was 

performed prior to RT-PCR (RQ1 RNase–free DNase, Promega, UK). The samples were 

analyzed by gel electrophoresis.

2.5. Measurement of intracellular calcium

Intracellular calcium was measured as previously described (Fox et al., 2004) on a Becton-

Dickinson FACScan flow cytometer using Cellquest acquisition and analysis software. T cell 

blasts (5 × 10−6cells/ml) were loaded with the calcium fluorescent dye Fluo-3 AM (5 μM 

fc) at 37 °C for 30 min in the presence of the anion channel blocker probenecid (2.5 mM 

fc) to prevent leakage of the probe from the cells. 50 μl aliquots of the T cells were diluted 

in 940 μl of HEPES Tyrodes buffer containing 10 μl of calcium chloride to give a final 

concentration of 1 mM calcium. 250 μl of this suspension was applied to the flow cytometer 

to measure baseline fluorescence at time 0 s. A further 480 μl of the suspension was then 

added to 20 μl of PAF (3.6 nM fc) and median fluorescence measurements were recorded at 

5, 15, 30, 60 and 120 s following addition of PAF. Further tests were performed in which no 

PAF was added and recordings were made at 5, 15, 30, 60 and 120 s. Untreated cells and 

cells that had been pre-treated with either IL-12 or IL-23 for 30 min were studied using this 

procedure.
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2.6. ELISa

ELISA was performed to measure IL-17 in supernatants of stimulated T cells according to 

the manufacturer’s instructions (R&D, Abingdon, UK).

3. Results

3.1. PAF-R gene expression in T cells

In this study we validated our microarray analysis which had suggested that PAF-R is 

expressed by a subgroup of T cells and it was upregulated by IL-23 and down regulated by 

IL-12. PAF-R mRNA expression was assayed using quantitative real-time PCR (qPCR) in 

PHA/IL-2-derived T cell blasts and isolated CD4+ T cells from normal donors. Since IL-17 

is a key cytokine induced by IL-23 we investigated the role of IL-17 in the IL-23 mediated 

induction of PAF-R mRNA.

Both IL-23 (p = 0.021, unpaired t-test) and IL-17 alone (p = 0.04, unpaired t-test) increased 

PAF-R mRNA expression in both T cell blasts (Fig. 1a) and purified CD4+ T cells 

stimulated with anti-CD3/anti-CD28 (Fig. 1b) (p = 0.001 for IL-23 and for IL-17, unpaired 

t-test) compared to cells not exposed to these cytokines. In the presence of a neutralizing 

IL-17 antibody (Fig. 1a and b), but not a control antibody (not shown), the induction of 

PAF-R by IL-23 was reduced to nearly baseline levels. Conversely, both IL-12 and IFN-γ 
decreased PAF-R mRNA expression (Fig. 1a & b) in both sets of stimulated cells (T cell 

blasts: IL-12, p = 0.021; IFN-γ, p = 0.03, unpaired t-test; CD4+ T cells: IL-12, p = 0.001; 

IFN-γ, p = 0.02, unpaired t-test). By adding a neutralizing IFN-γ antibody, but not a control 

antibody (not shown), the suppression induced by IL-12 was lost suggesting suppression is 

mediated by IFN-γ (Fig. 1a & b).

Because the PAF-R gene consists of a single exon, we took the following measures to 

rule out genomic DNA amplification by PCR: we used a RNA extraction kit that removes 

genomic DNA; we detected no product in the condition without reverse transcriptase; and 

we exposed the RNA to RNAse free DNAse without detecting differences in PCR products 

(Fig. 1c).

3.2. PAF-R protein expression in T cells

PAF-R expression was assessed at the protein level using flow cytometry. First we found 

very low level of expression of PAF-R protein in resting total CD3+ and CD3+ CD8–8 T 

cells when performing flow cytometry on whole unstimulated PBMC with gating on live 

lymphocytes. Positive fluorescence was also present in CD3–8 cells within the lymphocyte 

population (largely B cells) (Fig. 2a). The PAF-R protein level increases significantly in 

cells activated with PBD (20 ng/ml) and ionomycin (1 μg/ml) overnight. (Fig. 2a). We 

confirmed that PAF-R protein is also upregulated by IL-23 and downregulated by IL-12 in 

T cell blasts (Fig. 2b). The increase in fluorescence intensity compared to unstimulated cells 

ranged between 60 and 130% for IL-23. The fluorescence intensity reduction induced by 

IL-12 was between 40 and 100% (n = 5, p = 0.04 and 0.03; two-tailed unpaired t-test). 

The effects of IL-23 and IL-12 appear to be mediated, at least in part, through IL-17 and 

IFN-γ respectively. IL-23 up-regulation of PAF-R protein was reduced in the presence of 
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a neutralising anti-IL-17 antibody (Fig. 2c) but not a control antibody (not shown). IL-12 

suppression of PAF-R protein expression was reversed by adding a neutralizing IFN-γ 
antibody (Fig. 2d) but not a control antibody (not shown) (n = 3, p > 0.05 for IL-12 plus 

anti-IFN-γ and IL-23 plus anti-IL-17 compared to unstimulated cells; unpaired t-test). IFN-

γ reduced the PAF-R protein by 43–120% (n = 5, p = 0.04), whereas IL-17 increased it by 

50–100% (n = 4, p = 0.06). The results, expressed as percent change in mean fluorescence 

intensity, are shown in Fig. 2d. Combining IL-23 and IL-12 stimulation led to a slight 

(non-significant) reduction in the PAF-R level (n = 3, p = 0.1) (Fig. 2d).

3.3. Functionality of PAF-R on T cells

Although PAF-R is known to be expressed on a variety of cells, expression has not been 

extensively investigated on T cells. Generally, PAF-R is not thought to be expressed on 

resting T cells but our data indicated it could be up-regulated on activated T cells. Like 

many GPCR, PAF-R increases intracellular calcium, and PAF-R functional activity has been 

previously demonstrated in other cells by measuring intracellular calcium concentration. We 

found that 30 or 60 s stimulation with PAF 3.6 nM (Fig. 3a) or 7.2 nM (not shown) induced 

a significant increase in intracellular calcium concentration in the T cell blasts but this was 

not observed in cells exposed only to the PAF diluent and medium alone. Concentrations of 

PAF of 18 or 36 nM induced changes in size and granularity of the T cells within 120 s as 

noted on flow cytometry, suggesting decreased viability. There were no differences in the 

degrees of calcium increase in cells that had been briefly (30 min, unlikely to significantly 

modify PAF-R expression) pre-exposed to IL-12, IL-23 or no cytokine prior to stimulation 

with PAF 3.6 nM. (Fig. 3)

We have shown that IL-23 increases both PAF-R transcription and protein expression and 

that this effect is in part dependent on IL-17 and that IL-17 alone can enhance PAF-R 

expression. Investigating the time frame of these events using quantitative realtime PCR 

(qRT-PCR) we found that PAF-R mRNA expression is greater than IL-17 mRNA expression 

after 6 h of stimulation with IL-23 (1.6 vs 1.1 fold increase compared to unstimulated cells, 

respectively). However, by 12 h IL-17 message levels slightly exceed the PAF-R message 

levels (1.82 vs 1.78-fold induction) (Fig. 4a). We therefore hypothesised that PAF-R may 

not simply be induced in the development of Th17 cells but that PAF/PAF-R pathway 

may influence the IL-17 expression. We then examined the effect of PAF stimulation of 

T cell blasts on IL-17A production using ELISA. We found that PAF treatment induces 

IL-17A protein production, which can be blocked using PAF-R antagonist WEB2086 

(Fig. 4b), suggesting a positive autocrine feedback loop inducing IL-17 expression and 

self-perpetuating Th17-mediated inflammation. In support of this we show that the addition 

of the synthetic competitive PAF-R antagonist, CV3988, also reduced the level of IL-17 

induced by either IL-23 or PAF at both the mRNA (Fig. 4c) and protein level (data not 

shown), indicating that both IL-23 and PAF induce IL-17 and can jointly contribute to Th17 

development.

3.4. PAF-R is co-regulated with IL-17 and other Th17 associated molecules

We used intracellular staining for IL-17 or IFN-γ followed by flow cytometry to determine 

whether PAF-R on T cell blasts co-expresses either or both of these cytokines. We show 
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that PAF-R is co-expressed on cells producing IL-17 but not IFN-γ (Fig. 5). A population 

of cells in these experiments done on T cell blasts (>95% CD3+) appear to express PAF-R 

without co-expressing IL-17. We suspect they may represent CD8+ expressing PAF-R as 

shown in our experiments using PBD/ionomycin stimulation, and/or Th2 (PAF-R being 

involved in the allergic response, (Kasperska-Zajac et al., 2008)) or uncommitted activated T 

cells. Our results, however, suggest that PAF-R expression may distinguish Th17 cells from 

IFN-γ expressing Th1 cells.

We investigated the expression of PAF-R in human T cells after stimulation with a 

combination of TGF-β, IL-6, and IL-23 as well as IL-23 and IL-12 alone. PAF-R mRNA 

expression was compared to that of IL-22, IL-17 and RORC. (see Fig. 6.) PAF-R expression 

followed a very similar trend in expression when compared to the other Th17 associated 

molecules, suggesting that PAF-R is co-regulated with other Th17 markers and molecules 

required for their development. In this serum-containing system, and using a mixed 

population of T cells including both naïve and memory cells, significant induction of Th17 

markers was similar using IL-23 compared with TGF-β plus IL-6, or TGF-β, IL-6 and IL-23 

in combination. Thus, compared to unstimulated cells, induction of PAF-R, RORC, IL-17A, 

IL-17F, and IL-22 was statistically significant (p < 0.05, unpaired t-test, n = 5 experiments). 

There were no differences between the induction methods using IL-23, TGF-β plus IL-6 or 

TGF-β plus IL-6 plus IL-23 (p > 0.05 for all other Th17 markers) with the exception of 

IL-22, which showed significantly less induction with IL-23 alone compared to the other 

stimuli (p < 0.05 for both TGF-β plus IL-6 and TGF-β plus IL-6 plus IL-23 compared 

to IL-23 alone; unpaired t-test); and for IL-17F which showed less induction with TGF-β 
plus IL-6 than with IL-23 alone (p = 0.045, unpaired t-test). Although we found significant 

induction of IL-17A, IL-17F, RORC and PAF-R in response to IL-22 (data not shown) this 

response was modest compared to that achieved with IL-23. IL-12 appeared to downregulate 

(PAF-R, RORC, IL-17A, IL-17F, p < 0.05) or fail to upregulate (IL-22, p > 0.05) these 

molecules (Fig. 6).

3.5. Expression of PAF-R in multiple sclerosis patients

To determine the expression of IL-17 and PAF-R in peripheral blood of MS patients, we 

extracted RNA from peripheral blood mononuclear cells from 30 patients with relapsing 

MS and 20 age and sex matched controls. The demographic and clinical characteristics of 

these patients are listed in supplementary table 2. IL-17 and PAF-R mRNA expression was 

measured using real time PCR. MS patients have significantly higher PAF-R and IL-17A 

mRNA expression compared to controls; (Fig. 7a, b); p = 0.0001 and 0.02, respectively. 

PAF-R and IL-17A mRNA levels correlated well; Pearson’s r = 0.66; p = 0.023. Moreover, 

PAF-R mRNA correlated highly with MS disability scores as measured by the Expanded 

Disability Status Scale (EDSS) score; Pearson’s r = 0.61; p = 0.0003 (Fig. 7c).

To determine the proportion of the PBMC PAF-R mRNA that is of T cell origin, we 

analysed a further group of 8 additional relapsing MS patients and 7 additional control 

subjects. The PBMC from each donor were divided in two samples. PAF-R RNA was 

measured from one sample (unfractionated PBMC) and from the other (CD3+ cells) after 

CD3+ cells were magnetically separated. The average proportion of RNA extracted from 
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CD3+ cells represented 63% of the RNA extracted from total PBMC in MS patients and 

67% of the PBMC RNA of controls (Fig. 7d). In this smaller group, the differences between 

PAF-R expression in MS and controls only showed a trend toward higher levels in total 

PBMC and in CD3+ cells in patients (p = 0.09 and 0.17, respectively, two-tailed unpaired 

t-test).

However, the results indicate that a substantial and comparable proportion of PAF-R mRNA 

in both MS patients and controls is of T cell origin.

4. Discussion

The aims of this study were 1) to validate our previous gene expression profiling results 

that identified PAF-R on activated T cells as a potential Th17 molecule; 2) to determine its 

functionality and coregulation with other Th17-associated molecules; and 3) to explore its 

role in MS. We confirmed the microarray results by qPCR and flow cytometry. Importantly, 

both the arrays and our T cell samples were validated in several ways. Some genes on the 

arrays have 2 clones, including PAF-R. The regulation by IL-12 and IL-23 is in the same 

direction, denoting internal consistency. Also, the classical IL-12 target IFN-γ was shown to 

be up-regulated as expected (Supplementary Table 1). In addition, we previously validated 

other array results, e.g. the regulation of glucocorticoid modulatory element binding proteins 

(GMEB) and went on to show its functional role in T cell survival (Kawabe et al., 2012). 

We also showed intracellular Ca increase indicating the functionality of PAF-R. We also 

provided evidence supporting a potential role in MS, in that its mRNA level expression is 

increased compared to controls and correlates with disability scores. A limitation of our 

study is that we did not expand our flow cytometry studies in normal cells into a more 

detailed examination of an MS cohort (although preliminary data, not reported here, suggest 

an up-regulation at protein level in MS as well). We took advantage of a collection of 

RNA samples from PBMC of untreated MS patients, in part collected as part of a study of 

interferon responsiveness (Tanasescu et al., 2017); but without corresponding PBMC. Future 

studies investigating more specifically MS and other autoimmune diseases are warranted. 

Another limitation of this study was that, in the flow cytometry experiments showing 

co-expression of PAF-R and IL-17 and mutual exclusion of PAF-R and IFN-γ, we only 

used PHA/IL-2 stimulation but did not use positive controls with strong inducers of these 

cytokines to show the magnitude of cytokine induction.

Increasing evidence implicates Th17 cells in the pathogenesis of autoimmune diseases. They 

produce chemokines, cytokines, metalloproteases and other inflammatory compounds that 

compromise the blood brain barrier, relevant to MS.

In this study we provide evidence for PAF-R expression in activated human T cells. 

Although not directly demonstrated (as most prior studies were on resting T cells), induction 

of PAF-R on T cells by CD2 or CD3 stimulation has already been suggested (Vivier et 

al., 1990), and canine T cells were also shown to express functional PAF-R that upregulate 

intracellular Ca after PAF stimulation (Calabresse et al., 1992). A previous study of human 

T cells that used unstimulated expression of HLA-DR as activation marker did not show 

PAF-R on T cells, but PAF RNA was measured by Northern blotting, a less sensitive method 
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than the qPCR used here (Simon et al., 1994). Moreover, the similar parallel regulation of 

Th17-associated genes by IL-23, IL-17, IL-12, and IFN-γ strongly suggests that our results 

are not an artefact. We used strong stimuli (PHA/IL-2 followed by cytokines or PAF) which 

may explain our higher yield of Th17 cells compared with other studies. In addition, our 

findings are further validated by results on separated CD3+ and CD4+ cells simulated with 

anti-CD3. Th17 cells show considerable phenotypic and functional heterogeneity (Bystrom 

et al., 2019). Our findings do not allow a definitive conclusion regarding whether the 

PAF-R + Th17 cells belong to a specific subpopulation of Th17 cells, but in view of their 

associated cytokines and IL-23 responsiveness, they appear to be classical Th17 cells, and 

do not appear to be Th22 cells. The absent co-expression of IFN-γ indicates that PAF-R can 

distinguish them from the proinflammatory cells concomitantly expressing Th1 and Th17 

markers (Th1-17 cells) which have also been associated with MS pathogenesis (Edwards et 

al., 2010)

We show that PAF-R on T cells increases intracellular Ca in response to PAF stimulation, 

and that PAF effects on T cells, including IL-17 induction, are blocked by PAF-R 

antagonists. We also show PAF-R up-regulation by IL-23, and demonstrate that its pattern of 

expression is similar to that of other Th17 associated molecules.

The PAF-R ligand, PAF, an inflammatory mediator with pleiotropic effects, appears early 

in inflammation. Here, we show that it induces IL-17, and that PAF-R expression is 

upregulated by IL-23 even before the upregulation of IL-17. Thus, PAF/PAF-R interactions 

may be involved in the early events leading to Th17 differentiation and trigger a self-

amplification process similar to the CCR6/CCL20 loop described previously for Th17 cells 

(Acosta-Rodriguez et al., 2007a, 2007b).

Our results confirm two additional studies implicating PAF/PAF-R in Th17-mediated 

responses (Singh et al., 2011; Drolet et al., 2011). Both of these studies support our findings; 

however our study is the first to focus on the role of T cells in this new role of PAF/PAF-R 

pathway. We postulate that an inflammatory milieu containing PAF in addition to TGF-β 
may skew the T cell development towards Th17 and away from Treg commitment. This 

argument is strengthened by the fact that PAF itself induces IL-6, a key element in the 

induction of Th17 cells and suppression of Treg cell development (Hamel-Cote et al., 2019).

Besides IL-23, IL-1 is a potent Th17 stimulus (Acosta-Rodriguez et al., 2007a, 2007b). 

Interestingly, IL-1 has also been shown to upregulate the PAF pathway (Lee et al., 2000), 

and PAF plays an important role in asthma, and possibly also in MS and other autoimmune 

conditions. It is therefore plausible that PAF is an important member of an inflammatory 

network that enhances and perpetuates inflammation with Th17 predominant pathogenesis.

PAF/PAF-R pathway may be implicated in the optimal functioning of this T cell subset with 

crucial roles in MS, asthma, and other inflammatory disorders.

While it is still debatable whether the asthma and MS coexist more or less as frequently as 

expected based on the figures of their independent life time prevalence, the fact that they do 

coexist in a significant number of patients cannot be denied (Edwards and Constantinescu, 

2004; Manouchehrinia et al., 2015). Therapeutic strategies that avoid exacerbation of one 
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during treatment of the other should target shared pathogenic pathways. Notably, PAF 

inhibition has shown some promise for both MS and asthma (Brochet et al., 1995; Chu 

et al., 2011). Thus, targeting PAF/PAF-R pathway and, possibly through this, the Th17 

pathway, may become a justified and worthwhile therapeutic approach in the treatment of 

these conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
PAF-R gene expression in T cells. Quantitative reverse transcriptase real-time PCR was used 

to assess PAF-R abundance in human PHA/IL-2T cell blasts (a) and CD4+ cells stimulated 

with anti CD3/CD28 (b). Both sets of cells were either left untreated (US) or incubated with 

IL-12 (100 ng/ml), IL-23 (10 ng/ml), IL-12 (100 ng/ml) & anti-IFN-γ (2.5 ng/ml), IL-23 & 

anti-IL-17, IFN-γ (2.5 ng/ml) or IL-17 (0.5 ng/ml) for 24 h at 37 °C and 5% CO2. Rabbit 

and goat IgG were used as controls for anti-IFN-γ and IL-17, respectively and did not show 

an effect. Differences were as follows: a) means and SD are shown from 5 independent 
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experiments. p = 0.023 US v IL-12; p = 0.021 US v IL-23; p = 0.03 US v IFN-γ; p = 0.04 

US v IL-17. p values for US v the other conditions were not significant; p = 0.04 IL-12 v 

IL-12 v IL-12 + anti-IFN-γ; p = 0.03 IL-23 v IL-23 + anti-IL-17. b) p = 0.01 US v IL-12; 

p = 0.01 US v IL-23; p = 0.03 US v IFN-g; p = 0.03 US v IL-17; p = 0.01 IL-12 v IL-12 

v IL-12 + anti-IFN-γ; p = 0.02 IL-23 v IL-23 + anti-IL-17. p values for US v the other 

conditions were not significant (c) PCR confirmation of PAF-R expression on purified CD3+ 

T cells. Agarose gel electrophoresis of PCR products as follows: m = molecular weight 

marker; 1: RNA from CD3+ cells stimulated with IL-23 (10 ng/ml) as described in materials 

and methods; 2: RNA from CD3+ cells stimulated with PDB/ionomycin; 3: DNAse treated 

RNA from CD3+ cells stimulated with PDB/ionomycin; 4: RNA from unstimulated CD3+ 

cells; 5: DNAse treated RNA from unstimulated CD3+ cells. 6. Lane loaded with the “no 

reverse transcriptase” negative control showing absence of genomic DNA. Representative 

gel of 3 separate experiments.
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Fig. 2. 
PAF-R protein expression in T cells. PAF-R protein expression was measured using 

flow cytometry. (A). This left panel shows unstimulated cells, gated on CD3+ CD8− 

lymphocytes, stained using anti-PAFR primary antibody with a FITC-labelled secondary 

antibody. Staining of PAFR on unstimulated CD4+ lymphocytes is <1%. The right panel 

shows cells have been stimulated with PDB/ionomycin overnight, stained and gated as 

above which significantly increases PAFR expression (6.17%). Representative scatterplot 

of 3 experiments; p < 0.01 for unstimulated vs stimulated. B) Histogram showing PAF-R 

expression on PHA/IL-2 T cell blasts stimulated with IL-12 vs IL-23. Results are shown 

from one representative experiment out of 5. (p = 0.029 for US vs IL-23; p = 0.04 for US vs 

IL-12). C) Involvement of IL-17 and IFN-γ in the effects of IL-23 and IL-12, respectively; 

and direct effects of IL-17 and IFN-γ on PAF-R protein expression. Representative results of 
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3 experiments. P = 0.04 for IL-17 and 0.045 for IFN-γD). Graph depicting percent changes 

in the expression of PAF-R in all the above stimulation conditions. Asterisk = p < 0.05; 

half-asterisk = p = 0.05.
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Fig. 3. 
Functionality of PAF-R on T cells. Stimulation of T cells by PAF induces intracellular 

calcium release. Intracellular free calcium was measured using a FACScan flow cytometer 

after stimulation with 3.6 nM PAF (asterisk = p < 0.05). Results are shown as means of 3 

independent experiments.
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Fig. 4. 
PAF/PAF-R interaction increases IL-17 expression in T cells blasts. (a) PAF increases 

IL-17 expression by T cell blasts as shown by intracellular staining (b). The addition of a 

competitive PAF-R antagonist (CV3988) reduced the level of IL-17 mRNA induced by both 

IL-23 and PAF.
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Fig. 5. 
PAF-R is co-expressed with IL-17 but not with IFN-γ. T cell blasts were stained either 

alone with anti-IL-17 PE labelled antibody, anti-IFN-γ PE labelled antibody, and anti-PAF-

R FITC labelled antibody or double stained with anti-IL-17 and anti-PAF-R or anti-IFN-

gamma and anti-PAF-R antibodies. Expression and co-expression of the target proteins were 

measured using flow cytometry.
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Fig. 6. 
PAF-R expression is regulated in the same way as other Th17 associated molecules. PHA/

IL-2 induced T cell blasts (1 × 106cells/ml) were either left untreated or incubated with 

IL-12 (100 ng/ml), IL-23 (10 ng/ml), TGF-β (50 ng/ml) & IL-6 (20 ng/ml) , or TGF-β (50 

ng/ml) & IL-6 (20 ng/ml) & IL-23 (10 ng/ml) for 24 h at 37 °C and 5% CO2. RNA was 

extracted and PAF-R, IL-22, IL-17A&F and ROR γ T mRNA expression was measured 

using real time PCR.
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Fig. 7. 
Expression of PAF-R in multiple sclerosis patients. RNA was extracted from peripheral 

blood mononuclear cells isolated from MS patients and age and sex matched controls. 

PAF-R (30 MS patients, 20 controls) (a) and IL-17A (12 MS patients, 7 controls) (b) 

mRNA expression was measured using real time PCR. EDSS scores were obtained during a 

standardised neurological examination at the time of blood collection. Pearson’s correlation 

coefficient was used to explore correlations between PAF-R and EDSS (c).

Midgley et al. Page 23

Immunobiology. Author manuscript; available in PMC 2024 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Cell preparation
	Cell stimulation
	Intracellular staining
	Quantitative real time PCR and non-quantitative PCR
	Measurement of intracellular calcium
	ELISa

	Results
	PAF-R gene expression in T cells
	PAF-R protein expression in T cells
	Functionality of PAF-R on T cells
	PAF-R is co-regulated with IL-17 and other Th17 associated molecules
	Expression of PAF-R in multiple sclerosis patients

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

