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Abstract

During Ag priming, naive CD4+ T cells differentiate into subsets with distinct patterns of cytokine 

expression that dictate to a major extent their functional roles in immune responses. We identified 

a subset of CD4+ T cells defined by secretion of IL-3 that was induced by Ag stimulation under 

conditions different from those associated with previously defined functional subsets. Using 

mouse models of bacterial and viral infections, we showed that IL-3–secreting CD4+ T cells were 

generated by infection at the skin and mucosa but not by infections introduced directly into the 

blood. Most IL-3–producing T cells coexpressed GM-CSF and other cytokines that define 

multifunctionality. Generation of IL-3–secreting T cells in vitro was dependent on IL-1 family 

cytokines and was inhibited by cytokines that induce canonical Th1 or Th2 cells. Our results 

identify IL-3–secreting CD4+ T cells as a potential functional subset that arises during priming of 

naive T cells in specific tissue locations.

INTRODUCTION

Interleukin 3 was first described in 1981 as a lymphokine inducing the expression of 20-α-

hydroxysteroid dehydrogenase in cultures of splenic lymphocytes from nude mice (1). 

Subsequent studies showed that IL-3 is produced predominantly by activated T cells and 
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other immune cells such as mast cells (2) and causes growth and/or proliferation of multiple 

hematopoietic cells (2). Given its supportive effect on many leukocyte lineages, IL-3 was 

also known as multi-CSF and was hypothesized to be indispensable for hematopoiesis. 

However, hematopoiesis was unaffected in mice deficient in IL-3 (3). Instead, these mice 

were found to have defects in delayed-type hypersensitivity (3) and in immunity to parasites 

(4). More recent studies have shown that IL-3 has a detrimental role in experimental 

autoimmune encephalitis and myocarditis (2, 5), lupus nephritis (6), sepsis (7), and blood-

stage malaria (8) and a beneficial role in anti-tick immunity (9).

Although CD4+ T cells are the predominant source of T cell–derived IL-3, the particular 

subset or subsets of Th cells that produces IL-3 remains poorly defined (8). A classical study 

in the field of Th differentiation and specialization by Mosmann et al. (10) reported that both 

Th1 and Th2 clones expressed IL-3, suggesting that IL-3 is not subset specific. However, 

given the effect of IL-3 on proliferation of mast cells and basophils, its role in antiparasite 

immunity, and in potentiation of Th2 immunity, most studies have investigated IL-3 in the 

context of Th2 immune responses (8, 11). In contrast, we observed that IL-3–producing 

CD4+ T cells were also prominent among CD4+ T cells specific to Mycobacterium bovis 
bacillus Calmette-Guerin (BCG), which has generally been associated with priming of 

strong Th1 responses (12). This finding was surprising because IL-3 is seldom studied in the 

context of mycobacterial immunity and motivated us to further explore this finding. In 

addition, because most previous work on IL-3–producing CD4+ T cells has been performed 

with in vitro–derived T cell clones, we were motivated to characterize IL-3–secreting CD4+ 

T cells generated under more physiologic conditions.

In this study, we present results suggesting that IL-3–secreting CD4+ T cells represent a 

discrete subset of Th cells arising under particular conditions of T cell priming. Mouse 

infection models using BCG or HSV-2 showed that cutaneous infection with these microbes 

led to the generation of IL-3–producing CD4+ T cells, whereas i.v. infections did not. In 

addition, IL-3–producing CD4+ T cells were induced by oral infection with Listeria 
monocytogenes or vaginal infection with HSV-2, suggesting that they also arise from 

introduction of Ags at the mucosal barriers. The IL-3–producing CD4+ T cells typically 

coexpressed GM-CSF and other cytokines that define multifunctionality, and in vitro studies 

demonstrated that they were generated in the presence of IL-1 family cytokines combined 

with blockade of cytokines that drive Th1 and Th2 differentiation. The characteristic 

cytokine expression pattern of these cells, their dependence on initial stimulation by Ags 

introduced at cutaneous or mucosal barriers, and the unique cytokine milieu driving their 

generation suggest that IL-3–secreting CD4+ T cells are a distinct functionally specialized 

subset of Th cells.

MATERIALS AND METHODS

Mice

Six- to eight-week-old female wild-type (WT) C57BL/6 mice were obtained from The 

Jackson Laboratory. C57BL/6-P25 TCR– transgenic (Tg) and GFP-expressing C57BL/6–

OT-II TCR-Tg mice were bred in our facility from founders obtained from The Jackson 

Laboratory and G. Lauvau (Albert Einstein College of Medicine, Bronx, NY), respectively. 
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All mice were maintained in specific pathogen-free conditions. All procedures involving the 

use of animals were in compliance with protocols approved by the Einstein Institutional 

Animal Use and Biosafety Committees.

Infection with M. bovis BCG

M. bovis BCG-Danish was obtained from Statens Serum Institute (Copenhagen, Denmark) 

and was grown in Middlebrook 7H9 medium (Difco Laboratories, BD Diagnostic Systems, 

Sparks, MD) with oleic acid–albumin–dextrose–catalase (OADC Enrichment; Difco 

Laboratories, BD Diagnostic Systems) and 0.05% tyloxapol (Sigma-Aldrich, St. Louis, MO) 

(13). Bacteria were grown from low passage number frozen stocks, cultured to midlog 

phase, and then frozen in medium with 5% glycerol at −80°C. Bacteria were thawed, 

washed, resuspended in PBS containing 0.05% Tween-80, and sonicated to obtain a single-

cell suspension prior to infection. Mice were vaccinated with 2 × 106 CFU of bacteria s.c. at 

the base of the tail or i.v. in the tail vein. Mice were euthanized 4 wk after vaccination to 

isolate spleen and draining lymph nodes. Splenocyte and lymph node single-cell suspensions 

were prepared by gently forcing spleen through a 70-μm cell strainer. RBC lysis step was 

performed with splenocyte suspension using RBC lysing buffer (Hybri-Max; Sigma-

Aldrich).

Infection with M. tuberculosis

All experiments involving M. tuberculosis were conducted in biosafety level 3 conditions. 

M. tuberculosis (strain H37Rv) were cultured at 37°C in Middlebrook 7H9 medium 

containing 10% (v/v) oleic acid–albumin–dextrose–catalase, 0.5% (v/v) glycerol, and 0.05% 

(v/v) tyloxapol. Bacteria were grown from low passage number frozen stocks, cultured to 

midlog phase, and then frozen in medium with 5% glycerol at −80°C. Bacteria were thawed, 

washed, resuspended in PBS containing 0.05% Tween-80, and sonicated to obtain a single-

cell suspension for OD measurements. The final bacterial suspension, which contained 2 × 

106 CFU/ml of bacteria in PBS containing 0.05% (v/v) Tween-80 and 0.05% (v/v) antifoam 

Y-30 (Sigma-Aldrich), was loaded into a nebulizer attached to an airborne infection system 

called Einstein Contained Aerosol Pulmonizer (14). Mice were exposed to aerosolized 

H37Rv for 20 min, and ⁓100 H37Rv bacteria were deposited into the lungs of each animal. 

The inoculum dose was confirmed by plating of whole-lung homogenates at 24 h 

postaerosol exposure. Four weeks post-infection, mice were euthanized, and mediastinal 

lymph nodes were harvested for further processing.

Infection with HSV 2

Both vaginal and skin infections were performed with a clinical isolate, HSV-2 (4674) (15), 

as described previously (16). Briefly, the virus was propagated on Vero cells (green monkey 

kidney cell line, CCL-81; American Type Culture Collection), which were passaged in 

DMEM supplemented with 10% FBS (Atlanta Biologicals). To make frozen stocks, cells 

were pelleted and lysed by three cycles of freeze thawing. Resulting viral stocks were stored 

at −80°C and diluted in PBS on the day of infection. For vaginal infections, each mouse was 

infected with 5 × 104 PFU, which corresponds to a lethal dose in 90% of infected mice 

(LD90), and for skin infections, each mouse was infected with five times the LD90. For the 

skin scarification model, mice were depilated on the right flank with a commercial hair 
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removal cream (Nair, Church and Dwight) and allowed to rest for 24 h. Depilated mice were 

anesthetized with isoflurane (Isothesia, Henry-Schein), abraded on the exposed skin with a 

disposable emery board for 20–25 strokes, and subsequently challenged with 5 μl of viral 

suspension deposited on the abraded skin. Mice were then anesthetized for an additional 5 

min to allow the virus inoculum to dry. For intravaginal infection, mice were injected with 

2.5 mg of medroxyprogesterone acetate (Sicor Pharmaceuticals) s.c. at the scruff of the 

neck. Five days later, they were anesthetized with isoflurane, and 20 μl of viral suspension 

was deposited in the vagina using a blunt pipette tip. After infections, the mice were 

monitored for 7 d for signs of disease. If the mice developed hind-limb paralysis or became 

morbid, mice were euthanized and organs were not procured (16). Surviving mice were 

euthanized on day 7 to isolate spleen and draining lymph nodes.

Infection with L. monocytogenes

L. monocytogenes strain 10403s expressing the gene encoding the OVA model Ag was 

obtained from G. Lauvau (Albert Einstein College of Medicine, Bronx, NY). The bacterial 

stocks were prepared from clones grown from organs of infected mice and kept at −80°C. 

High-dose gastric infection was performed as previously described with some modifications 

(17). Briefly, the cultures were grown overnight in broth heart infusion medium (Sigma-

Aldrich), and the next day, fresh cultures were grown until reaching an OD600 of 0.8 U 

(OD600 of 0.1 corresponds to 2 × 108 Listeria/ml). The cells were then pelleted and diluted 

in PBS appropriately. The mice were infected by gastric intubation with 200 μl of bacterial 

suspension, which corresponds to 5 × 109 Listeria bacilli. The infecting dose was confirmed 

by plating dilutions of the inoculum on broth heart infusion agar plates. The mice were 

monitored for disease and euthanized on day 9 when spleens were isolated.

Differentiation of CD4+ T cells in vitro

For in vitro differentiation of WT CD4+ T cells, 25,000 CD4+ T cells enriched by negative 

selection (Stem Cell Technologies) were cultured in a 96-well plate coated with anti-CD3 

(clone 145–2C11) and anti-CD28 (clone 37.51) Ab. IMDM medium (Life Technologies) 

supplemented with penicillin-streptomycin (Life Technologies), FBS (10%; Atlanta 

Biologicals), β-mercaptoethanol (Life Technologies), and essential and nonessential amino 

acids (Life Technologies) was used for all in vitro experiments. The medium used for Th1 

differentiation contained IL-12 (10 ng/ml) and anti–IL-4 (clone 11B11, 10 μg/ml). The 

medium used for Th2 differentiation contained IL-4 (10 ng/ml), anti–IFN-γ (IFN-γ, clone 

XMG1.2, 10 μg/ml), and anti–IL-12 (clone C17.8, 10 μg/ml). The medium used for Th17 

differentiation contained anti–IFN-γ (10 μg/ml), anti–IL-4 (10 mg/ml), TGF-β (5 ng/ml), 

IL-6 (100 ng/ml), and IL-23 (20 ng/ml). The medium used for induced regulatory T (iTreg) 

differentiation contained IL-2 (5 ng/ml) and TGF-β (5 ng/ml). For Th1 and Th2 

differentiation, replenishing media used on day 3 and day 4 contained IL-2 (10 ng/ml). All 

cytokines were obtained from Peprotech, and Abs were obtained from Bio X Cell. On day 5, 

cells were harvested for restimulation and subsequent staining. For differentiation of Ag-

specific CD4+ T cells from TCR-Tg mice, 25,000 CD4+ T cells purified by negative 

selection were cultured with 75,000 irradiated, T cell– depleted WT splenocytes in the 

presence of cognate peptide (for P25 TCR-Tg cells, FQDAYNAAGGHNAVF; for OT-II 

TCR-Tg cells, ISQAVHAAHAEINEAGR, both from Mimotopes and used at 5 μg/ml). All 
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cytokines used in the screen to enrich IL-3–secreting cells were used at a concentration of 10 

ng/ml except IL-33, which was used at a concentration of 100 ng/ml.

T cell stimulation, intracellular cytokine staining, and flow cytometry

The splenocytes or lymph node suspensions from vaccinated or infected mice and CD4+ T 

cells differentiated in vitro were restimulated with appropriate Ags for 6 h, with the last 4 h 

in the presence of monensin (5 μM; Sigma-Aldrich) and brefeldin A (5 μg/ml; Sigma-

Aldrich). Restimulation was performed in RPMI medium (Life Technologies) supplemented 

with HEPES (Life Technologies), penicillin-streptomycin (Life Technologies), FBS (10%; 

Atlanta Biologicals), β-mercaptoethanol (Life Technolo-gies), essential amino acids (Life 

Technologies), and nonessential amino acids (Life Technologies). To restimulate single-cell 

suspensions from mice vaccinated with BCG, mycobacterial lysate prepared as previously 

described (18) was used at a concentration of 50 μg/ml protein. To restimulate single-cell 

suspensions from mice infected with M. tuberculosis, ESAT-6 peptide (MTEQQWN 

FAGIEAAASAIQG, Mimotopes) was used at 5 μg/ml. To restimulate single-cell 

suspensions from mice infected with HSV-2, UV-inactivated HSV-2 was used in a ratio of 5 

UV-HSV for 1 splenocyte (19). To restimulate single-cell suspensions from mice infected 

with Listeria, a mixture of OVA and listeriolysin O (LLO) peptides (OT-II peptide, 

FQDAYNAAGGHNAVF; LLO peptide, NEKYAQAYPNVS; both from Mimotopes and 

used at 5 μg/ml) were used. Restimulation of in vitro–differentiated T cells was performed 

with PMA (1 μg/ml; Sigma-Aldrich) and ionomycin (1 μg/ml; Sigma-Aldrich). After re-

stimulation, cells were suspended in PBS and stained with viability dye (LIVE/DEAD 

Fixable Blue Dead Cell Stain; Molecular Probes) and subsequently with fluorochrome-

conjugated Abs against surface markers in PBS containing FBS (2%) and sodium azide 

(0.05%; Sigma-Aldrich). Cells were fixed using paraformaldehyde (2% in PBS; Electron 

Microscopy Sciences), permeabilized (Fixation/ Permeabilization buffer; eBioscience), and 

stained for intracellular cytokines. Intracellular cytokine staining buffer used was Dulbecco 

PBS with calcium and magnesium (Life Technologies) containing FBS (2%), sodium azide 

(0.05%), HEPES (1%), and saponin (0.1%; Sigma-Aldrich). The cells were then washed 

with intracellular cytokine staining buffer and PBS before collecting data using a BD LSR-II 

flow cytometer (BD Biosciences). The following Abs were used for staining: CD4-

allophycocyanin-Cy7 (clone RM4–5; Tonbo Biosciences), CD44-eFluor 450 (clone IM7; 

eBioscience), CD8α-PE-Cy5 (clone 53–6.7; Tonbo Biosciences), B220-PE-Cy5 (clone 

RA3–6B2; BD Biosciences), MHC class II (MHC II)–PE-Cy5 (clone M5/ 114.15.2; 

eBioscience), IFN-γ–Alexa Fluor 700 (clone XMG1.2; BD Biosciences), TNF–Alexa Fluor 

488 (clone MP6-XT22; BD Biosciences), IL-2–PE-Cy7 (clone JES6–5H4; eBioscience), 

GM-CSF (clone MP1–22E9; eBioscience), IL-4 (clone 11B11; BD Biosciences), IL-13 

(clone eBio13A; eBioscience), IL-17 (clone eBio17B7; eBioscience), IL-10 (clone JES5–

16E3; BioLegend), and IL-3–PE (clone MP2–8F8; BD Biosciences).

Statistical analysis

For individual pairwise comparisons, Student t tests were performed to assess the level of 

statistical significance and were reported as significant for p values <0.05. For multiple 

comparisons, a one-way ANOVA was performed initially to test for significance of overall 

difference among group means. For p values <0.05, post hoc comparisons were made 
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between two groups as indicated in the figure legends. The p values of post hoc comparisons 

were corrected for multiple testing using Dunnett method and were reported as significant 

for p values <0.05. All statistical analyses were performed using GraphPad Prism software, 

version 7.

RESULTS

Induction of IL-3–producing CD4+ T cells in vivo

In our previous work, we have shown that IL-3–producing CD4+ T cells develop following 

vaccination with BCG by s.c. route or infection with M. tuberculosis by aerosol (12). We 

tested the possibility that i.v. BCG infection might induce a higher number of IL-3–secreting 

CD4+ T cells, potentially contributing to the greater protective effects attributed to BCG 

vaccination by this route (20). Splenocytes from C57BL/6 mice that were vaccinated 

previously with BCG s.c. or i.v. were stimulated ex vivo with M. tuberculosis lysate and 

stained for intracellular IL-3. Consistent with previous findings, a small population of CD4+ 

T cells from s.c. vaccinated mice produced IL-3 (Fig. 1A, Supplemental Fig. 1A). However, 

we did not detect IL-3 production from CD4+ T cells from mice vaccinated by the i.v. route. 

The lack of IL-3 production was not due to a generalized reduction in cytokine production 

because distinct populations of CD4+ T cells producing IFN-γ, IL-2, and TNF were 

visualized after i.v. vaccination (Fig. 1A).

To test whether the effect of route of infection observed above was also seen in a virus 

infection model, we examined generation of IL-3–producing CD4+ T cells following skin 

infection with HSV-2 (16) compared with i.v. infection with this virus. One week 

postinfection, splenocytes from infected mice were restimulated with UV-inactivated HSV-2 

and then analyzed for intracellular IL-3 by flow cytometry. Similar to the results with BCG 

infection, we observed a population of IL-3–secreting CD4+ T cells in mice infected 

cutaneously but not in mice infected by the i.v. route (Fig. 1B). In contrast, both routes of 

infection induced populations of CD4+ T cells producing IFN-γ, IL-2, and TNF (Fig. 1B).

Given that mucosal surfaces share with skin the function of acting as barriers to microbes 

and may provide similar microen-vironments for influencing T cell differentiation, we next 

tested whether IL-3–producing CD4+ T cells were induced in models of mucosal infections. 

We infected mice with HSV-2 intravaginally (16) and harvested splenocytes 7 d 

postinfection for restimulation ex vivo with UV-inactivated HSV-2 followed by intracellular 

IL-3 staining. In another model of mucosal infection, we used intragastric infection with L. 
monocytogenes and 9 d following infection examined splenic T cells for Ag-specific 

production of IL-3 by intracellular cytokine staining (21). In both mucosal infection models, 

we detected a distinct population of IL-3–producing CD4+ T cells (Fig. 1C, 1D). 

Collectively, these results suggest that generation of IL-3–secreting CD4+ T cells in vivo is 

restricted to infection or vaccination through barrier surfaces, such as skin and mucosa. 

Based on our findings, and consistent with previously published results (22), this route 

dependence for inducing IL-3–secreting CD4+ T cells appears to be preserved across a range 

of different pathogen challenges, including bacteria, viruses, and parasites.
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Coexpression of multiple cytokines by IL-3–producing CD4+ T cells

Our previous experiments with BCG-vaccinated mice have shown that IL-3–producing 

CD4+ T cells coexpress IFN-γ, the signature cytokine of Th1 cells, but segregate from cells 

that produce the canonical Th2 cytokine IL-4 or Th17 cytokine IL-17A (12). Coexpression 

of IL-3 with IFN-γ was also noted for CD4+ T cells from mice infected with virulent M. 
tuberculosis by aerosols (Supplemental Fig. 2A). We next tested in the BCG model whether 

IL-3 is coexpressed with IL-2 or TNF, as multifunctional Th1 cells express these two 

cytokines in addition to IFN-γ (23). The results showed that most IL-3–secreting T cells 

coexpressed either IL-2 or TNF (Fig. 2A). Quantification of coexpression patterns showed 

that ⁓75% of the IL-3–secreting cells expressed all three cytokines that define 

multifunctionality (Fig. 2A). In addition, consistent with previous observations (23), IL-3+ T 

cells had higher levels of individual cytokines compared with IL-3–negative T cells 

(Supplemental Fig. 2B). We also noted that IL-3 secretion did not generally define 

multifunctional T cells because only a small fraction of multifunctional T cells (⁓5%) 

coexpressed IL-3. Similar coexpression profiles were also seen with IL-3–secreting CD4+ T 

cells in the HSV-2 skin infection model (Fig. 2B, 2C, Supplemental Fig. 2C), including 

positivity for Tbet (Fig. 2D), as previously reported with M. bovis BCG model (12). 

Collectively, these results suggest that in these models, IL-3–secreting T cells are closely 

related to conventionally defined multifunctional Th1 cells and may define a specific subset 

or activation state of these.

IL-3 production by canonical T helper populations generated in vitro

Although studies have examined IL-3 expression by T cell clones, no studies, to our 

knowledge, have examined IL-3 production following activation and differentiation of 

primary naive CD4+ T cells in vitro under defined culture conditions. Such studies are useful 

for defining the environmental cues and signals that guide differentiation of naive T cells 

into specific functional subsets (24, 25). Using established in vitro T cell differentiation 

protocols (26–28), we first tested which of the currently well-defined functional T cell 

subsets express IL-3. We isolated CD4+ T cells from splenocytes collected from naive 

C57BL/6 mice and stimulated them in vitro with plate-bound CD3 and CD28 Abs under 

culture conditions known to induce Th1, Th2, Th17, and iTreg cells (26–28). After 5 d of 

culture, the cells were restimulated with PMA and ionomycin and then underwent 

intracellular cytokine staining. For each of the culture conditions, we observed robust 

expression of corresponding signature cytokines (Supplemental Fig. 3A). Of note, we 

pursued IL-13 as a marker of Th2 polarization because this cytokine was more strongly 

expressed than IL-4 in our experimental system (Supplemental Fig. 3A). When examined for 

IL-3 expression, we found that approximately a quarter of cells cultured under Th1 (⁓24%) 

and Th2 (⁓23%) conditions expressed IL-3, whereas this fraction was small for Th17 (2%) 

and iTreg (4%) conditions (Fig. 3A). All IL-3–secreting cells derived under the Th1 

conditions coexpressed IFN-γ, and those from Th2 conditions coexpressed IL-13 (Fig. 3A). 

Half of IL-3–producing cells coexpressed IL-17 under Th17-priming condition, whereas no 

definite coexpression was seen between IL-3 and IL-10 in iTreg-promoting conditions (Fig. 

3A). These results were compatible with IL-3 being expressed by a substantial fraction of 

both Th1 and Th2 cells in vitro (10).
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We also generated Th1 cells in vitro from TCR-Tg mice with specificity toward OVA or Ag 

85B of M. tuberculosis. In these experiments, purified CD4+ T cells from TCR-Tg mice 

were stimulated with cognate peptides using irradiated T cell–depleted splenocytes as Ag-

presenting cells. After 5 d of culture under Th1 conditions, the cells underwent stimulation 

with PMA and ionomycin and intracellular cytokine staining. CD4+ T cells from both Tg 

mice produced IFN-γ as expected, and a portion of them expressed IL-3 (Fig. 3B, 

Supplemental Fig. 3B). Similar to Th1 cells generated from WT mice, IL-3–secreting cells 

coexpressed IFN-γ, IL-2, and TNF (Fig. 3B, Supplemental Fig. 3B). These results further 

supported the idea that IL-3–secreting cells were closely related to multifunctional Th1 cells.

Cytokines of the IL-1 family favor generation of IL-3+ CD4+ T cells

Although IL-3 was coexpressed with signature cytokines of Th1, Th2, and to a certain extent 

Th17 cells, the dependence of IL-3–producing T cells on the route of Ag exposure in vivo 

indicated unique conditions for their induction and suggested that it might be possible to 

generate relatively pure IL-3–producing cells by mimicking these conditions in vitro. Based 

on this assumption, we devised an approach involving the culturing of naive CD4+ T cells in 

the presence of Abs that neutralize Th1 and Th2 cytokines with addition of cytokines that 

are known to be strongly associated with skin and mucosal barriers, including IL-1α, IL-1β, 

IL-33 and thymic stromal lymphopoietin (29–32). We also included IL-18, which has been 

shown to induce cells that secrete IFN-γ and IL-3 (33), and IL-7, which has been shown to 

enhance in vitro generation of GM-CSF–producing cells that coexpress IL-3 (34). In 

addition, we included IL-3 and GM-CSF to test if these related cytokines have an autocrine 

effect, as in the case of IL-4 for Th2 differentiation (25).

For the initial experiments, WT splenocytes were stimulated with plate-bound CD3 and 

CD28 Abs and cultured for 5 d in the presence of blocking Abs (a mixture of neutralizing 

Abs to IL-4, IL-12, and IFN-γ) and one of the selected cytokines. The cells then underwent 

restimulation with PMA and ionomycin and sub-sequently intracellular cytokine staining. 

Whereas neutralizing Abs alone generated minimal frequencies of IL-3–producing cells, 

addition of certain cytokines induced robust production of IL-3–producing T cells (Fig. 4A). 

Specifically, considerable numbers of IL-3–producing cells were seen with addition of 

IL-1α, IL-1β, IL-18, or IL-33. All of these four cytokines belong to the IL-1 cytokine 

family, indicating a possible common signaling mechanism responsible for driving 

differentiation to an IL-3–producing subset. Similar experiments were carried out with CD4+ 

T cells from TCR-Tg mice with IL-1α as the selected cytokine, which showed that robust 

expression of IL-3 was observed with both TCR-Tg models tested (Fig. 4B, Supplemental 

Fig. 3C). Interestingly, these cells did not coexpress any signature cytokines known to be 

associated with currently defined functional T cell subsets except for a moderate secretion of 

IFN-γ (Fig. 4B, 4C, Supplemental Fig. 3C), suggesting relatively little phenotypic and 

functional overlap with other defined Th subsets.

Relation of IL-3–producing to GM-CSF–producing CD4+ T cells

The IL-3 and GM-CSF genes are closely linked in the human and mouse genome, show 

similar genomic structures, and share several conserved elements in their 5′ and 3′ flanking 

regions (35). These two cytokines are shown to be coexpressed in T cells with a few 
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exceptions (34–36). Consistent with these reports, we observed coexpression of IL-3 with 

GM-CSF in both skin and vaginal HSV-2 infection models and in the M. tuberculosis 
infection model (Fig. 5A). As expected, most GM-CSF–producing cells also expressed 

cytokines that define multifunctionality (Fig. 5B, Supplemental Fig. 4A). Similarly, 

restriction to cutaneous route of infection was also seen with GM-CSF–producing CD4+ T 

cells in mice infected with HSV-2 (Fig. 5C). In addition, a subset of Th1 cells generated in 

vitro–produced GM-CSF (Fig. 5D) and coexpressed cytokines that define multifunctionality 

(Supplemental Fig. 4B). Finally, a subset of IL-3–producing cells generated under 

conditions that favor IL-3 production also secreted GM-CSF (Fig. 5D). We noticed that 

similar to Th1 condition, GM-CSF+ IL-3− cells were not generated in this condition. 

Collectively, these results suggest that the functional characteristics and requirements for 

generation of GM-CSF–producing CD4+ T cells are similar to those of IL-3–producing 

CD4+ T cells. They also indicate substantial although not complete overlap between IL-3– 

and GM-CSF–producing T cell subsets.

DISCUSSION

Secretion of signature cytokines, expression of a master transcriptional regulator, and a 

requirement for a specific cytokine priming environment are considered important criteria 

for classification of CD4+ T cells into distinct functional subsets (37). Our results showed 

that at least some of these critical features apply to a relatively unstudied population of 

IL-3–producing T cells, suggesting that they may be a distinct functional and stably 

differentiated subset. Both in vivo and in vitro, unique conditions were required for the 

generation of these cells. These included vaccination or infection at barrier surfaces (skin or 

mucosa) in vivo and the presence of a cytokine belonging to the IL-1 family in vitro. These 

cells characteristically expressed IL-3 and GM-CSF as signature cytokines, with or without 

expression of additional cytokines. Our experiments showed that IL-3 secretion was strongly 

correlated with Th1, Th2, and to a lesser extent Th17 CD4+ T cell subsets. Based on these 

results, we propose a model in which IL-3 and GM-CSF secretion are superimposed on 

multiple T cell subsets when an infection is introduced at a barrier site such as skin or 

mucosal membranes. In this scenario, all effector T cell subsets, including Th1, Th2, and 

Th17 cells, have the ability to additionally express IL-3 and GM-CSF. Although we did not 

perform any experiments to identify a transcription factor that may be responsible for this 

expression, we propose that unlike typical master transcription factors that cross-inhibit each 

other, this transcription factor would be coexpressed with other lineage-specific transcription 

factors.

The T helper subset we propose might be related to ThGM cells, a previously described 

potential T helper subset that secretes GM-CSF and IL-3 and is generated in vitro using a 

combination of IL-7 and anti–IFN-γ Ab (34). However, under our experimental conditions, 

IL-7 did not result in a significant increase in the production of IL-3 secretion. We also note 

that another paper that described generation of ThGM cells in vitro achieved it by culturing 

stimulated CD4+ T cells in a medium containing only a combination of Abs against IL-12, 

IFN-γ, and IL-4 with no added IL-7 (38). This study, however, did not evaluate IL-3 

production by these cells. It is possible that different cytokines can preferentially modulate 

expression of IL-3 and GM-CSF, favoring expression of one or other. For example, Sheng et 
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al. reported that in vitro–derived IL-3–producing CD4+ T cells were a subset of GM-CSF– 

producing cells, whereas the opposite was true in our culture conditions that favored 

predominantly IL-3–producing cells. It is also important to note that the receptors of GM-

CSF and IL-3 are also differentially expressed, with the former expressed heavily on 

macrophages and monocytes, whereas the latter is more strongly associated with mast cells 

and basophils. These factors suggest that IL-3 and GM-CSF are not completely redundant in 

their effects and may also point to distinct functions of CD4+ T cell subsets that 

differentially express these cytokines.

TCR-mediated signaling and cytokine-mediated signaling are considered the major 

influences on differentiation of naive CD4+ T cells into distinct T helper subsets (39). These 

factors, alone or in combination, may contribute to the generation of IL-3–producing Th 

cells from naive CD4+ T cells. One possibility is that Ag presentation by a specific type of 

Ag-presenting cells alters the TCR signaling cascade by modifying costimulation signals, 

resulting in the generation of IL-3–producing Th cells. In this scenario, Ag presentation in 

the lymph node is mediated by a specific type of dendritic cells resident in the lymph node 

or migrating from the site of insult at or near the barrier surface. In contrast, after i.v. 

infection, Ags are presented by cells resident mainly in the spleen or liver. This assumption 

is in agreement with the previous reports showing qualitative differences in the induced Th 

cells across various routes of immunization or infection. For example, infection of pathogens 

through the nasal route supported polarization of naive CD4+ T cells into Th17 cells, 

whereas cutaneous, i.m., or i.v. infection supported Th1 polarization (40–43).

One potential explanation for these results is the differences in the type of cells capturing 

and presenting Ags at different sites (44–46). Accordingly, priming of CD4+ T cells with 

different Ag-presenting cells has been shown to result in different T helper subsets (47, 48). 

For example, CD301b+ dendritic cells suppress generation of T follicular helper cells and 

enhance generation of Th2 cells (49, 50). A second possibility is that generation of IL-3–

producing Th cells requires a specific cytokine milieu, as supported by our in vitro T helper 

differentiation experiments. Injury at barrier sites might release certain cytokines that may 

reach the lymph node by lymphatics, resulting in a unique cytokine milieu at the priming 

site. Our experiments suggest that IL-1 family cytokines are important components of the 

cytokine milieu for priming of IL-3–producing T cells. Interestingly, these cytokines are 

known to be expressed highly by epithelia of the skin or mucosa (29–33), and cytokines 

derived from the epithelium may influence the differentiation of naive CD4+ T cells during 

Ag priming (51).

Although our own ongoing studies and limited reports indicate only a moderate role for IL-3 

in murine models of tuberculosis and HSV (52), there are indications for other possible roles 

for IL-3–producing CD4+ T cells, including in contact hypersensitivity and antiparasite 

immunity (3, 4). Two studies, to our knowledge, have interrogated the direct role of CD4+ T 

cell–derived IL-3. Ohta et al. (9) showed that adoptive transfer of IL-3–sufficient but not 

IL-3–deficient CD4+ T cells into T cell–deficient mice conferred basophil infiltration and 

acquisition of tick resistance. Anzai et al. (5) showed that hearts of SCID mice receiving 

IL-3–sufficient but not IL-3–deficient CD4+ T cells accumulated leukocytes causing 

myocarditis. Interestingly, in both models, IL-3–producing CD4+ T cells were generated 
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following Ag delivery through skin. Similar to the latter study, IL-3 has been shown to be 

deleterious in situations where an unwarranted adaptive immune response leads to disease 

manifestations such as experimental autoimmune encephalitis (2) and lupus nephritis (6). 

Thus, the identification of a discrete functional CD4+ T cell subset defined by IL-3 secretion 

extends the potential roles for Ag-specific T cell responses in many types of infectious and 

inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank J. Zhang and L. Tesfa (Flow Cytometry Core Facility, Albert Einstein College of Medicine) for assistance 
with flow cytometry experiments. We thank L. Chorro and S. M. Soudja (Department of Microbiology and 
Immunology, Albert Einstein College of Medicine) and B. Sheridan (State University of New York, Stony Brook) 
for technical advice.

This work was supported by National Institutes of Health (NIH)/National Institute of Allergy and Infectious 
Diseases Grants 1R21AI092448 (to S.A.P.), 2P01AI063537 (to W.R.J., S.A.P., and J.C.), AI26170 (to W.R.J.), 
AI117321 (to W.R.J. and B.C.H.), and U19AI03461 (to B.C.H.). Core resource for flow cytometry was supported 
by the Einstein Cancer Center under NIH Grant P30 CA13330. Support for C.T.J. was provided by NIH Training 
Grant GM07491.

Abbreviations used in this article:

BCG bacillus Calmette-Guerin

iTreg induced regulatory T

LLO listeriolysin O

MHC II MHC class II

Tg transgenic

WT wild-type

REFERENCES

1. Ihle JN, Pepersack L, and Rebar L 1981 Regulation of T cell differentiation: in vitro induction of 20 
alpha-hydroxysteroid dehydrogenase in splenic lymphocytes from athymic mice by a unique 
lymphokine. J. Immunol 126: 2184–2189. [PubMed: 6971890] 

2. Renner K, Hellerbrand S, Hermann F, Riedhammer C, Talke Y, Schiechl G, Gomez MR, Kutzi S, 
Halbritter D, Goebel N, et al. 2016 IL-3 promotes the development of experimental autoimmune 
encephalitis. JCI Insight 1: e87157. [PubMed: 27734026] 

3. Mach N, Lantz CS, Galli SJ, Reznikoff G, Mihm M, Small C, Granstein R, Beissert S, Sadelain M, 
Mulligan RC, and Dranoff G 1998 Involvement of interleukin-3 in delayed-type hypersensitivity. 
Blood 91: 778–783. [PubMed: 9446636] 

4. Lantz CS, Boesiger J, Song CH, Mach N, Kobayashi T, Mulligan RC, Nawa Y, Dranoff G, and Galli 
SJ 1998 Role for interleukin-3 in mast-cell and basophil development and in immunity to parasites. 
Nature 392: 90–93. [PubMed: 9510253] 

Kunnath-Velayudhan et al. Page 11

Immunohorizons. Author manuscript; available in PMC 2019 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Anzai A, Mindur JE, Halle L, Sano S, Choi JL, He S, McAlpine CS, Chan CT, Kahles F, Valet C, et 
al. 2019 Self-reactive CD4+ IL-3+ T cells amplify autoimmune inflammation in myocarditis by 
inciting monocyte chemotaxis. J. Exp. Med 216: 369–383. [PubMed: 30670465] 

6. Renner K, Hermann FJ, Schmidbauer K, Talke Y, Rodriguez Gomez M, Schiechl G, Schlossmann J, 
Brühl H, Anders HJ, and Mack M 2015 IL-3 contributes to development of lupus nephritis in 
MRL/lpr mice. Kidney Int 88: 1088–1098. [PubMed: 26131743] 

7. Weber GF, Chousterman BG, He S, Fenn AM, Nairz M, Anzai A, Brenner T, Uhle F, Iwamoto Y, 
Robbins CS, et al. 2015 Interleukin-3 amplifies acute inflammation and is a potential therapeutic 
target in sepsis. Science 347: 1260–1265. [PubMed: 25766237] 

8. Auclair SR, Roth KE, Saunders BL, Ogborn KM, Sheikh AA, Naples J, Young AM, Boisen DK, 
Tavangar AT, Welch JE, and Lantz CS 2014 Interleukin-3-deficient mice have increased resistance 
to blood-stage malaria. Infect. Immun 82: 1308–1314. [PubMed: 24379292] 

9. Ohta T, Yoshikawa S, Tabakawa Y, Yamaji K, Ishiwata K, Shitara H, Taya C, Oh-Hora M, Kawano 
Y, Miyake K, et al. 2017 Skin CD4+ memory T cells play an essential role in acquired anti-tick 
immunity through interleukin-3-mediated basophil recruitment to tick-feeding sites. Front. Immunol 
8: 1348. [PubMed: 29085376] 

10. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, and Coffman RL s1986 Two types of 
murine helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted 
proteins. J. Immunol 136: 2348–2357. [PubMed: 2419430] 

11. Aoki I, Tanaka S, Ishii N, Minami M, and Klinman DM 1996 Contribution of interleukin-3 to 
antigen-induced Th2 cytokine production. Eur. J. Immunol 26: 1388–1393. [PubMed: 8647221] 

12. Kunnath-Velayudhan S, Goldberg MF, Saini NK, Johndrow CT, Ng TW, Johnson AJ, Xu J, Chan J, 
Jacobs WR Jr., and Porcelli SA 2017 Transcriptome analysis of mycobacteria-specific CD4+ T 
cells identified by activation-induced expression of CD154. J. Immunol 199: 2596–2606. 
[PubMed: 28821584] 

13. Hatfull GF 1996 The molecular genetics of Mycobacterium tuberculosis. Curr. Top. Microbiol. 
Immunol 215: 29–47. [PubMed: 8791708] 

14. Chen B, Weisbrod TR, Hsu T, Sambandamurthy V, Vieira-Cruz D, Chibbaro A, Ghidoni D, Kile T, 
Barkley WE, Vilchèze C, et al. 2011 Einstein Contained Aerosol Pulmonizer (ECAP): improved 
biosafety for Multi-Drug Resistant (MDR) and Extensively Drug Resistant (XDR) mycobacterium 
tuberculosis aerosol infection studies. Appl. Biosaf 16: 134–138. [PubMed: 23413363] 

15. Segarra TJ, Fakioglu E, Cheshenko N, Wilson SS, Mesquita PM, Doncel GF, and Herold BC 2011 
Bridging the gap between pre-clinical and clinical microbicide trials: blind evaluation of candidate 
gels in murine models of efficacy and safety. PLoS One 6: e27675. [PubMed: 22096611] 

16. Petro C, González PA, Cheshenko N, Jandl T, Khajoueinejad N, Bénard A, Sengupta M, Herold 
BC, and Jacobs WR 2015 Herpes simplex type 2 virus deleted in glycoprotein D protects against 
vaginal, skin and neural disease. Elife 4: e06054.

17. Kursar M, Bonhagen K, Köhler A, Kamradt T, Kaufmann SH, and Mittrücker HW 2002 Organ-
specific CD4+ T cell response during Listeria monocytogenes infection. J. Immunol 168: 6382–
6387. [PubMed: 12055256] 

18. Johnson AJ, Kennedy SC, Lindestam Arlehamn CS, Goldberg MF, Saini NK, Xu J, Paul S, Hegde 
SS, Blanchard JS, Chan J, et al. 2017 Identification of mycobacterial RplJ/L10 and RpsA/S1 
proteins as novel targets for CD4+ T cells. Infect. Immun 85: e01023–16. [PubMed: 28115505] 

19. Johnson AJ, Chu CF, and Milligan GN 2008 Effector CD4+ T-cell involvement in clearance of 
infectious herpes simplex virus type 1 from sensory ganglia and spinal cords. J. Virol 82: 9678–
9688. [PubMed: 18667492] 

20. Sharpe S, White A, Sarfas C, Sibley L, Gleeson F, McIntyre A, Basaraba R, Clark S, Hall G, 
Rayner E, et al. 2016 Alternative BCG delivery strategies improve protection against 
Mycobacterium tuberculosis in non-human primates: protection associated with mycobacterial 
antigen-specific CD4 effector memory T-cell populations. Tuberculosis (Edinb.) 101: 174–190. 
[PubMed: 27865390] 

21. Romagnoli PA, Fu HH, Qiu Z, Khairallah C, Pham QM, Puddington L, Khanna KM, Lefrançois L, 
and Sheridan BS 2017 Differentiation of distinct long-lived memory CD4 T cells in intestinal 

Kunnath-Velayudhan et al. Page 12

Immunohorizons. Author manuscript; available in PMC 2019 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tissues after oral Listeria monocytogenes infection. Mucosal Immunol 10: 520–530. [PubMed: 
27461178] 

22. Lelchuk R, Carrier M, Kahl L, and Liew FY 1989 Distinct IL-3 activation profile induced by 
intravenous versus subcutaneous routes of immunization. Cell. Immunol 122: 338–349. [PubMed: 
2788514] 

23. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, Hoff ST, Andersen P, Reed 
SG, Morris SL, et al. 2007 Multifunctional TH1 cells define a correlate of vaccine-mediated 
protection against Leishmania major. Nat. Med 13: 843–850. [PubMed: 17558415] 

24. Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, Peters A, Wu C, Kleinewietfeld M, Kunder S, 
Hafler DA, et al. 2012 Induction and molecular signature of pathogenic TH17 cells. Nat. Immunol 
13: 991–999. [PubMed: 22961052] 

25. Swain SL, Weinberg AD, English M, and Huston G 1990 IL-4 directs the development of Th2-like 
helper effectors. J. Immunol 145: 3796–3806. [PubMed: 2147202] 

26. Fitch FW, Gajewski TF, and Hu-Li J 2006 Production of TH1 and TH2 cell lines and clones. Curr. 
Protoc. Immunol Chapter 3: Unit 3.13.

27. Sekiya T, and Yoshimura A 2016 In vitro Th differentiation protocol. Methods Mol. Biol 1344: 
183–191. [PubMed: 26520124] 

28. Flaherty S, and Reynolds JM 2015 Mouse naive CD4+ T cell isolation and in vitro differentiation 
into T cell subsets. J. Vis. Exp Available at: https://www.jove.com/video/52739/mouse-naive-cd4-
t-cell-isolation-vitro-differentiation-into-t-cell.

29. Gahring LC, Buckley A, and Daynes RA 1985 Presence of epidermal-derived thymocyte activating 
factor/interleukin 1 in normal human stratum corneum. J. Clin. Invest 76: 1585–1591. [PubMed: 
2997285] 

30. Martin NT, and Martin MU 2016 Interleukin 33 is a guardian of barriers and a local alarmin. Nat. 
Immunol 17: 122–131. [PubMed: 26784265] 

31. Takai T 2012 TSLP expression: cellular sources, triggers, and regulatory mechanisms. Allergol. Int 
61: 3–17. [PubMed: 22270071] 

32. Hammad H, and Lambrecht BN 2015 Barrier epithelial cells and the control of type 2 immunity. 
Immunity 43: 29–40. [PubMed: 26200011] 

33. Terada M, Tsutsui H, Imai Y, Yasuda K, Mizutani H, Yamanishi K, Kubo M, Matsui K, Sano H, 
and Nakanishi K 2006 Contribution of IL-18 to atopic-dermatitis-like skin inflammation induced 
by Staphylococcus aureus product in mice. Proc. Natl. Acad. Sci. USA 103: 8816–8821. [PubMed: 
16723395] 

34. Sheng W, Yang F, Zhou Y, Yang H, Low PY, Kemeny DM, Tan P, Moh A, Kaplan MH, Zhang Y, 
and Fu XY 2014 STAT5 programs a distinct subset of GM-CSF-producing T helper cells that is 
essential for autoimmune neuroinflammation. Cell Res 24: 1387–1402. [PubMed: 25412660] 

35. Cockerill PN 2004 Mechanisms of transcriptional regulation of the human IL-3/GM-CSF locus by 
inducible tissue-specific promoters and enhancers. Crit. Rev. Immunol 24: 385–408. [PubMed: 
15777160] 

36. Kelso A, and Gough NM 1988 Coexpression of granulocyte-macrophage colony-stimulating factor, 
gamma interferon, and interleukins 3 and 4 is random in murine alloreactive T-lymphocyte clones. 
Proc. Natl. Acad. Sci. USA 85: 9189–9193. [PubMed: 2461563] 

37. Eyerich S, and Zielinski CE 2014 Defining Th-cell subsets in a classical and tissue-specific 
manner: examples from the skin. Eur. J. Immunol 44: 3475–3483. [PubMed: 25266669] 

38. Zhang J, Roberts AI, Liu C, Ren G, Xu G, Zhang L, Devadas S, and Shi Y 2013 A novel subset of 
helper T cells promotes immune responses by secreting GM-CSF. Cell Death Differ 20: 1731–
1741. [PubMed: 24076588] 

39. Zhu J 2018 T helper cell differentiation, heterogeneity, and plasticity. Cold Spring Harb. Perspect. 
Biol 10: a030338. [PubMed: 28847903] 

40. Pepper M, Linehan JL, Pagán AJ, Zell T, Dileepan T, Cleary PP, and Jenkins MK 2010 Different 
routes of bacterial infection induce long-lived TH1 memory cells and short-lived TH17 cells. Nat. 
Immunol 11: 83–89. [PubMed: 19935657] 

Kunnath-Velayudhan et al. Page 13

Immunohorizons. Author manuscript; available in PMC 2019 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.jove.com/video/52739/mouse-naive-cd4-t-cell-isolation-vitro-differentiation-into-t-cell
https://www.jove.com/video/52739/mouse-naive-cd4-t-cell-isolation-vitro-differentiation-into-t-cell


41. Dileepan T, Linehan JL, Moon JJ, Pepper M, Jenkins MK, and Cleary PP 2011 Robust antigen 
specific th17 T cell response to group A Streptococcus is dependent on IL-6 and intranasal route of 
infection. PLoS Pathog 7: e1002252. [PubMed: 21966268] 

42. Woolard MD, Hensley LL, Kawula TH, and Frelinger JA 2008 Respiratory Francisella tularensis 
live vaccine strain infection induces Th17 cells and prostaglandin E2, which inhibits generation of 
gamma interferon-positive T cells. Infect. Immun 76: 2651–2659. [PubMed: 18391003] 

43. Orr MT, Beebe EA, Hudson TE, Argilla D, Huang PW, Reese VA, Fox CB, Reed SG, and Coler 
RN 2015 Mucosal delivery switches the response to an adjuvanted tuberculosis vaccine from 
systemic TH1 to tissue-resident TH17 responses without impacting the protective efficacy. Vaccine 
33: 6570–6578. [PubMed: 26541135] 

44. Iwasaki A, and Medzhitov R 2010 Regulation of adaptive immunity by the innate immune system. 
Science 327: 291–295. [PubMed: 20075244] 

45. Kaiko GE, Horvat JC, Beagley KW, and Hansbro PM 2008 Immunological decision-making: how 
does the immune system decide to mount a helper T-cell response? Immunology 123: 326–338. 
[PubMed: 17983439] 

46. Moser M, and Murphy KM 2000 Dendritic cell regulation of TH1-TH2 development. Nat. 
Immunol 1: 199–205. [PubMed: 10973276] 

47. Igyártó BZ, Haley K, Ortner D, Bobr A, Gerami-Nejad M, Edelson BT, Zurawski SM, Malissen B, 
Zurawski G, Berman J, and Kaplan DH 2011 Skin-resident murine dendritic cell subsets promote 
distinct and opposing antigen-specific T helper cell responses. Immunity 35: 260–272. [PubMed: 
21782478] 

48. King IL, Kroenke MA, and Segal BM 2010 GM-CSF-dependent, CD103+ dermal dendritic cells 
play a critical role in Th effector cell differentiation after subcutaneous immunization. J. Exp. Med 
207: 953–961. [PubMed: 20421390] 

49. Kumamoto Y, Linehan M, Weinstein JS, Laidlaw BJ, Craft JE, and Iwasaki A 2013 CD301b+ 

dermal dendritic cells drive T helper 2 cell-mediated immunity. Immunity 39: 733–743. [PubMed: 
24076051] 

50. Kumamoto Y, Hirai T, Wong PW, Kaplan DH, and Iwasaki A 2016 CD301b+ dendritic cells 
suppress T follicular helper cells and antibody responses to protein antigens. Elife 5: e17979. 
[PubMed: 27657168] 

51. Hu W, and Pasare C 2013 Location, location, location: tissue-specific regulation of immune 
responses. J. Leukoc. Biol 94: 409–421. [PubMed: 23825388] 

52. Chan WL, Ziltener HJ, and Liew FY 1990 Interleukin-3 protects mice from acute herpes simplex 
virus infection. Immunology 71: 358–363. [PubMed: 2176641] 

Kunnath-Velayudhan et al. Page 14

Immunohorizons. Author manuscript; available in PMC 2019 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. Induction of IL-3–secreting CD4+ T cells.
(A) Mice were infected with M. bovis BCG by cutaneous or i.v. injections. Four weeks later, 

isolated splenocytes underwent stimulation with M. tuberculosis lysate and intracellular 

cytokine staining. Representative contour plots show singlet events from the lymphocyte 

gate (forward scatter [FSC]/ side scatter [SSC]) that are positive for CD4 and negative for 

LIVE/DEAD stain, CD8α, B220, and MHC II. Numbers in the contour plots are the 

percentage of events within the rectangular gates. Bar graphs show the percentage of CD4+ 

T cells that secrete the cytokine shown on the left (skin [SK]). The figure represents results 

of two independent experiments. (B) Mice were infected with HSV-2 cutaneously after skin 

scarification or by i.v. injection. Seven days later, isolated splenocytes underwent 

intracellular cytokine staining after restimulation with UV-inactivated HSV-2. The cells were 

then processed, and the results are displayed as in (A). The figure represents results of two 

independent experiments. (C) Mice were infected with HSV-2 by intravaginal route. Seven 
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days later, splenocytes were isolated and cultured either with (stimulated [ST]) or without 

(unstimulated [UN]) UV-inactivated HSV-2. The cells were then processed, and the results 

are displayed as in (A). The figure represents results of three independent experiments. (D) 
Mice were infected with L. monocytogenes expressing OVA by oral route. Nine days later, 

splenocytes were isolated and cultured either with (ST) or without (UN) a mixture of LLO 

and OVA peptides. The cells were then processed, and the results are displayed as in (A). 

This experiment was done once. *p < 0.05 for comparisons between i.v. and SK or UN and 

ST (Student t test). ns, not significant.
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FIGURE 2. IL-3–secreting CD4+ T cells are multifunctional.
(A) Splenocytes from mice injected with M. bovis BCG cutaneously underwent stimulation 

with M. tuberculosis lysate and intracellular cytokine staining. The contour plots represent 

Ag-experienced CD4+ T cells expressing IL-3 and indicated cytokines. Cells shown are 

singlet events from the lymphocyte (FSC/SSC) gate that are positive for CD4 and CD44 and 

negative for LIVE/DEAD stain, CD8α, B220, and MHC II. Pie chart depicts the fraction of 

IL-3–secreting Ag-experienced CD4+ T cells that also secrete cytokines that define 

multifunctionality. Each shade represents number(s) of additional cytokine(s) secreted. The 

figure represents results of three independent experiments. (B) Splenocytes from mice 

infected with HSV-2 by cutaneous route underwent stimulation with UV-inactivated HSV-2 

and intracellular cytokine staining. The contour plots represent Ag-experienced CD4+ T 

cells that are CD44+ and expressing IL-3 and indicated cytokines. The figure represents 

results of two independent experiments. (C) Further analyses of the data represented in (B). 

Pie chart depicts the fraction of IL-3–secreting Ag-experienced CD4+ T cells that are CD44+ 

and also secrete cytokines that define multifunctionality. Each shade represents number of 

additional cytokine(s) secreted. (D) Experiments were performed as in (B). Splenocytes 

were stained for Tbet in addition to intracellular cytokines. Contour plots show single events 

from the lymphocyte gate that are positive for CD4 and negative for LIVE/DEAD stain, 

CD8α, B220, and MHC II. Numbers in the rectangular gates are the percentage of events 
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within the corresponding gates. The figure represents results of two independent 

experiments.
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FIGURE 3. IL-3 production by canonical T helper populations generated in vitro.
(A) CD4+ T cells from naive C57BL/6 mice were purified and cultured on plates coated with 

anti-CD3 and CD28 Abs in the presence of cytokines and blocking Abs to obtain various T 

helper populations. On day 5 of culture, cells were stimulated with PMA and ionomycin and 

subsequently underwent intracellular cytokine staining. During analysis of the flow 

cytometry data, CD4+ T cells were identified as single cells from the lymphocyte gate (FSC/

SSC) that are positive for CD4 and negative for LIVE/DEAD stain, CD8α, B220, and MHC 

II. The bar plot depicts the percentages of IL-3–secreting CD4+ T cells in each polarization 

condition. The contour plots depict coexpression of IL-3 with the signature cytokines for 

populations differentiated under conditions that promote Th1, Th2, Th17, or iTreg subsets. 

The p value for one-way ANOVA was <0.0001. The p values of post hoc tests that compare 

other groups to iTreg group are provided above each bar after correcting for multiple testing; 

****p = 0.0001; ns, not significant. The figure represents results of two independent 

experiments. (B) Splenocytes from OT-II TCR-Tg mice were cultured in the presence of 

OVA peptide (OVA323–339), IL-12, and Ab to IL-4 to generate Th1 cells. Gating strategy as 

in (A). Contour plots representing coexpression of IL-3 with cytokines that define 

multifunctionality are shown. The figure represents results of three independent 

experiments.
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FIGURE 4. Members of IL-1 family of cytokines favor the generation of IL-3–secreting CD4+ T 
cells in vitro.
(A) CD4+ T cells from naive C57BL/6 mice were purified and cultured on plates coated with 

anti-CD3 and CD28 Abs in the presence of indicated cytokines and blocking Abs to IFN-γ, 

IL-12, and IL-4. On day 5 of culture, cells were stimulated with PMA and ionomycin 

followed by intracellular cytokine staining. During analysis of the flow cytometry data, 

CD4+ T cells were identified as single cells from the lymphocyte gate (FSC/SSC) that are 

positive for CD4 and negative for LIVE/DEAD stain, CD8α, B220, and MHC II. Absolute 

numbers of IL-3–secreting CD4+ T cells in each condition are shown. Ab indicates mixture 

of Abs to IFN-γ, IL-12, and IL-4. The p value for one-way ANOVA is <0.0001. The p 
values of post hoc tests that compare other groups to control group with no Ab or cytokines 

added (none) are provided above each bar after correcting for multiple testing. ****p = 

0.0001, ***p = 0.0008. ns, not significant. The figure represents results of two independent 

experiments. (B) Splenocytes from OT-II TCR-Tg mice were cultured in the presence of 

OVA323–339 peptide, IL-1α, and blocking Abs to IFN-γ, IL-12, and IL-4. On day 5 of 

culture, cells were stimulated with PMA and ionomycin followed by intracellular cytokine 

staining. Gating strategy as in (A). The bar graph depicts the percentage of CD4+ T cells 

secreting each cytokine. The p value for one-way ANOVA is <0.0001. The p values of post 

hoc tests that compare other groups to IL-10 group are provided above each bar after 

correcting for multiple testing. ****p = 0.0001. ns, not significant. The figure represents 

results of two independent experiments. (C) Further analyses of the data represented in (B). 

Kunnath-Velayudhan et al. Page 20

Immunohorizons. Author manuscript; available in PMC 2019 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Contour plots of CD4+ T cells representing coexpression of IL-3 with cytokines 

characteristic of known T helper subsets are shown.
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FIGURE 5. Characteristics of GM-CSF–secreting CD4+ T cells.
(A) Splenocytes from mice infected with HSV-2 cutaneously or intravaginally or infected 

with M. tuberculosis by aerosol route underwent stimu-lation with UV-inactivated HSV-2 or 

ESAT-6 peptide, respectively, and intracellular cytokine staining. The cells shown are single 

cells from the lymphocyte gate (FSC/SSC) that are positive for CD4 and CD44 and negative 

for LIVE/DEAD stain, CD8α, B220, and MHC II. The figure represents results of two 

independent experiments. (B) Splenocytes from mice infected with HSV-2 cutaneously were 

processed as in (A). Pie chart depicts the fraction of GM-CSF–secreting Ag-experienced 

CD4+ T cells that also secrete cytokines that define multifunctionality. Each shade 

represents number(s) of additional cytokine(s) secreted. The figure represents results of two 

independent experiments. (C) Splenocytes from mice infected with HSV-2 cutaneously or 

i.v. underwent stimulation with UV-inactivated HSV-2 and intracellular cytokine staining. 

Contour plots depict GM-CSF– secreting CD4+ T cells obtained postinfection through 

indicated routes. Bar graphs show the percentage of CD4+ T cells that secrete GM-CSF. The 

figure represents results of two independent experiments. *p < 0.05 for comparisons 

between i.v. and skin (SK) (Student t test). (D) Splenocytes from OT-II TCR-Tg mice were 

cultured in the presence of OVA peptide (OVA323–339) and cytokines/Abs as indicated to 

generate Th1 cells (left) or predominantly IL-3–producing Th cells (right). The contour plot 

represents coexpression of GM-CSF with IL-3 with the numbers representing the percentage 

of CD4+ T cells for each of the corresponding gates. The figure represents results of two 

independent experiments.
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