
Highly heterogeneous, activated and short-lived regulatory T 
cells during chronic filarial infection

Simon Metenou*, Yaya I. Coulibaly†, Daniel Sturdevant¶, Housseini Dolo†, Abdallah A. 
Diallo†, Lamine Soumaoro†, Michel E. Coulibaly†, Kishore Kanakabandi¶, Stephen F. 
Porcella¶, Amy D. Klion*, and Thomas B. Nutman*

*Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, Bethesda, MD, USA

¶Rocky Mountain Laboratories, National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, Hamilton, MT, USA

†Faculty of Medicine, Pharmacy and Dentistry, University of Bamako, Bamako, Mali

Abstract

The mechanisms underlying the increase in the numbers of regulatory T (Treg) cells in chronic 

infection settings remain unclear. Here we have delineated the phenotype and transcriptional 

profiles of Treg cells from 18 filarial-infected (Fil+) and 19 filarial-uninfected (Fil-) subjects. We 

found that the frequencies of Foxp3+ Treg cells expressing CTLA-4, GITR, LAG-3 and IL-10 

were significantly higher in Fil+ subjects compared with that in Fil- subjects. Foxp3-expressing 

Treg-cell populations in Fil+ subjects were also more heterogeneous and had higher expression of 

IL-10, CCL-4, IL-29, CTLA-4 and TGF-β than Fil- subjects, each of these cytokines having been 

implicated in immune suppression. Moreover, Foxp3-expressing Treg cells from Fil+ subjects had 

markedly upregulated expression of activation-induced apoptotic genes with concomitant 

downregulation of those involved in cell survival. To determine whether the expression of 

apoptotic genes was due to Treg-cell activation, we found that the expression of CTLA-4, CDk8, 

RAD50, TNFRSF1A, FOXO3 and RHOA were significantly upregulated in stimulated cells 

compared with unstimulated cells.

Taken together, our results suggest that in patent filarial infection, the expanded Treg-cell 

populations are heterogeneous, short-lived, activated and express higher levels of molecules 

known to modulate immune responsiveness, suggesting that filarial infection is associated with 

high Treg-cell turnover.
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Introduction

Regulatory T (Treg) cells play a crucial role in modulating immune responses, modulation 

that may have either beneficial or detrimental consequences. Their important beneficial role 

has been best demonstrated in maintaining immune homeostasis by preventing autoimmune 

and allergic diseases, and promoting tolerance after transplantation [1-4]. In contrast, Treg 

cells have a deleterious effect in chronic infections and cancer in which they increase in 

numbers and frequencies and where they suppress tumor-specific or antigen-specific 

immune responses [5-8]. There exist two major subsets of Treg cells that are largely 

dependent on the expression of the canonical transcription factor Foxp3 and their site of 

differentiation; these are the thymus-derived (tTreg) cells and peripherally-derived (pTreg) 

cells; however, Foxp3+ Treg cells can be induced in vitro and called induced Treg or iTreg 

cells [9]. In addition to the Foxp3-expressing Treg cells, other populations of Treg cells 

include the IL-10-producing type 1 (Tr1) and the TGF-β-producing type 3 (Th3) regulatory 

T cells [10, 11]. Although the evidence of de novo or in vitro induction of Foxp3+ Treg 

populations (pTreg cells and iTreg cells) is very clear, the molecular basis for the 

differentiation of tTreg cells and pTreg cells/iTreg cells populations is less so [12].

A number of studies have shown that the frequencies of both Foxp3-expressing tTreg cells 

and pTreg cells and other Treg-cell populations (e.g. Tr1 and Th3) are increased during 

chronic infections and surrounding/within solid tumors. Human lymphatic filarial infection 

(LF) is one such chronic infection. Caused by Wuchereria bancrofti, Brugia malayi and 

Brugia timori, LF is subclinical in most people, due in large part to the presence of a 

regulatory environment that not only suppresses filarial-specific T-cell responses but also 

diminishes, albeit less profoundly, the immune responses to bystander antigens [13] 

including those that are vaccine deliverable [14-16]. This downregulated immune 

responsiveness associated with chronic filarial infections is accompanied by the expansion 

of Foxp3-expressing Treg cells (tTreg cells and/or pTreg cells) [17-19]. Although the 

expansion of CD4+CD25+Foxp3+-expressing Treg cells has been demonstrated in W. 

bancrofti infections [18, 20-23], relatively little is known about their phenotype and the 

activation status. Thus, we sought to investigate the nature of Foxp-3+ Treg cells in the 

context of chronic filarial infection through transcriptional profiling and flow cytometry. 

Our data suggest that in LF the expansion of Foxp3-expressing Treg-cell populations 

reflects transcriptional heterogeneity related to high turnover and increased expression of 

inhibitory cell surface molecules known to play important roles in immune regulation.

Results

Study Population

Subjects were enrolled from two neighboring villages in Mali. Filarial-infected subjects 

were gender-, location- and age-matched to mininize variation in sampling. Thirty-seven 
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subjects participated from, were enrolled in the study with 18 Fil+ and 19 Fil- subjects as 

described in Table 1. Apart from their infection status and their levels of BMA-specific 

IgG4, which were significantly higher in the Fil+ compared with that of the Fil- groups (p = 

0.04, Table 1), there were no other demographic or clinically significant differences between 

the 2 groups.

Treg cells from Fil+ subjects have higher frequencies of CTLA-4+, GITR+, LAG-3+ and 
IL-10+ cells

Multiparameter flow cytometry was used to compare the surface expression of the 

regulatory molecules (CTLA-4, GITR, LAG-3, PD1, LAP-TGF-β, TNFRII) and the 

expression of intracellular IL-10 on Treg cells in Fil+ and Fil- subjects (gating strategy 

shown in Figure 1A). As shown in Figure 1B, the frequencies of 

CD3+CD4+CD25+Foxp3+CD127low Treg cells expressing CTLA-4, GITR, LAG-3 or 

intracellular IL-10 were significantly increased in the Fil+ compared with that of the Fil- 

subjects (p = 0.029, 0.009, 0.0008 and 0.008 respectively). When the integrated geometric 

mean fluorescence intensity (iGMFI) was assessed (Figure 1C), the relative per-cell 

production of IL-10 and per-cell expression level of LAG-3 by Treg cells were also 

significantly higher (p = 0.02 and p = 0.04 respectively) in the Fil+ group compared to the 

Fil- group. However there were no differences in the surface expression of PD1, TGF-β and 

TNFRII by Treg cells from Fil+ and Fil-.

Differentially regulated genes in Treg cells from Fil+ subjects have no known functional 
category

Highly purified Treg cells from Fil+ and Fil- subjects were used for transcriptional profiling 

using microarray analysis. The purity of the purified Treg cells was comparable to that of 

sorted CD4+CD25+Foxp+CD127- as assessed by flow cytometry and was estimated to be 

more than 95% (Supporting Information figure 1 and figure 2). RNA was extracted from 

purified Treg cells from Fil+ and Fil- subjects and used for microarray analysis; the fold 

change of differentially regulated genes of Treg cells from Fil+ over those from Fil- were 

calculated. The two-fold up- or downregulated genes were analyzed using IPA™ to 

determine their cellular location and functional category (Figure 2). As can be seen, most 

(89%) genes could be assigned a cellular location. However, when looking at the genes 

known to code for proteins predicted to be found in the extracellular space a number with 

known immunoregulatory functions were found to be upregulated in Treg cells from Fil+ 

compared with those from Fil- subjects (Table 2). In fact among the top 10% of genes 

differentially regulated, molecules that have been shown to possess regulatory or 

suppressive function such as VEGFA, EREG, IL-10, TNFSF15 and PDGFA were 

respectively 28.7-, 17.4-, 11.2-, 8.7- and 6.21-fold upregulated in Treg cells from Fil+ 

compared with those from Fil-. Furthermore, CCL-4 [24] and CXCL-16 [25, 26] that have 

been shown to recruit Treg cells to the site of inflammation [25-27] and IL-29 [28-30] that 

not only is suppressive but also potentiates dendritic cells to induce Treg cells were 6.1-, 

5.5- and 3.1-fold increased in Treg cells from Fil+ compared with those from Fil- (Table 2).

Metenou et al. Page 3

Eur J Immunol. Author manuscript; available in PMC 2016 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Heterogeneous populations of Treg cells with upregulated expression of regulatory 
markers

Gene expression profiles of Treg cells from Fil+ and Fil- were compared using Principal 

Component Analysis (PCA). In figure 3A, PCA demonstrates the distinct clustering of Treg-

cell transcription profiles from Fil- and Fil+ patients. Moreover, Treg cells from Fil- patients 

form a tight cluster indicating the homogeneity in their transcriptional profile whereas Treg 

cells from Fil+ subjects are relatively scattered reflecting greater Treg-cell heterogeneity in 

this group. The data were ranked, and genes that were both within the top 10% and 

significantly two-fold differentially expressed between Fil- and Fil+ were used for pathway 

analysis (see Materials and methods and supporting Table S2). Based on previously 

described information [21, 31-33] and flow cytometry data demonstrating that the frequency 

of Treg cells expressing CTLA-4 and IL-10 were significantly higher in Fil+ subjects, we 

focused on the pathways related to CTLA-4 and IL-10. As seen in figure 3B, the CTLA-4 

signaling pathway was clearly upregulated in the Fil+ compared to Fil- subjects as 

demonstrated by not only the upregulation of CTLA-4 expression on Treg cells from Fil+ 

subjects, but also by those molecules involved in the trafficking of CTLA-4 from the 

endosome to the cell surface. Moreover, IL-10 and the related member of the IL-10 family, 

IL-29, along with CCL4 (molecules that have been shown to be associated with the 

modulation of the immune response [28, 34-37]) were upregulated in Treg cells from Fil+ 

compared with those from Fil- (Figure 3C). In addition, those molecules known to function 

in opposition to CTLA4 in the TCR signaling pathways such as CD28, Linker for activation 

of T cell (LAT), phosphatidylinositol-3 kinase (PI3K), phosphoinositide phospholipase C 

gamma1 (PLCγ1) were downregulated in Treg cells from Fil+ (Figure 3D). The 

downregulation of T-cell receptor (TCR) signaling processes reflected by the 

downregulation of CD28 and sets of signaling molecules associated with TCR-mediated 

activation, in parallel with the coincident upregulation of CTLA-4 is reminiscent of the 

consequences of effector T-cell activation. Thus, the comparative pathways analysis of Treg 

cells from Fil+ over Fil- reveals that in chronic filarial infection the increased number of 

Treg cells is associated with down regulation of TCR signaling, a process that occurs 

subsequent to T-cell activation.

Chronic filarial infection is associated with Treg-cell apoptosis

Among the top down- and upregulated genes were those involved in mediating apoptosis or 

cell death as demonstrated by an increase of the pro-apoptotic genes (Table 3) that include 

XAF1 (XIAP associated factor 1) and BID (BH3 interacting domain death agonist). 

Additionally there was an accompanying downregulation of the pro-inflammatory and anti-

apoptotic or proliferative genes including CDK8 (cyclin-dependent kinase 8), TNFRSF1A 

(TNF receptor superfamily member 1A), TNFRSF5, MAP3K4 (mitogen-activated protein 

kinase kinase kinase 4) and API5 (apoptosis inhibitor 5) among many other genes (Table 3). 

In addition to the upregulation of pro-apoptotic genes and downregulation of anti-apoptotic 

genes, the death receptor-associated apoptotic genes including DR4/5 and the mitochondria-

associated apoptotic genes including cytochrome c were upregulated in Treg cells from Fil+ 

subjects (Figure 4A). Furthermore, analysis of all known cell survival genes showed that 
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142 of the 259 presumed survival genes (Supporting table S3) were down regulated 

consistent with decreased cell survival (z-score -3.195, overlap p value 3.59 × 10-4).

To ascertain whether the upregulation of the apoptosis pathways could be a consequence of 

Treg activation, Treg cells from healthy donors recruited from the National Institutes of 

Health (NIH) Blood Bank were stimulated with anti-CD3/CD28 beads and assessed by qRT-

PCR for the expression of those genes identified in the previous analyses. As can be seen, 

the activation of the Treg cells was associated with the significant transcriptional 

upregulation of the genes BID, CDK8, CTLA-4, PPBP, RHOA and TNFRSF1A, molecules 

shown to be associated with proliferation and apoptosis (Figure 4B).

Discussion

The frequencies of Treg cells increase during chronic infection and at the site of many solid 

tumors, but the mechanisms underlying their increased numbers and their mode of action 

remains unclear [1, 3, 4, 38]. In the context of human lymphatic filarial infection, 

populations of Foxp3-expressing Treg cells and Foxp3-negative Tr1 and Th3 cells expand 

significantly during the chronic phase of the infection and are associated with a wide range 

of immune regulatory processes postulated to allow the parasite to persist in the human host 

[39]. In the current studies we used different approaches to delineate the phenotype and 

function of Foxp3-expressing Treg cells in the context of a chronic tissue-invasive helminth 

infection.

In the present study we found that chronic filarial infection was associated with the 

expansion of multiple and heterogeneous populations of Foxp3-expressing Treg cells. 

Although the population had received two round of treatment under the mass drug 

administration program (MDA), filarial infection was still prevalent as shown by the 

detection of microfilaria and circulating filarial antigen in the population. In fact, the goal of 

MDA is to eliminate lymphatic filarial infection through disruption of transmission; the 

results have been mixed despite multiple annual rounds of treatment [40-47]. Furthermore, 

we found that these Treg cells from Fil+ subjects were associated with upregulated pro-

apoptotic genes and the concomitant down regulation of anti-apoptotic and cell survival 

genes. Although the implication of the complex mechanism of apoptosis and cell survival 

genes was not investigated in the current study, our data show that in the chronic filarial 

infection, the expanded population of Foxp3-expressing Treg cells is diverse, highly 

activated and expresses higher levels of regulatory surface molecules and cytokines. The 

increased heterogeneity suggests that in the chronic settings Treg cells are being constantly 

activated, expanding, undergoing apoptosis and repopulating. The increased expression of 

pro-apoptotic genes combined with down regulation of anti-apoptotic and survival genes 

observed in our studies corroborates previous data that not only demonstrated high turnover 

and increased apoptosis as a mechanism underlying Treg-cell accumulation and suppressive 

activity [48-50] but also demonstrated that filarial infection induced apoptosis of CD4+ T 

cells [51].

The heterogeneity of Foxp3-expressing Treg cells in Fil+ may also reflect the expansion of 

multiple subsets of Treg cells or the activation status of Treg cells in peripheral circulation 
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where high levels of filarial antigens are persistent and T cell activation perpetual. In fact, 

based on the differentiation site, there exist two major subsets of Treg cells in circulation, 

the thymus-derived (tTreg cells) or peripherally differentiated (pTreg cells) [9]. In addition, 

it has been shown that Treg cells purified from different organs or generated in varied 

cytokine environments have distinct transcriptional profiles [52]. Thus, in chronic filarial 

infection where antigen persistence leads to continual T cell activation, T cells in the 

peripheral circulation are henceforth comprised of both activated and naïve cells. 

Furthermore, in addition to the high antigenemia and cytokine environment that clearly 

contributes to the differentiation of varying Treg subsets [53-57], parasite products may be 

contributing to the heterogeneity of Foxp3-expressing Treg cells as has been shown for the 

helminth parasites Heligmosomoides polygyrus and Teladorsagia circumcincta [58]. In fact, 

it has been shown that helminth parasite (H. polygyrus and T. circumcincta)-derived TGF-β 

induces de novo Treg differentiation [58]. Whether secreted human filarial parasites 

products have the capability to induce regulatory T cells remains to be determined though all 

human filarial parasites for example, secrete a homolog of human TGF-β [59-62].

Because filarial-associated T-cell hyporesponsiveness has been associated with an IL-10-

mediated diminution of T-cell proliferation and IFN-γ and IL-2 production [63-66] the 

assumption has been made that this reflects an underproduction of APC-derived IL-12 

[67-70]. In the current study we have been able to show that filarial infection is not only 

associated with increased frequencies of Treg cells but also that those Treg cells express 

demonstrable levels of IL-10 as well as CTLA-4, LAG-3, IL-29 and CCL-4 each known to 

play a role in regulating T-cell activation. Although, we did not assess the suppressive 

function of these regulatory T cells, a recent study in Indonesia found that depletion of 

CD25hi cells significantly upregulated cytokine production and the proliferation of B and T 

cells in patent filarial infection, a finding suggesting that Treg cells from chronically 

infected LF patients were functionally more suppressive [22].

Despite not being the major source of IL-10 in chronic human infections [18, 19, 71-73] our 

data demonstrate that Treg cells in chronic filarial infection produce a variety of other 

regulatory molecules. Among these, CCL-4 plays an important role in Treg-cell-associated 

suppression of tumor-specific and inflammatory responses in mice [37, 74] and humans 

[75]. Our data also demonstrate that Treg cells in Fil+ subjects produce IL-29, a member of 

the IL-10 cytokine family with anti-tumor and anti-viral activity [34, 76, 77] that can 

program naïve DCs to induce Treg-cell differentiation [30, 78].

In conclusion, our results suggest that chronic filarial infection is associated with the 

expansion of short-lived heterogeneous populations of Treg cells that express high levels 

regulatory molecules (e.g. CTLA-4, IL-10, GITR LAG-3, IL-29, and CCL4) known to 

mediate immune unresponsiveness in T effector cells. Taken together, our results suggest a 

complex mechanism involving activation, upregulation of suppressive and chemotactic 

factors that underlies the increased frequencies and numbers of Treg cells associated with 

chronic infection.
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Materials and Methods

Study site and patients

The study was conducted in two villages, Bougoudiana and Tienebougou situated northwest 

of Bamako in the Kolokani district of Mali. The study was approved by the Institutional 

Review Board (IRB, NCT00471666) of the National Institutes of Allergy and Infectious 

Diseases and the Ethics committee of the University of Mali. The study was explained to all 

participants in French or in Bambara, the local language, and written informed consent was 

obtained from all participants. This area is endemic for W. bancrofti and Mansonella 

perstans as has been described previously [79]. Unlike our previous studies when patients 

had not taken, anti-filaria drug, [18, 79, 80], the region at the time of the current study had 

received 2 annual doses of ivermectin/albendazole as part of the mass drug administration 

(MDA) activities of the Malian National Program for the Elimination of Lymphatic 

Filariasis. Filarial infected subjects were gender-, location- and age-matched to minimize 

variation in sampling.

Eighteen Fil+ subjects and 19 Fil- subjects were studied (see Table 1 for details). Fil+ was 

defined by a positive test for circulating filarial Ag (FilAg) (TropBio ELISA) and/or 

detectable microfilariae (Wb or Mp) in peripheral blood samples drawn between 10 p.m. and 

2 a.m. Microfilaremia was assessed by calibrated thick smear (total blood volume = 60 μl). 

Fil− had a negative test for circulating filarial antigen (FilAg) and no microfilariae seen on 

thick smear. Blood, serum, and plasma were collected for processing. Filaria-specific 

antibodies (IgG and IgG4) were determined by ELISA as described previously [81]. PBMCs 

were purified from whole blood using lymphocyte separation media (LSM) (MP 

Biomedicals, Solon, OH).

Cell purification

Treg cells defined as CD3+CD4+CD127-CD49d-CD25+ and hereafter called Treg cells, 

were purified using the EasySep™ Human CD4+CD127lowCD49d- Regulatory T Cell 

Enrichment Kit (StemCell Technologies, Vancouver, Canada) following the manufacturer's 

protocol. Briefly CD3+CD4+CD127-CD49d- cells were enriched in a rosetting step and 

CD25+ cells were selected using magnetic beads. The purity of enriched cells was verified 

by flow cytometry (Supporting figure S1). After purification, Treg cells from Fil+ and Fil- 

were directly suspended in 350 μl of Buffer RLT (Qiagen Valencia, CA, USA) containing 

1% β-Mercaptoethanol (Sigma Aldrich, St. Louis, MO, USA) and stored at -80°C until 

processed for microarray analysis.

Flow cytomtery

To assess the expression of regulatory markers on Treg cells, peripheral blood mononuclear 

cells (PBMCs) from Fil+ and Fil- subjects were isolated, fixed as described previously [18, 

70, 80] and transported in liquid nitrogen to the National Institutes of Health (NIH), USA. 

The fixed cells were thawed and stained with anti-human CD3-V500 (clone UCHT1), 

CD25- Allophycocyanin-Cy7 (clone M-A251), CD152 –Allophycocyanin (CTLA-4, clone 

BNI3), (all from BD Bioscience, San Jose, CA, USA), anti-human CD4-PE-Texas Red 

(clone S3.5) (Life Technologies, Carlsbad, CA, USA), TNFRII-FITC (clone 22235) (R&D 
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Systems, Minneapolis, MN, USA), CD127-eFluor 650NC (clone eBioRDR5), Foxp3-Alexa 

Fluor 700 (clone PCH101), IL-10-Pacific blue (clone JES3-9D7), PD1-PE-Cy7 (clone 

eBioJ105),GITR-PE (clone eBioAITR) (all from eBioscience, San Diego, CA, USA), and 

LAP-TGF-β (clone 27235) was custom-conjugated to Qdot 605 (Life Technologies, 

Carlsbad, CA, USA). To assess the purity of isolated Treg cells, pre- and post-purification 

cells were stained with anti-human CD3-Alexa Fluor 700 (clone UCHT1), CD4-

Allophycocyanin-Cy7 (clone RPA-T4), CD127-PE-Cy5 (clone eBioRDR5), Foxp3-Alexa 

Fluor 488 (clone PCH101) (all from eBioscience, San Diego, CA, USA), CD25-PE (Clone 

M-A251) (BD Bioscience, San Jose, CA, USA). Cells were stained using the routine flow 

cytometry protocol, acquired on a BD LSRFortessa (BD Bioscience, San Jose, CA, USA) 

and analyzed using FlowJo (Tree Star, Ashland, OR, USA).

RNA purification for microarray

Eight filaria-infected subjects with the same microfilaremia levels, were age-, sex- and 

location-matched with eight filaria-uninfected and were selected for microarray analysis. 

RNA was extracted from Treg cell pellets following the RNeasy 96-well protocol (Qiagen, 

Valencia, CA) with an additional on-column DNase I treatment. RNA concentrations were 

measured using Quant-iT Ribogreen RNA reagent (Life Technologies, Carlsbad, CA) on a 

VICTOR™ X3 Multilabel plate reader (Perkin-Elmer, Waltman, MA). Five nanograms of 

Treg RNA was subjected to DNA microarray target synthesis using WT-OvationTM Pico 

system RNA amplification kit and WT-Amp plus ST RNA amplification systems kit 

according to manufacturer's instructions (Nugen, San Carlos, CA). DNA microarray data 

was validated by quantitative Real Time PCR (qRT-PCR). qRT-PCR primer design and 

analysis was done as described previously [82]. Designed primers and probes are listed in 

the Supporting Information Table 1.

Microarray processing and analysis

Samples were processed as described previously [83] with several changes as follows: 

Hybridization, fluidics and scanning were performed according to standard Affymetrix 

protocols (http://www.affymetrix.com). Command Console (CC v3.1, http://

www.Affymetrix.com) software was used to convert the image files to cell intensity data 

(cel files). All cel files, representing individual samples, were normalized using the scaling 

method within expression console (EC v1.1, http://www.Affymetrix.com) and a scaled 

target of 1250 to produce the analyzed cel files (chp files) along with the report files. The cel 

files were imported into Partek Genomics Suite software (Partek, inc. St. Louis, Mo., v6.6 

6.12.0420) and quantile normalized to produce the principal component analysis (PCA) 

graph. An ANOVA was performed within Partek to obtain multiple test corrected p-values 

using the false discovery rate method [84]. Rankings were assigned from p-values, fold 

change, signal confidence, and call consistency. The rankings were then combined using 

custom Excel templates to view trends from the lowest p-value, highest signal confidence, 

fold change and call consistency performing probe sets. Using the top ranked 10% and a two 

fold cutoff to determine the differential gene expression list between Treg cells from Fil+ 

and those from Fil- (Supporting information table 2) were put in IPA (Ingenuity Systems, 

www.ingenuity.com) for network and functional analyses. Microarray results were 
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confirmed by qRT-PCR with a Pearson Product Moment Correlation coefficient of 0.81. 

The raw data from the microarrays can be accessed at (http://www.ncbi.nlm.nih.gov/geo/).

Real time quantitative PCR

To ascertain that T cell receptor stimulation in Treg cells are associated with up regulation 

of pro-apoptotic genes, Treg cells purified from buffy coats obtained from healthy 

volunteers under a protocol approved by the NIH Clinical Center's Institutional Review 

Board National Institutes of Health (IRB# 99-CC-0168) were left unstimulated or stimulated 

with anti-CD3/CD28 beads (Invitrogen, Carlsbad, CA, USA) for 24 hours. RNA was 

purified using the RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer's 

instructions and was subsequently converted into cDNA using TaqMan reverse transcription 

reagents (ABI, Carlsbad, CA, USA) according to the manufacturer's protocol. Real-time 

quantitative RT-PCR was performed in an ABI 7900HT sequence detection system (ABI, 

Carlsbad, CA, USA) using TaqMan Assays for CDK8 (Assay ID: Hs00176209_m1), CD28 

(Assay ID: Hs01007422_m1), RAD50 (Assay ID: Hs00990023_m1), RUNX1T1 (Assay ID: 

Hs00231702_m1), PPBP (Assay ID: Hs00234077_m1), BID (Assay ID: Hs00609632_m1), 

FOXO3 (Assay ID: Hs00818121_m1), RHOA (Assay ID: Hs00357608_m1), TNFRSF1A 

(Assay ID: Hs00236902_m1) and CTLA-4 (Assay ID: Hs03044418_m1). An endogenous 

18s ribosomal (Assay ID: Hs99999901_s1) was used as an RNA control. Relative transcripts 

were determined by the formula: ΔCT = CTsample − CT18S control and graphed as 1/ΔCT.

Statistical analyses

Data analyses for everything but the microarray data were performed using GraphPad 

PRISM (GraphPad Software version 6, Inc., San Diego, CA, USA). Statistically significant 

differences between two groups were analyzed using the non-parametric Mann-Whitney U 

test for unpaired data and the Wilcoxon matched-pairs signed rank test for paired data. The p 

values were adjusted for multiple comparisons using the Holm's correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Treg cells from Fil+ subjects have higher frequencies of CTLA-4+, GITR+, LAG-3+ 

and IL-10+ cells
Multiparameter flow cytometry was used to determine the frequencies of Treg cells 

expressing CTLA-4, GITR, LAG-3, PD1, TNFRII, LAP-TGF-β, or IL-10. (A) The gating 

strategy for the identification of Treg cells, the FMO gating for positive events and 

representative graphs of each marker on Treg cells from a Fil+ and Fil- subject are shown. 

(B) The frequencies of Treg cells (CD4+CD25+Foxp3+CD127low) expressing CTLA-4, 

GITR, LAG-3, PD1, TNFRII, LAP-TGF-β, or IL-10 were determined by flow cytometry. 

(C) The integrated geometric mean (GM) fluorescence intensity (iGMFI) for each subset is 

also shown. Data are shown as geometric mean + 95% confidence interval of 18 Fil+ or 19 

Fil− subjects. Statistical significance determined by Mann-Whitney U test.
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Figure 2. Differentially regulated genes in Treg cells from Fil+ subjects have no known 
functional category
Differentially expressed genes were imported into the IPA software to determine the cellular 

location and functional categories. These data were used to plot the doughnut graph. The 

inner pie chart represents the cellular location of the differentially expressed gene and the 

outer pie chart represents the different functional category for each cellular location. For 

functional category, the percentage shown represents the relative abundance of that category 

in a specific location.

Metenou et al. Page 16

Eur J Immunol. Author manuscript; available in PMC 2016 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Heterogeneous populations of Treg cells with upregulated expression of regulatory 
markers
(A) The principal component analysis (PCA) in which each sphere represents the result from 

an individual sample (chip) with the plotted location based upon the grouping of each 

sample relative to the others is shown. The blue spheres represent Treg cells from Fil+ and 

those from Fil− are shown in red. (B-D) The list of the top 10% and two-fold differentially 

regulated genes of Treg cells from Fil+ compared with Treg cells from Fil− was then 

imported into IPA for pathway anlaysis. The pathways of (B) CTLA-4, (C) IL-10 and (D) 

TCR signaling with differentially upregulated (red) or downregulated (green) genes in Treg 

cells from Fil+ relative to Treg cells from Fil− are shown.
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Figure 4. Patent filarial infection is associated with upregulation of activation-induced apoptotic 
genes
(A) The death receptor-associated apoptosis pathways of the top 10% and two-fold 

differentially regulated genes in Treg cells from Fil+ subjects, relative to Treg cells from 

Fil− subjects are shown. Upregulated genes are shaded red while downregulated genes are 

shaded green. (B) The expression levels of apoptosis and/or survival genes in Treg cells 

from healthy donors (n= 15) left unstimulated (circle) or stimulated (square) with anti-CD3/

CD28 beads are shown. Statistical significance determined by Wilcoxon matched-pairs 

signed rank test.
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Table 1
Study Population

Filarial Status

Negative (n = 19) Positive (n = 18) p value

Gender (Male/Female) 14/5 13/5 NSa

Wb Circulating Ag Positive GM (U/ml) [95% CI]) < 32 124.1[22.52 – 683.5] NDa

Mp/Wb microfilaremia median (mf/ml) [range] 0 17[0.0 – 136.0] ND

BmA-specific Ab IgG (ug/ml) 14.7[3.5 – 68.2] 31.75[5.5 – 344.0] NSb

Median [range] IgG4 (ng/ml) 0.0[0.0 – 19395.0] 824.0[0.0 – 7514] 0.04

a
Not determined

b
Non significant
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Table 2

List of immunoregulatorymolecules in the top 10% and 2-fold up-regulated in Tregs from filarial-infected 

subjects.

Symbol GenBank ID Fold change Biological functions

VEGFA 7422 28.681 May promote tumor growth and possess immunosuppressive properties

EREG 2069 17.44 May stimulate cell proliferation and/or angiogenesis

IL10 3586 11.167 May function as an angiogenesis inhibitor

TNFSF15 9966 8.739 May function as an angiogenesis inhibitor

PDGFA 5154 6.225 May promote tumor growth and possess immunosuppressive properties

CCL4 6351 6.134 Recruit regulatory T cells to inflammatory sites

TNFSF4 7292 5.704 Potential inhibitor of hypersensitivity

CXCL16 58191 5.574 Recruit Tregs to tumor sites

IL29 100620067 3.094 Contribute to Treg expansion by APCs

Eur J Immunol. Author manuscript; available in PMC 2016 March 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Metenou et al. Page 21

Table 3
List of apoptotic genes

Symbol Gene Name Fold Change

BID BH3 interacting domain death agonist 9.28

XAF1 XIAP associated factor 1 8.19

SIRPA Signal-regulatory protein alpha 6.90

CTNNA1 Catenin (cadherin-associated protein), alpha 1, 102kDa 4.68

MXD1 MAX dimerization protein 1 3.26

TGFBR1 Transforming growth factor, beta receptor 1 2.94

ITGAM Integrin, alpha M (complement component 3 receptor 3 subunit) 2.93

FOXO3 Forkhead box O3 2.51

NBN Nibrin 2.46

MAP3K8 Mitogen-activated protein kinase kinasekinase 8 2.25

PTEN Phosphatase and tensin homolog 2.07

IL6ST Interleukin 6 signal transducer (gp130, oncostatin M receptor) -2.16

FOXP1 Forkhead box P1 -2.30

API5 Apoptosis inhibitor 5 -2.66

VPRBP Vpr (HIV-1) binding protein -2.85

TM2D1 TM2 domain containing 1 -2.86

TAF9B TAF9B RNA polymerase II, TATA box binding protein (TBP)-associated factor, 31kDa -2.90

ZNF10 Zinc finger protein 10 -2.99

INPP4A Inositol polyphosphate-4-phosphatase, type I, 107kDa -3.21

PPID Peptidylprolylisomerase D -3.38

ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) -4.09

MAP3K4 Mitogen-activated protein kinase kinasekinase 4 -4.30

POU2AF1 POU class 2 associating factor 1 -4.78

HUWE1 HECT, UBA and WWE domain containing 1, E3 ubiquitin protein ligase -4.94

ZNF148 Zinc finger protein 148 -5.72

IFNAR1 Interferon (alpha, beta and omega) receptor 1 -5.85

TNFRSF5 TNF receptor superfamily member 5 -6.51

RHOA Ras homolog family member A -7.15

PRMT2 Protein arginine methyltransferase 2 -7.90

CDK8 Cyclin-dependent kinase 8 -17.06
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