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 Interleukin 19 (IL-19) and interleukin 24 (IL-24) are cytokines

 that are highly expressed in filarial infections. To study the role of

 IL-19 and IL-24 in regulating T-cell responses, we examined the

 frequency of T-helper type 1 (Thl)/Tcl, Th2/Tc2, Th9/Tc9,
 Thl7/Tcl7, Th22/Tc22, and Tri cells in 26 filariae-infected
 individuals stimulated with filarial antigen following IL-19 or
 IL-24 neutralization. IL-19 or IL-24 neutralization resulted in

 significantly enhanced frequencies of Thl/Tcl and/or Thl7/
 Tel7 cells and significantly reduced frequencies of Th2/Tc2,
 Tri, and/or Th9/Tc9 cells. Thus, we demonstrate that IL-19
 and IL-24 are associated with the modulation of T-cell responses
 in filarial infections.

 Keywords, filarial infections; T cells; cytokines; IL-19;
 IL-24; IL-10.

 The interleukin 20 (IL-20) cytokine subfamily comprises of in
 terleukin 19 (IL-19), IL-20, interleukin 22 (IL-22), interleukin

 24 (IL-24), and interleukin 26 (IL-26). Although members of

 the IL-20 subfamily are part of the larger interleukin 10 (IL

 IO) family, they are grouped together because of their use of com

 mon receptor subunits and similarities in their biological func

 tions [1], These cytokines signal through heterodimeric
 receptors, composed of IL-20 receptor 2 (IL-20R2) or IL-10R2

 paired with either IL-20R1 or IL-22R1 [ 1,2]. T cells and myeloid

 cells are the primary sources of IL-19, IL-20, IL-22, IL-24, and IL

 26 [3]. Although epithelial cells are the main target of these cyto

 kines, previous reports suggest that IL-19, IL-20, and IL-24 can
 also modulate the function of T cells [3-5]. Thus, IL-19, IL-20,

 and IL-24 have been shown to downregulate T-helper type 1

 (Thl) responses and upregulate the Th2 response in murine
 models [4, 5].
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 Among the disease-causing filarial parasites, those that cause

 lymphatic filariasis afflict >120 million people worldwide and,

 similar to most helminth infections, are characterized by a

 down-modulation of antigen-specific CD4+ and CD8+ Thl/Tcl,

 Thl7/Tcl7, and Th22/Tc22 responses and an expansion of Th2/

 Tc2, Th9/Tc9, and Tri responses [6], The modulation of Thl,

 Thl7, and Th22 responses have been previously shown to be me

 diated by 2 regulatory cytokines, IL-10 and transforming growth

 factor ß [6]. We have previously reported that IL-19 and IL-24 are

 highly expressed in chronic filarial infections and that these cyto

 kines are associated with protection against lymphatic pathology

 associated with lymphatic filariasis [7]. While IL-10, with its

 primary effects on CD4+ and CD8+ T cells, is a known regulator

 ofT-cell function in lymphatic filariasis [6], the effect of IL-19 and

 IL-24 in this chronic infection remains unexplored. Hence, we

 sought to explore the impact of these cytokines on T cells in filar

 ial infections and compare this to the effect of IL-10. We demon

 strate that, while IL-10 functions as a global modulator of CD4+

 and CD8+ T-cell responses, IL-19 and/or IL-24 modulate primar

 ily Thl/Tcl and Thl7/Tcl7 responses while enhancing Th2/Tc2,

 Th9/Tc9, and Tri responses in filarial infection.

 MATERIALS AND METHODS

 Study Population

 We studied a group of 26 clinically asymptomatic, filariae
 infected individuals and 10 uninfected control individuals in

 an area of Tamil Nadu, South India, where Wuchereria bancrof

 ti is endemic. All infected individuals were positive for circulat

 ing filarial antigen by both an immunochromatographic test
 (Alere, Portland, Maine) and the TropBio Og4C3 enzyme
 linked immunosorbent assay (ELISA; Cellabs, Australia) and

 had not received any antifilarial treatment prior to enrollment

 in this study. Uninfected control individuals had negative re
 sults of both tests. All individuals were examined as part of a

 natural history study with the protocol approved by the institu

 tional review boards of both the National Institutes of Allergy
 and Infectious Diseases and the National Institute for Research

 in Tuberculosis (clinical trials registration NCT00001230), and

 informed written consent was obtained from all participants.

 Parasite Antigen

 Saline extracts of Brugia malayi adult worms (BmA) at 10 pg/
 mL were used for stimulation. Endotoxin levels in the BmA was

 determined to be <0.1 EU/mL, using the QCL-1000 Chromo

 genic LAL test kit (BioWhittaker, Radnor, Pennsylvania).

 In Vitro Culture

 Whole-blood specimens were cultured in the presence of anti

 IL-10, anti-IL-19, anti-IL-24, or isotype control antibody (all
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 5 (ig/mL; R 8r D Systems, Minneapolis, Minnesota) for 18 hours,
 after which BmA was added and cultured for a further 6 hours.

 Briefly, whole-blood specimens were diluted 1:1 with Roswell

 Park Memorial Institute 1640 medium supplemented with pen

 icillin/streptomycin (100 U/100 mg/mL), L-glutamine (2 mM),

 and HEPES ( 10 mM; all from Invitrogen, San Diego, California)

 and placed in 12-well tissue culture plates (Costar, Corning,

 New York). Fastimmune Brefeldin A Solution (10 pg/mL; BD

 Biosciences, San Diego, California) was added 2 hours before

 culturing ended. Whole-blood specimens were then centrifuged

 and washed with cold phosphate-buffered saline (PBS), and lx

 fluorescence-activated cell-sorting (FACS) lysing solution (BD

 Biosciences) was added. The cells were fixed using cytofix/
 cytoperm buffer (BD Biosciences), cryopreserved, and stored
 at —80°C until use.

 Intracellular Cytokine Staining

 The cells were thawed and washed with PBS first and PBS/1%

 bovine serum albumin later and then stained with surface

 antibodies for 30-60 minutes. Surface antibodies used were

 CD3-AmCyan, CD4-allophycocyanin-Hilite 7, and CD8
 phycoerythrin-cyanine 7 (all from BD Biosciences). The cells

 were washed and permeabilized with BD Perm/Wash buffer

 (BD Biosciences) and stained with intracellular cytokines for

 an additional 30 minutes before washing and acquisition. Cyto

 kine antibodies used were anti-interferon y (IFN-y), anti
 tumor necrosis factor a (TNF-a), anti-interleukin 2 (IL-2),
 anti-interleukin 4 (IL-4), anti-interleukin 5 (IL-5), anti

 interleukin 9 (IL-9), IL-10, anti-interleukin 17 (IL-17), and

 anti-interleukin 22 (IL-22) (BD Biosciences). Flow cytometry

 was performed on a FACS Canto II flow cytometer with FACS
 Diva software v.6 (Becton Dickinson, Franklin Lakes, New

 Jersey). The lymphocyte gating was set by forward and side scat

 ter, and 100 000 gated lymphocyte events were acquired. Data

 were collected and analyzed using Flowjo software (Flowjo,
 Ashland, Oregon). All data are depicted as frequencies, with

 frequencies denoting the percentage of CD4+ and CD8+ T
 cells expressing the respective cytokine(s).

 Statistical Analysis

 Data analyses were performed using GraphPad PRISM (GraphPad

 Software, San Diego). Geometric means were used for measure

 ments of central tendency. Statistically significant differences

 were analyzed using the Wilcoxon signed rank test, followed

 by the Holm correction for multiple comparisons.

 RESULTS

 Regulation of CD4+ T-Cell Subsets by IL-10, IL-19, and IL-24

 To examine the effect of IL-19 and IL-24 (as well as IL-10) on

 CD4+ T cells in filarial infections, we measured the frequencies

 of Thl (IFN-y-, TNF-a-, or IL-2-expressing), Thl7 (IL-17
 expressing), Th22 (IL-22-expressing), Th2 (IL-4-, IL-5-, or in

 terleukin 13 [IL-13]-expressing), Th9 (IL-9-expressing), and

 Tri (IL-10-expressing but not IFN-y- and IL-4-expressing)
 cells following neutralization of IL-10, IL-19, or IL-24 and stim
 ulation with BmA in 26 filariae-infected individuals. As shown

 in Figure 1A, IL-10 neutralization resulted in significantly in

 creased frequencies of CD4+ Thl, Thl7, Th22, and Th2 cells

 and significantly decreased frequencies of CD4+ Th9 and Tri

 cells. As shown in Figure Iß, IL-19 neutralization resulted in

 significantly increased frequencies of Thl cells and decreased

 frequencies of Th2, Th9, and Tri cells. As shown in Figure 1C,

 IL-24 neutralization resulted in significantly increased frequen

 cies of Thl and Thl7 cells and significantly decreased
 frequencies of Th9 and Tri cells. In addition, IL-19 or IL-24 neu

 tralization had no significant effect on the CD4+ T-cell frequen

 cies in response to BmA in filariae-uninfected individuals. Also,

 neutralization of IL-19 or IL-24 in unstimulated samples had no

 effect on CD4+ T-cell frequencies (data not shown). Thus, IL-19

 and/or IL-24 appear to act on CD4+ T cells by downregulating

 antigen-specific Thl and Thl7 responses and upregulating

 Th2, Th9, and Tri responses in filarial infection.

 I I Ii in ii in a il ni

 To examine the effect of IL-19 and IL-24 (as well as IL-10) on

 CD8+ T cells in filarial infections, we measured the frequencies

 of Tel (IFN-y-, TNF-a-, or IL-2-expressing), Tcl7 (IL-17—
 expressing), Tc22 (IL-22-expressing), Tc2 (IL-4-, IL-5-, or
 IL-13-expressing), Tc9 (IL-9-expressing), and Tri (IL-10—
 expressing but not IFN-y- and IL-4-expressing) CD8+ T cells

 following neutralization of IL-10, IL-19, or IL-24 and stimula
 tion with BmA in 26 filariae-infected individuals. As shown in

 Figure 2A, IL-10 neutralization resulted in significantly in
 creased frequencies of Tel, Tcl7, Tc22, and Tc2 cells and signi

 ficantly decreased frequencies of Tc9 and Tri cells. As shown in

 Figure 2B, IL-19 neutralization resulted in significantly in
 creased frequencies of Tel and Tel7 cells and decreased fre

 quencies of Tc2 and Tri cells. As shown in Figure 2C, IL-24
 neutralization resulted in significantly increased frequencies of

 Tel and Tel7 cells and significantly decreased frequencies of
 Tc2, Tc9, and Tri cells. In addition, IL-19 or IL-24 neutralization

 had no significant effect on CD8+ T-cell frequencies in response
 to BmA in filariae-uninfected individuals. Also, neutralization

 of IL-19 or IL-24 in unstimulated samples had no effect on

 CD8+ T-cell frequencies (data not shown). Thus, IL-19 and IL

 24 both appear to act on CD8+ T cells by downregulating Tel

 and Tcl7 responses and upregulating Tc2, Tc9, and Tri respons
 es in filarial infection.

 DISCUSSION

 Although the role of IL-22 in host defense during infection with

 extracellular pathogens is well established [1], very little is known

 about the contribution of the other IL-20 subfamily cytokines to

 host resistance during infection. We have previously reported that

 the frequencies of CD4+ and CD8+ T cells expressing IL-19, IL-24,
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 Figure 1. Altered frequencies of CD4+ T-helper type 1 (Th1), Th17, Th22, Th2, Th9, and Tri cells following neutralization of interleukin 10 (IL-10), interleukin 19 (IL-19), and

 interleukin 24 (IL-24). Frequencies of CD4+ Th1, Th2, Th9, Th17, Th22, and Tr1 cells stimulated by saline extracts of Brugia malayiadult worms were measured by flow cytometry

 following neutralization of IL-10 (A), IL-19 (ß), IL-24 (C), or Isotype control antibody in 26 filariae-infected individuals. The data are represented as line diagrams, with each line

 representing a single individual. The shaded portion represents the upper threshold for the frequencies in uninfected subjects, and each triangle represents a single individual.

 Pvalues were calculated by the Wilcoxon signed rank test, followed by the Holm correction. Abbreviations: IFN-y, interferon y; lgG2B, immunoglobulin G2B; IL-2, interleukin 2;

 IL-4, interleukin 4; IL-5, interleukin 5; IL-9, interleukin 9; IL-10, interleukin 10; IL-13, interleukin 13; IL-17, interleukin 17; IL-22, interleukin 22; TNF-a, tumor necrosis factor ct.

 and IL-26 are expanded in filarial infections [7], and others have

 shown increased IL-19 production by dendritic cells in Klebsiella

 pneumoniae infection [8]. Moreover, IL-19, IL-20, and IL-24
 were shown to be induced in response to Staphylococcus aureus

 infection [9], in which these cytokines potently inhibit the pro

 duction of interleukin lß and IL-17, resulting in increased sus

 ceptibility and a greater severity of infection [9]. In terms of

 the mode of action, signaling through IL-20R2 has been shown

 to downregulate antigen-specific T-cell responses in mice [5],and

 IL-19, IL-20, and IL-24 have been shown to depress IFN-y
 expression and enhance IL-4 and IL-13 expression in human T
 cells in vitro [4]. Thus, it has been assumed that the IL-20 sub

 family of cytokines could potentially play an antiinflammatory

 role similar to that of the parent cytokine, IL-10 [2].

 In this study, we provide definitive evidence for a modulatory

 role for 2 of the IL-20 subfamily members: IL-19 and IL-24.

 Our findings confirm the potent role played by IL-10 in filarial in

 fection by demonstrating its effect on all the subsets of both CD4+

 and CD8+ T cells responding to parasite antigen. Thus, IL-10

 clearly down-modulates the Thl/Tcl, Th2/Tc2, Thl7/Tcl7, and

 Th22/Tc22 arms of T-cell subsets responding to parasite antigen,

 while facilitating the expansion of Th9/Tc9 and Tri cells. Al

 though the influence of IL-10 in T-cell responses in helminth in

 fections have been examined previously [6], this study, to our

 knowledge, is the most comprehensive examination of all currently
 known subsets of CD4+ and CD8+ T cells in a helminth infection.

 In addition, our data also reveal a novel role for both IL-19
 and IL-24 in human helminth infections. Examination of
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 Figure 2. Altered frequencies of CD8+Tc1, Tc17, Tc22, Tc2, Tc9, and Tri cells following neutralization of interleukin 10 (IL-10), interleukin 19 (IL-19), and interleukin 24 (IL

 24). Frequencies of CD8+ Tel, Tc17, Tc22, Tc2, Tc9, and Tr1 cells stimulated by saline extracts of Brugia malayi adult worms were measured by flow cytometry following

 neutralization of IL-10 {A), IL-19 (6), IL-24 (C), or isotype control antibody in 26 filariae-infected individuals. The data are represented as line diagrams, with each line repre

 senting a single individual. The shaded portion represents the upper threshold for the frequencies in uninfected subjects, and each triangle represents a single individual. P

 values were calculated by the Wilcoxon signed rank test, followed by the Holm correction. Abbreviations: IFN-y, interferon y; lgG2B, immunoglobulin G2B; IL-2, interleukin 2; IL

 4, interleukin 4: IL-5, interleukin 5: IL-9, interleukin 9: IL-10, interleukin 10: IL-13, interleukin 13: IL-17, interleukin 17; IL-22, interleukin 22; TNF-a, tumor necrosis factor a.

 antigen-specific responses clearly reveals a major effect of both

 IL-19 and IL-24 in modulating T-cell responses in filarial infec

 tions. Both IL-19 and IL-24 downregulate Thl/Tcl responses in
 filariae-infected individuals but not those in uninfected individ

 uals. Similarly, both cytokines appear to also inhibit Tel respons

 es and, to a lesser extent, Thl responses. IL-19 is known to be

 upregulated in macrophages and T cells and lessens inflamma

 tion by suppressing the production of TNF-a, IL-6, and IL-12

 [10]. Moreover, IL-19-deficient mice are susceptible to experi

 mental colitis induced by dextran sodium sulfate, a disease char

 acterized by excessive inflammatory responses [11], Our data

 expand on these antiinflammatory effects of IL-19 by demon

 strating that IL-19 can directly inhibit Thl/Tcl and Thl7/Tcl7

 responses and thereby promote antiinflammatory host responses.

 The role of IL-24 in modulating T-cell responses has not been

 explored in detail. Our study suggests that IL-24 behaves similarly

 to IL-19 in terms of downregulating both Thl/Tcl and Thl7/

 Tel7 responses. Interestingly, neither IL-19 nor IL-24 had any

 effect on Th22/Tc22 responses.

 Our data also show that IL-19 has an important effect on

 Th2/Tc2 induction, since IL-19 blockade resulted in signifi

 cantly diminished Th2/Tc2 responses. IL-19 has been shown

 to induce Th2 responses and to be present in elevated levels

 in Th2-dominant conditions, such as asthma [12]. Our study

 expands on these findings and reveals an important role for

 IL-19 in regulating Th2/Tc2 responses in filarial infections, as

 well. Finally, our findings also reveal a novel but important

 role for IL-19 and IL-24 in promoting Th9/Tc9 and Tri

 814 . JID 2016:213 (1 March) • BRIEF REPORT
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 responses. Since both these responses appear to modulate resis

 tance to filarial infections [13,14], our data define IL-19 and IL

 24 as 2 additional important regulatory cytokines modulating

 the frequency of T-cell subsets in this infection. The future ex

 ploration of the mechanism by which these cytokines modulate

 T-cell responses could provide major insight into the role of this

 relatively understudied family of cytokines in infectious
 diseases.

 Supplementary Data

 Supplementary materials are available at http://jid.oxfordjournals.org.
 Consisting of data provided by the author to benefit the reader, the posted
 materials are not copyedited and are the sole responsibility of the author, so

 questions or comments should be addressed to the author.
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