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Abstract

Interleukin-27 (IL-27) is a heterodimeric IL-12 family cytokine, formed by non-covalent 

association of the promiscuous EBI3 subunit and selective p28 subunit. IL-27 is produced by 

mononuclear phagocytes and unfolds pleiotropic immune-modulatory functions through ligation 

to IL-27 receptor alpha (IL-27RA). While IL-27 is known to contribute to immunity and to limit 

inflammation following various infections, its relevance for host defense against multicellular 

parasites is still poorly defined. Here, we investigated the role of IL-27 during infection with 

the soil-transmitted hookworm, Nippostrongylus brasiliensis, in its early host intrapulmonary 

life cycle. IL-27(p28) was detectable in broncho-alveolar lavage fluids of C57BL/6J wild type 

(WT) mice on day 1 after subcutaneous inoculation. IL-27RA expression was most abundant 

on lung-invading γδ T cells. Il27ra−/− mice showed increased lung parasite burden together 

with aggravated pulmonary hemorrhage and higher alveolar total protein leakage as a surrogate 

for epithelial/vascular barrier disruption. Conversely, injections of recombinant mouse (rm)IL-27 
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into WT mice reduced lung injury and parasite burden. In multiplex screens, higher airway 

accumulations of IL-6, TNFα, and MCP-3 (CCL7) were observed in Il27ra−/− mice, while 

rmIL-27 treatment showed a reciprocal effect. Importantly, γδ T cell numbers in airways were 

enhanced by endogenous or administered IL-27. Further analysis revealed a direct anti-helminthic 

function of IL-27 on γδ T cells, as adoptive intratracheal transfer of rmIL-27-treated γδ T cells 

during primary N. brasiliensis lung infection conferred protection in mice. In summary, this report 

demonstrates protective functions of IL-27 to control the early lung larval stage of hookworm 

infection.
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Introduction

Hookworms are soil-transmitted intestinal nematodes that have a critical stage in parasitic 

development within the host lungs (1). After molting from an infectious third stage larvae 

(L3) to a L4 stage within the lungs, hookworms ascend the trachea and are swallowed, 

ultimately infecting the small intestine where they transiently remain as egg-laying adults. 

In the small intestine, hookworms rupture vessels and feed on blood, which is the cause of 

clinical hookworm disease characterized by iron-deficiency anemia in humans and livestock. 

Over 500 million people worldwide are infected with hookworms (2, 3) and among all 

parasites, hookworms are behind only malaria for the leading causes of iron-deficiency 

anemia globally (4–7). Although there are anti-helminthic drugs available for treating 

hookworms (8, 9), people are rapidly reinfected in endemic areas due to insufficient 

immunity and high vulnerability for secondary infections (10). Importantly, there is not 

a single licensed hookworm vaccine (11), stressing the value of understanding protective 

immunity to hookworm infections.

The murine hookworm, Nippostrongylus brasiliensis, is a model for human hookworm 

disease, particularly for the stage of infection within the lungs, which occurs on days 1 and 

2 after subcutaneous inoculation into mice (12). On day 3, larvae transition to the small 

intestine and remain as adult worms until a period of expulsion beginning around day 7. 

There are many publications that indicate the importance of the canonical type 2 response 

involving cytokines such as IL-4, IL-5, IL-13 and RELMβ, along with group 2 innate 

lymphoid cells (ILC2s), type 2 T helper (Th2) cells, alternatively activated macrophages, 

eosinophils, basophils, mast cells and goblet cells in resistance to N. brasiliensis during 

secondary lung infection (13). However, knowledge on primary infection in the lungs is 

sparse (14–19). Resistance to primary hookworm infections in rodents has focused largely 

on the small intestine and, in the N. brasiliensis model, is well-characterized by canonical 

type 2-driven expulsion mediated by ILC2s and Th2 cells (13), as well as type 2 γδ T (γδ 
T2) cells (i.e., intestinal intraepithelial T lymphocytes; IELs) (20). Although much less is 

known about primary resistance in the lungs to hookworm infections, in the N. brasiliensis 
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infection model, IL-17A, neutrophils, alternatively activated macrophages, and γδ T cells 

are involved (14, 16, 21).

IL-27 is a heterodimeric cytokine composed of a unique p28 α-subunit and a promiscuous 

EBI3 β-subunit (22). EBI3 is shared with IL-35 (23, 24). The IL-27 receptor is also a 

heterodimer composed of a unique IL-27 receptor α-subunit (IL-27RA, WSX-1) and a 

gp130 β-subunit that is shared with several other cytokine receptors (22, 25, 26). IL-27 

is well-described to exert acute pro-inflammatory effects, enhancing type 1 responses, 

particularly CD8+ cytotoxic lymphocytes (CTLs) and natural killer (NK) cells, thus 

enhancing protective immunity to intracellular pathogens and various cancers (27, 28). 

Consistent with IL-27 enhancing type 1 responses, IL-27 directly suppresses the expansion 

and activation of ILC2s during the lung repair phase of primary N. brasiliensis infections 

(29). A more rapid intestinal expulsion is seen in the absence of IL-27 activities in both 

the N. brasiliensis infection model (studying Ebi3−/− mice) and in response to the mouse 

whipworm, Trichuris muris (studying Il27ra−/− mice) (29, 30). Importantly, there are no 

publications on IL-27 during early primary N. brasiliensis infections in the lungs, or any 

other helminth infection.

Given that type 2-associated immune responses are involved in limiting later stages of 

primary N. brasiliensis infection in the lungs (13), and IL-27 is well known to antagonize 

such responses (26, 31), we initially hypothesized that IL-27 may limit resistance to 

primary N. brasiliensis infections in the lungs by suppressing type 2 responses. Interestingly, 

however, we found that IL-27 enhanced resistance to early stages of primary N. brasiliensis 
infections in the lungs in association with increased expansion of γδ T cells, which were 

also found to express much higher levels of IL-27RA compared both CD4+ Th cells and 

CD8+ CTLs. Further analysis revealed a direct anti-helminthic function of IL-27 on γδ T 

cells, as adoptive intratracheal transfer of rmIL-27-treated γδ T cells during primary N. 
brasiliensis lung infection conferred protection in mice. Thus, we have demonstrated that 

there are mechanisms of innate resistance to pulmonary hookworm infection beyond type 2 

responses.

Materials and Methods

Mice

All procedures with mice were approved by the Institutional Animal Care and Use 

Committee of the Boston University and performed in compliance with the guidelines of 

the National Institutes of Health. Il27ra−/− mice (B6N.129P2-Il27ratm1Mak/J; on C57BL/6NJ 

background), C57BL/6NJ mice, and C57BL/6J mice were obtained from the Jackson 

Laboratory (Bar Harbor, ME). The mice were bred and genotyped at the animal facilities of 

Boston University under specific pathogen-free conditions and a controlled light/dark cycle. 

Male and female mice at 8–12 weeks of age were used for experiments.

N. brasiliensis cultures and inoculations

N. brasiliensis infective third stage larvae (L3) were separated from copro-cultures and 

prepared for inoculations according to an established protocol (12). Mice were injected 
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subcutaneously in the flank with n=500 L3 in 0.1 mL of sterile PBS (Thermo Fisher 

Scientific, Waltham, MA).

Recombinant IL-27 treatment during N. brasiliensis infection

For treatment with recombinant mouse (rm) IL-27, mice were administered either rmIL-27 

(100 ng/mouse) or mock control (0.1% BSA in PBS) i.p. The first dose was given on 

day 0 along with N. brasiliensis inoculation, while the second dose was given on day 1 

post-inoculation (p.i.)

Adoptive transfer of γδ T cells during N. brasiliensis infection

For γδ T cell adoptive transfer experiments, γδ T cells were isolated from the spleens 

of naïve C57BL/6J mice using the magnetic bead TCRγ/δ+ T Cell Isolation Kit (Miltenyi 

Biotec, Germany) according to the manufacturer’s instructions. Purity was confirmed to be 

~95% by flow cytometry. Single cell suspensions of γδ T cells in PBS were stimulated 

with rm-IL-27 (100 ng/mL) or mock (PBS) treated for 30 min at 37°C, and 100,000 γδ 
T cells per mouse were injected intratracheally (i.t.) 12 hours after inoculation with N. 

brasiliensis. For i.t. injections, mice were anesthetized with a xylazine-ketamine solution and 

given subcutaneously 1 ml NaCl 0.9% post-operatively for fluid resuscitation.

Alveolar and lung tissue parasite burdens

To measure alveolar parasite burden, inoculated mice were euthanized by CO2 overdose, 

and three broncho-alveolar lavages (BAL) were collected before vital organ removal. For 

the first BAL, 1 mL PBS containing 1X HALT Protease Inhibitor Cocktail/EDTA (Thermo 

Fisher Scientific, Waltham, MA) was collected into a 1.5 mL tube. PBS only was used 

for the second and third BAL and were collected into a 50 mL tube. The first BAL was 

centrifuged at 400 × g for 8 min at room temperature and the cell-free supernatant was 

collected as BAL fluid (BALF) and stored at −80°C for later analysis. The pellet of BAL 

cells containing N. brasiliensis larvae was then resuspended in PBS and transferred to 

the 50 mL tube along with the additional BAL collections. The combined BAL was then 

diluted to 30 mL with PBS and transferred to a 100 mm petri dish with grids drawn 

on the bottom surface. All intact live N. brasiliensis larvae, indicated by larval mobility, 

were counted under 20X magnification (AmScope, Irvine, CA). N. brasiliensis debris were 

excluded, while obviously dead (i.e., immobile) and deteriorating larvae were counted as 

dead parasites. The suspension of BAL cells and N. brasiliensis larvae was then transferred 

back to the 50 mL tube and centrifuged at 800 × g for 8 min at 4°C. The supernatant was 

removed down to 10 mL. Next, the BAL cell pellet was resuspended, transferred to a 15 mL 

tube and centrifuged as before. The supernatant was removed down to 0.5 mL, and the BAL 

cell pellet was transferred to a 1.5 mL tube before further analysis.

To measure parasite burden in lung tissues, lungs were collected from inoculated mice 

after BAL collections into 35 mm petri dishes. Lungs were minced with surgical scissors, 

resuspended in a 5 mL slurry of 1% agarose at 37°C, and then pipetted onto a flattened layer 

of cheesecloth. Once solidified, the cheesecloth was rolled up and placed in a submerging 

vessel of 45 mL PBS in a 50 mL tube, with a small piece of the cheesecloth secured between 
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the tube and lid, and then incubated in 37°C overnight. Larvae that migrated out of the lung 

tissue/agarose were counted under 20X magnification.

Gut parasite burdens

To enumerate total gut parasite burden, the small and large intestines were excised, total 

contents were flushed with PBS, and tissues were cut longitudinally to expose the lumen. 

Parasite counts along the lumen were then counted under a tissue dissecting microscope 

(AmScope, Irvine, CA) as described by Mchedlidze et al. (29). The recovered PBS was also 

examined for dislodged worms.

Alveolar injury

BALF total protein was measured with a Pierce BCA Protein Assay Kit (Thermo Scientific). 

Alveolar hemorrhage was assessed as described elsewhere (32), but with the following 

modifications. A 6X 2-fold serial dilution (8000–250 μg/mL) of human hemoglobin (Sigma, 

St. Louis, MO) was prepared, and 50 μL of each standard and BALF sample were 

added to duplicate wells of a 96-well plate. A volume of 100 μL of 6% sodium dodecyl 

sulfate (Sigma, St. Louis, MO) was added to all wells and resuspended several times. 

The absorbance at 560 nm was measured with a Tecan Infinite M Nano plate reader 

(Tecan, Männedorf, Switzerland), and alveolar hemorrhage (i.e., total amount of hemoglobin 

recovered in BALF) was determined from the standard curve generated by Magellan V 7.2 

(Tecan, Männedorf, Switzerland) software.

ELISA & multiplex bead-based immunoassay

IL-27(p28) in BALF was measured with a mouse IL-27 p28/IL-30 DuoSet ELISA kit (R&D 

Systems, Minneapolis, MN), according to the manufacturer’s instructions. The absorbance 

at 450 nm was measured with a Tecan Infinite M Nano plate reader, and concentration was 

determined from the standard curve generated by Magellan software.

A multiplex bead-based immunoassay (Cytokine & Chemokine 26-Plex Mouse 

ProcartaPlex™ Panel 1, Thermo Fisher Scientific) was used for simultaneous quantification 

of the following cytokines/chemokines: IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, 

IL-12p70, IL-13, IL-17A, IL-18, IL-22, IL-23, IL-27, GROα (CXCL-1), IP-10 (CXCL-10), 

MCP-1 (CCL-2), MCP-3 (CCL-7), MIP-1α (CCL-3), MIP-1β (CCL-4), MIP-2 (CXCL-2), 

RANTES (CCL-5), Eotaxin (CCL-11), GM-CSF, IFNγ, and TNF-α (33). All samples 

from bead-based assays were performed using a LiquiChip-200 instrument (Qiagen, Hilden, 

Germany) using Bio-Plex Manager v6.1 software for quantification.

Flow Cytometry

Fresh BAL cells (3 × 1 mL) were collected from inoculated mice as described above. In 

multiple experiments using our standard operating procedures, >99% of BAL cells were 

found to be negative for fixable viability dye eFluor 780 (eBioscience, ThermoFisher 

Scientific), and hence, all BAL cells were considered alive. BAL cells collected in a 15 

mL tube were centrifuged at 800 × g at 4°C for 8 min. Cells were transferred to 1.5 mL 

tubes and incubated in the dark for 30 min, using the following mouse antibody staining 

cocktails: Myeloid-lymphocyte common lineage panel – TruStain FcX (anti-CD16/32) 
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(clone: 93; dilution: 1:100, BioLegend, San Diego, CA), CD45-Pacific Blue (clone: 30-F11; 

dilution 1:200, BioLegend), Ly6G-APC (clone: 1A8; dilution: 1:400, BioLegend), Siglec-F-

APC/Cy7 (clone: E50-2440; dilution: 1:200, BioLegend), CD11c-Alexa Fluor 488 (clone: 

N418; dilution: 1:600, BioLegend), CD3-BUV737 (clone: 145-2C11; dilution: 1:100, BD 

Biosciences, San Jose, CA), CD19-PE/Cy7 (clone: 6D5; dilution: 1:100, BioLegend), 

NK1.1-PerCP/Cy5.5 (clone: PK136; dilution: 1:100, BioLegend), IL-27RA-PE (clone: 

2918; dilution: 1:100, BD Biosciences), rat IgG2a, κ isotype PE control (clone: R35–95; 

dilution: 1:100, BD Biosciences); T cell panel – TruStain FcX (anti-CD16/32) (clone: 

93; dilution: 1:100, BioLegend), CD3-BUV737 (clone: 145-2C11; dilution: 1:100, BD 

Biosciences), TCRβ chain-PE/Cy7 (clone: H57-597; dilution: 1:100, BioLegend), CD4-

Alexa Fluor 488 (clone: RM4-5; dilution 1:400, BioLegend), CD8a-APC/Cy7 (clone: 53–

6.7; dilution: 1:100, BioLegend), TCRγδ-APC (clone: GL3; dilution: 1:00, BioLegend), 

NK1.1-PerCP/Cy5.5 (clone: PK136; dilution: 1:100, BioLegend), IL-27RA-PE (clone: 

2918; dilution: 1:100, BD Biosciences) or PE Rat IgG2a, κ Isotype Control (clone: R35–

95; dilution: 1:100, BD Biosciences). All antibodies were diluted in FACS buffer prepared 

from sterile PBS and supplemented with 0.25% (w/v) BSA, 0.02% (w/v) sodium azide, 

and 2 mM EDTA. The stained cells were rinsed in FACS buffer, and then fixed in 2% 

paraformaldehyde (Santa Cruz Biotechnology, Dallas, TX) at room temperature for 20 

min in the dark. Stained/fixed cells were centrifuged as described before, resuspended in 

FACS buffer and transferred to a FACS tube containing 20 μL of CountBright Absolute 

Counting Beads (ThermoFisher Scientific). For all single-stained compensation controls, we 

used OneComp eBeads Compensation Beads (Invitrogen, Waltham, MA) according to the 

manufacturer’s instructions. Flow cytometric acquisition of samples was performed on a BD 

LSR II flow cytometer with BD FACSDiva software. Preparation and analyses of final plots 

were performed in FlowJo v10.

Reagents

Recombinant mouse IL-27 (<1.0 EU per 1 μg of the rmIL-27 protein by the LAL method) 

was purchased from R&D systems.

Data analysis

Statistical analyses were performed, and graphs were prepared in Prism v7–9 (GraphPad 

Software). Data in bar graphs are depicted as mean ± standard error of the mean (S.E.M.), 

with overlaid symbols representing values from individual mice. The numbers of mice 

per group are indicated as circles in the figures and are representative or pooled from 2 

independent experiments. Two-group single comparisons were made with a t-test. Multiple 

comparisons were made with one-way or two-way ANOVA followed by Tukey’s post hoc 

test. P values <0.05 were considered significant. P values <0.1 were considered as a trend.

Results

IL-27(p28) is transiently elevated in the alveolar space during primary N. brasiliensis 
infection of the lungs

While N. brasiliensis infection is well known to induce an eosinophilic- and Th2 cell-

dependent immune response, the role of the immune-modulatory cytokine, IL-27, is not well 
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described in the pulmonary state of the hookworm infection cycle. To test if IL-27(p28) 

was released during primary N. brasiliensis infection of the lungs, C57BL/6J mice (wild 

type, WT) were inoculated with n=500 N. brasiliensis L3, and EDTA-plasma was collected 

on days 0, 1, 2, 6, and 9 following inoculation. BALF was collected on days 0, 1, 2, and 

9 post-inoculation (p.i.). Circulating IL-27(p28) was not detectable in EDTA-plasma by 

ELISA at any of the studied time points, even though all mice were confirmed to be highly 

infected with an average of 40,000 eggs per gram of feces on day 6 p.i. (data not shown). 

However, in BALF, IL-27(p28) was elevated by ~3-fold on day 1 p.i. compared to day 0 

(P<0.0001, Fig. 1A). The concentrations of IL-27(p28) returned to normal levels by day 2 

(Fig. 1A). Thus, these results indicate that IL-27(p28) is transiently released specifically in 

the alveolar space during primary N. brasiliensis infection of the lungs. The bulk of IL-27 

may avidly bind to its receptor for rapid clearance or altogether escape detection in cell-free 

BALF.

IL-27RA is highly expressed on T cells in the alveolar space during primary pulmonary N. 
brasiliensis infection

To study if IL-27RA is expressed on invading immune cells in the broncho-alveolar space 

during primary N. brasiliensis infection of the lungs, we first confirmed leukocyte dynamics 

in BAL from WT mice on days 0, 1, and 2 p.i. with N. brasiliensis larvae. Within the 

myeloid lineage (Fig. S1A), we recovered approximately ~10,000 CD11c+Siglec-F+ resident 

alveolar macrophages per mouse in BAL on day 0 in sham mice (Fig. S1B). In addition, 

while no Ly6G+ neutrophils or CD11c−Siglec-F+ eosinophils were present in BAL of 

sham mice, the numbers of these myeloid cells substantially increased over the course 

of 2 days following inoculation with N. brasiliensis L3 (Fig. S1B). Furthermore, within 

the lymphocyte lineage (Fig. 1B), while few cells were detectable in day 0 p.i. BAL, 

accumulations of CD19+CD3− B cells, CD19−CD3+ T cells and CD19−CD3−NK1.1+ NK 

cells were detected on day 1 and further elevated on day 2 (Fig. 1C). Thus, myeloid and 

lymphoid cells tended to increase in the alveolar space during the natural course of primary 

N. brasiliensis infection.

Essentially none of the three myeloid cell types (neutrophils, eosinophils, alveolar 

macrophages) present in BAL after inoculation were found to express IL-27RA at any 

time point evaluated (Fig. S1C). However, on day 2 p.i. an average of 80.2%, 56.1% and 

23.1% of T cells, NK cells and B cells were IL-27RA+, respectively. These percentages 

were similar on both day 1 and 2 p.i. (Fig. 1D, E). Geometric mean fluorescence intensities 

(gMFIs) of IL-27RA were 1.5-fold greater on T cells on day 2 compared to day 1 p.i., 

suggesting T cell-specific upregulation of IL-27RA (Fig. 1F, G), while IL-27RA gMFI was 

similar on NK cells and B cells at the two time points studied (Fig. 1F). Moreover, IL-27RA 

gMFI was ~3-fold higher on T cells compared to NK cells and B cells. Hence, the frequency 

and magnitude of IL-27RA expression was greatest on CD19−CD3+ T cells in the alveolar 

space during primary N. brasiliensis infection of the lungs.

We next evaluated the numbers of different T cell subsets in the alveolar space during 

primary pulmonary N. brasiliensis infection, and for their expression of IL-27RA. Both 

TCRβ+CD4+ Th cells and TCRβ+CD8+ CTLs became considerably more abundant than 
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TCRβ−TCRγδ+ γδ T cells p.i., while none of these lymphocyte populations were present 

in BAL from uninfected mice (Fig. 2A, B). The numbers of Th cells, CTLs and γδ T 

cells further increased from day 1 to day 2 p.i. (Fig. 2B). Moreover, the majority of all 

three cell types was IL-27RA+ (Fig. 2C, D). There was a significantly higher percentage 

of IL-27RA+ γδ T cells compared to IL-27RA+ CTLs and IL-27RA+ Th cells, while there 

was not a significant difference between IL-27RA+ CTLs and IL-27RA+ Th cells (Fig. 2D). 

Furthermore, γδ T cells showed significantly higher IL-27RA gMFI compared to both CTLs 

and Th cells, and CTLs presented with significantly higher IL-27RA gMFI compared to Th 

cells (Fig. 2E). Thus, IL-27RA was most prevalent and most highly expressed on γδ T cells, 

but Th cells and CTLs dominated the T cell population in the alveolar space during primary 

N. brasiliensis infection of the lungs.

IL-27 signaling enhances resistance to primary N. brasiliensis infection in the lungs

To further elucidate the role of IL-27, the course of the N. brasiliensis infection in mice 

deficient in IL-27RA was analyzed. Consistent with previous characterizations (34), we 

found no global defects in immune development in naïve Il27ra−/− mice (Fig. S2). Flow 

cytometric analyses of lymphocytes (Fig. S2A) revealed similar numbers of B Cells, 

γδ T cells, CD4+ T cells, CD8+ T cells, and NK cells between C57BL/6NJ WT and 

Il27ra−/− mice (Fig. S2B). As expected, Il27ra−/− mice lacked expression of IL-27RA 

in these populations, in contrast to WT mice (Fig. S2C). Interestingly, γδ T cells 

expressed particularly high levels of IL-27RA in the spleens of naïve WT mice (Fig. S2C, 

D), complementing our findings in lungs of N. brasiliensis-infected mice (Fig. 2D, E). 

Immunophenotyping of splenic neutrophils, monocytes, macrophages, and eosinophils (Fig. 

S2E) also revealed unaltered frequencies in naïve Il27ra−/− mice (Fig. S2F), along with lack 

of IL-27RA expression on both Il27ra−/− and WT cells (Fig. S2G). Furthermore, gating on 

all CD19−CD3−NK1.1−CD49b− non-lymphoid cells revealed a lack of IL-27RA expression 

on other cell types in WT mice (Fig. S2H, S2I). Together, these findings support Il27ra−/− 

mice as a viable tool to study how IL27 signaling may mediate specific immune responses.

To determine if IL-27 had a beneficial or detrimental role during primary N. brasiliensis 
infection of the lungs, we first inoculated Il27ra−/− mice and WT mice with 500 N. 
brasiliensis L3 and compared alveolar parasite burden, hemorrhage, and total protein on 

day 2 p.i.. Strikingly, Il27ra−/− mice showed a significant ~2-fold increase in live parasite 

counts in BAL compared to WT mice (Fig. 3A). Furthermore, we confirmed this increase in 

live parasite counts corresponded to a decrease in dead parasite burden (Fig. 3A), indicating 

a defect in pathogen clearance in alveolar spaces when IL-27RA was absent. Consistent with 

parasites collected in BAL, we found a ~2-fold increase in live parasites and decrease in 

dead parasites within the lung tissue of Il27ra−/− mice (Fig. 3A, 3B). To evaluate the severity 

of parasite-induced lung injury, we determined hemoglobin concentrations in BAL as a 

marker for airway hemorrhage and broncho-alveolar total protein as a surrogate endpoint 

for the disturbance of epithelial/vascular barrier function. A significant ~2-fold increase in 

alveolar hemorrhage in Il27ra−/− mice compared to WT mice was observed, in line with 

the greater parasite burden of Il27ra−/− mice (Fig. 3C). Moreover, also consistent with the 

greater parasite burden, a moderate but significant increase in total protein leakage was 
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detected in the BALF of Il27ra−/− mice (Fig. 3D), indicating an increase in proteinaceous 

edema.

Next, we tested whether administration of exogenous IL-27 would further reduce the 

severity of N. brasiliensis infection in the lungs of WT mice. For this, we administered 100 

ng recombinant mouse IL-27 (rmIL-27) intraperitoneally on days 0 and 1 p.i. in WT mice 

and compared alveolar parasite burden and injury with a carrier/mock-treated group. The 

rmIL-27 treatment significantly reduced live larvae counts in BAL and lung to less than half 

of mock controls (Fig. 3E, 3F). Accordingly, the decrease in live parasite counts in the BAL 

and lungs of treated mice corresponded to an increase in dead parasite counts (Fig. 3E, F). 

In addition, alveolar hemorrhage was significantly decreased to almost half of mock controls 

(Fig. 3G), while a very slight decrease in total alveolar protein leakage was statistically 

insignificant (Fig. 3H). We also validated an earlier report that IL-27 enhanced parasite 

burden during subsequent intestinal stages of disease (29), as we observed the opposite trend

—decreased live parasite burden in Il27ra−/− mice (Fig. S5A) and increased live parasite 

burden (Fig. S5B) in rmIL-27-reated mice—in the gut at day 4 p.i. Taken together, these 

results indicate that both endogenous IL-27/IL-27RA signaling and therapeutic recombinant 

IL-27 enhanced innate resistance to primary N. brasiliensis infection during the early lung 

larval stage.

IL-27 modulates the local presence of proinflammatory cytokines and chemokines.

To characterize the influence of IL-27 on the local milieu of inflammatory mediators, we 

employed a high-sensitivity, bead-based multiplex assay to quantify the concentrations of 

26 cytokines and chemokines (Fig. 4, S3). Il27ra−/− mice along with WT control mice were 

infected with N. brasiliensis L3 and BALF was collected 2 days later. Significant differences 

were observed for 5 of 26 mediators. IL-6 concentrations were ~2-fold greater in Il27ra−/− 

mice (Fig. 4A). TNFα was also significantly increased in Il27ra−/− mice, although levels 

were near the lower detection limit of the assay, possibly owing to the time point chosen 

(Fig. 4A). The macrophage- and T cell-driving chemokine, MCP-3, was 2-fold higher in 

Il27ra−/− mice (Fig. 4A). In addition, we detected a trend towards lower concentrations for 

IL-23 (p = 0.09), a proinflammatory cytokine which is known to modulate T cell activity 

(Fig. 4A). Moreover, lower IL-10 concentrations and higher IL-17 amounts were detected 

(Fig. S3A) in Il27ra−/− mice, which is consistent with the known requirement of IL-27 

signaling to induce IL-10 from T cells and to suppress IL-17 responses in other disease 

models (35–37). Other differential cytokine and chemokine levels may be an indirect result 

of increased parasite burden or general inflammation, rather than a direct consequence of 

loss of IL-27 signaling. For example, increased expression of IL-6 and TNF-α significantly 

correlated with greater numbers of live larvae in BAL found in Il27ra−/− mice (Fig S4A).

To further elaborate on the findings with Il27ra−/− mice, we measured inflammatory 

mediators in BALF of N. brasiliensis-infected WT mice two days after a treatment regimen 

of rmIL-27 (100 ng i.p. on days 0 and 1 p.i.) or mock injections. IL-6 was again observed 

to be present in abundant quantities, especially when considering the substantial dilution of 

alveolar lining fluid introduced by the lavage procedure (Fig. 4B). In contrast to the effect of 

IL-27 deficiency, IL-6 was suppressed by the addition of rmIL-27 (Fig. 4B). Likewise, mice 
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that received rmIL-27 were found to have lower TNFα and MCP-3 (Fig. 4B). Interestingly, 

no increase in IL-27 itself was detected in BALF 2 days after rmIL-27 injection (Fig. S3B), 

suggesting clearance prior to that time point. In fact, we noticed a trend for suppressed 

(endogenous) IL-27 after injection, possibly attributable to a post-excitation phenomenon. A 

pattern similar to Il27ra−/− mice was also observed following rmIL-27-treatment, whereby 

changes in cytokine and chemokine levels tended to correspond to parasite burdens (Fig 

S4B).

Absence of IL-27 signaling decreases the expansion of γδ T cells in the alveolar space 
during primary N. brasiliensis infection

As T cells by far have the highest expression of IL-27RA (Fig. 1E–G), and all three T 

cell subsets evaluated express IL-27RA (albeit highest on TCRβ−TCRγδ+ γδ T cells; Fig. 

2C–E), we next compared the percentage and number of all three T cell subsets in day 2 

p.i. BAL between WT and Il27ra−/− mice. Compared to WT mice, we observed a significant 

1.4-fold reduction in the percentage of TCRβ−TCRγδ+ γδ T cells, a mild reduction in the 

percentage of TCRβ+CD8+ CTLs, and a slight increase in the percentage of TCRβ+CD4+ Th 

cells (Fig. 5A, B) in Il27ra−/− mice. Most importantly, BALs from Il27ra−/− mice exhibited 

a 1.5-fold reduction in the absolute number of γδ T cells, while the counts of Th cells 

and CTLs were unchanged (Fig. 5C). The absolute numbers of macrophages, neutrophils, 

eosinophils, T cells, B cells, and NK cells were unaffected in Il27ra−/− mice (Fig S5C). 

Thus, these findings support a prominent role for IL-27 in enhancing the expansion of γδ T 

cells in the alveolar space during primary N. brasiliensis infection.

Following these observations, we next tested if IL-27 directly promotes anti-helminthic γδ 
T cell responses to protect against N. brasiliensis infection of the lung. First, we treated 

mice with rmIL-27 during N. brasiliensis infection, and found that IL-27 enhanced both the 

frequency (Fig. 6A) and absolute number (Fig. 6B) of γδ T cells in BALs on day 2 p.i. As 

in Il27ra−/− mice, absolute numbers of other broad lymphocyte and myeloid cells remained 

unchanged (Fig. S5D), suggesting IL-27 preferentially affected γδ T cells in this disease 

context. Because γδ T cell numbers in the lung appeared undisturbed in uninfected Il27ra−/− 

mice (Fig. S5E), we next asked if IL-27 might enhance γδ T cell numbers by upregulating 

the expression of chemokine receptors on γδ T cells that would promote recruitment to the 

lungs in infected mice. Interestingly, we did not find any significant change in the expression 

of several important chemokine receptors known to be expressed by γδ T cells (38–40), 

including CXCR1, CXCR3, CCR2, and CCR5 (Fig. S5F–G). To determine if there was a 

direct impact of IL-27 on γδ T cells, we next employed an adoptive intratracheal transfer 

approach (Fig. 6C). γδ T cells were isolated from naïve WT donors, treated in vitro with 

or without rmIL-27, and transferred to recipient WT mice, that had been inoculated with 

N. brasiliensis larvae 12 hours earlier (Fig. 6C). Mice which received rmIL-27-treated γδ 
T cells showed a significant decrease in live parasite burden and increase in dead parasite 

counts in the BALF and lung (Fig. 6D, E). Together, these data demonstrate that the impact 

of IL-27 on γδ T cells is capable of conferring protection to lung infection of N. brasiliensis, 

indicating γδ T cells are key mediators of this protective IL-27 effect.

Sharma et al. Page 10

J Immunol. Author manuscript; available in PMC 2023 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

In this report, we have identified a functional role for IL-27 signaling in protective immune 

defense against hookworm larvae, which migrate from the pulmonary vasculature into the 

airways.

IL-27RA was expressed on all airway-invading lymphocytes, albeit differentially based 

on cellular subset. IL-27RA was particularly abundant on γδ T cells compared to other 

innate and adaptive lymphocytes, suggesting this cell type as a prominent target for 

IL-27-mediated defense in the current setting. To this end, genetic deficiency of IL-27RA 

resulted in greater parasite burden and more severe lung injury, whereas the opposite 

was true following rmIL-27 treatment. These findings were associated with differences 

in local proinflammatory cytokines and γδ T cell numbers in Il27ra−/− mice. Adoptive 

intratracheal transfer of rmIL-27-treated γδ T cells during primary N. brasiliensis lung 

infection conferred protection in mice, revealing a direct anti-helminthic function of IL-27 

on γδ T cells.

Innate immunity to helminths is widely accepted to be limited to expulsion, a canonical type 

2 response orchestrated by Th2 cells, ILC2s, and γδ T2 IECs that, in the case of hookworm 

infections, is not initiated until the adult stage of the life cycle in the small intestine (13, 

20, 41, 42). Innate immune mechanisms responsible for defense against helminth infections 

within the lungs have received much less attention, likely due to the gut being the conserved 

final destination for the majority of geohelminths. Even among studies on intrapulmonary 

helminths, the focus has remained on immune responses after initial lung infection and 

concurrent with subsequent infection of the gut, especially regarding anti-helminthic ILC2 

accumulation in the lung which arises about a week post-initial infection (15, 29, 43–48). 

We demonstrated that there are mechanisms of innate resistance to hookworm infection 

in the lungs that are not necessarily associated with type 2 responses. As a key activator 

of pulmonary resistance to hookworms, we found that IL-27 was transiently induced for 

expansion of γδ T cells in the alveolar space that contributed to killing parasitic larvae 

directly and/or indirectly prior to their transition to the small intestine.

Indeed, examining both BAL and lung tissue, we found an increase in the number of dead 

parasites in mice treated with systemic rmIL-27 (Figs. 3E, F) or adoptive intratracheal 

transfer of rmIL-27-stimulated γδ T cells (Figs. 6D, E), along with a corresponding decrease 

in IL-27ra−/− mice (Fig. 3 A, B), suggesting IL-27 activates effective killing of lung-resident 

parasites. Although IL-27 has been shown to promote wound healing (49), it seems unlikely 

that a decrease in local tissue inflammation and larvae dissemination is responsible for the 

protective effect of IL-27 on parasite burden in the lung. We did not employ secondary 

challenges with percutaneous and intradermal inoculation of L3 to elicit host skin responses 

(50, 51). The subcutaneous route of injection of N. brasiliensis would have allowed the 

parasitic L3 to begin transit along arterioles within hours toward the lung (12) bypassing 

much of cutaneous immunity. Rather, it seems a direct effect of IL-27-activated γδ T cells, 

or an indirect influence of γδ T cells on local cells such as alveolar macrophages, may be 

responsible for parasite killing (16). Together, our results strongly suggest that the role of 
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IL-27 in the lung stage of hookworm infection is the opposite of the stage in the gut, being 

anti-parasitic for the former and pro-parasitic for the latter (29, 52).

Consistent with a strong role for local innate γδ T cells in the lungs, IL-27-dependent 

changes occurred within the first two days of infection. This suggests that IL-27’s beneficial 

effects stem from alterations in innate immunity, especially given the time required for 

antigen-specific T cell responses. Yet, cytokine-induced T cells can modulate inflammation 

independently of their T cell receptor (53, 54), such that their accumulation and higher 

absolute numbers relative to γδ T cells in the airspaces may still contribute to the 

inflammatory milieu in some capacity.

Regarding alveolar cytokine and chemokine changes, the downregulation of IL-6 production 

by IL-27 (Fig. 4) may be a direct effect, since lymphocytes can both produce and respond 

to IL-6 (55, 56). Alternatively, changes in IL-6 may occur as an indirect consequence of 

IL-27RA-expressing NK cells and T cells dispatching signals to control IL-6 synthesis 

in other non-lymphocytic cells. The precise role of IL-6 in lung injury and pulmonary 

inflammation appears to be somewhat dependent on the disease model (57, 58).

The chemokine, MCP-3 (CCL7), shares 71% sequence similarity with MCP-1 (CCL2) 

and binds to the CCR2 receptor (59, 60). CCR2 is constitutively expressed not only on 

monocytes/macrophages, but also on T cells, including IL-17 producing γδ T cells (61). 

However, the higher concentrations of MCP-3 in Il27ra−/− mice during hookworm infection 

seem to contradict the lower influx of γδ T cells in these mice (Fig. 4A vs. Fig. 5C). The 

increased MCP-3 may rather represent an ineffective compensatory feedback loop to bring 

T cell numbers back up when too low. IL-27 itself is not a chemokine, but gp130-induced 

JAK/STAT1/STAT3 signaling may regulate expression of chemokines, chemokine receptors 

and T cell migration (62, 63). Another possibility is that elevated MCP-3 is secondary to 

the increase in pathogen burden resulting from IL-27 deficiency, making the precise roles of 

MCP-3 speculative at present.

The lack of clear upregulation of several key chemokine receptors, including CCL2 (64–66), 

on the surface of γδ T cells further underscores the need for more work elucidating these 

trafficking mechanisms. IL-27 might modulate γδ T cell recruitment by regulating other 

chemokine receptors or cell adhesion molecules. Alternatively, IL-27 may increase γδ T 

cell numbers in the lung through other means, such as by modulating γδ T cell activation, 

proliferation, or survival. The few studies characterizing any direct effects of IL-27 on γδ 
T cells suggest these are possibilities (67, 68). Almost all the work on IL-27 in T cells 

has focused on conventional CD4+ and CD8+ T cells (26, 69–71) and more investigation is 

needed to untangle basic IL-27 downstream signaling mechanisms in γδ T cells.

IL-27 is almost exclusively produced by macrophages and dendritic cells (26, 72). For 

example, we have previously shown that during endotoxemia, depletion of mononuclear 

phagocytes decreases circulating IL-27 levels in vivo by >80% (72). Here, we have detected 

IL-27RA expression on all lung lymphocyte subpopulations during hookworm infection, 

which is consistent with abundant evidence highlighting the responsiveness and functional 

roles of IL-27 in T cells and B cells (26, 73). On the other hand, we did not observe 
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IL-27RA expression on mouse myeloid cells in lung and spleen, while receptor expression 

and IL-27 responsiveness has been reported for human neutrophils and human monocytes 

(74, 75). We caution that none of the earlier reports have assessed IL-27RA expression in a 

cell-specific capacity (as accomplished by flow cytometry in the present study), but instead 

relied on RT-PCR or western blotting of cell lysates, making conclusive determination of 

cellular source somewhat speculative.

The mechanisms of helminth-induced IL-27 expression remain unclear. No dedicated 

class of pattern recognition receptors for helminth recognition has been identified so 

far. Helminth-derived chitin, proteoglycans, lipids, and excretory-secretory products may 

be recognized by TLRs and C-type lectins (40, 76–79). In addition, danger associated 

molecular patterns (DAMPs), when released during helminth-induced tissue injury, could 

act as endogenous ligands for TLRs (and other receptors), thereby inducing MYD88/TRIF-

dependent IL-27 production (72, 80–82). Furthermore, γδ T cells can be activated by 

DAMPs from mitochondria (83).

The regulatory role of IL-27 for the host immune defense against helminths does not appear 

to be limited to hookworms. Dual deficiency of IL-27RA and IL-10 rescues the great 

susceptibility of IL-10 single knockout mice for intestinal pathology and infection caused 

by the whipworm, Trichuris muris (84). Strongyloides stercolaris, the causative threadworm 

of strongyloidiasis, infects more than 50 million people worldwide and infection results 

in a moderate but significant increase of IL-27 in human plasma, which decreases after 

anti-helminthic treatment (85). In human whole blood cultures of infected individuals re-

stimulated with recombinant S. stercolaris NIE antigen, the neutralization of IL-27 using 

antibodies increases the frequencies of all CD4+ T helper cell subsets (Th1-Th22), CD8+ T 

cells and modulates cytokine levels (86). Ascaris lumbricoides antigen has been shown to 

induce IL-27 release from PBMCs in adults/the elderly as compared to neonates/children 

from an endemic cohort in Sub-Saharan Africa with a 30% prevalence of hookworm and 

other parasite infections (87). Altogether, these observations suggest an important influence 

of IL-27 on host outcome in a variety of settings of helminthic infections.

While we describe in this report that recombinant IL-27 reinforced the anti-helminthic 

host defense in the lungs, the feasibility of proposing its administration as an effective 

therapy is highly speculative. First, the efficacy observed in our studies was only around 

50% for reduction of the lung larvae burden in IL-27-treated mice, although this could be 

improved by further dose optimization. Secondly, the skin penetration of hookworm larvae 

in humans usually is unnoticed, such that any window of therapeutic efficacy may be too 

difficult to rely on. Thirdly, another report showed that a non-viral minicircle DNA vector 

injected intra-venously for recombinant expression of IL-27 resulted in higher numbers of 

adult N. brasiliensis in the intestinal tract (29). This finding and our presented data (Fig. 

3, S5A–B) imply that the role of IL-27 is either protective or detrimental depending on 

the stage of the hookworm infection cycle and host tissue environment. It appears that 

more sophisticated manipulations would be needed to specifically enhance IL-27-dependent 

protective immunity in the lung. IL-27 may be an interesting factor to explore for developing 

adjuvants for vaccines that target the early lung stage of human hookworms (11). Vaccine 

adjuvants would need to be tailored to locally induce IL-27 (88–90), or to up-regulate 
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IL-27RA expression and IL-27 responsiveness of lung resident lymphocyte subpopulations 

(91).

In conclusion, the presented work expands on the emerging role of IL-27 as a critical 

factor of host defense and immune regulation against hookworm infections, and provides a 

strong rationale for future studies to elucidate the relatively uncharted area of fundamental 

IL-27-activated mechanisms within γδ T cells during the pulmonary stage of parasitic 

infection. In the future, more research will be needed to fully uncover the intricate molecular 

mechanisms of host-helminth interactions as a basis for developing innovative treatment and 

control strategies against this neglected tropical disease.
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Key Points

• Deletion of IL-27RA confers susceptibility to primary hookworm lung 

infection.

• Recombinant IL-27 treatment reduces lung parasite burden and injury in 

mice.

• IL-27 promotes anti-helminthic responses via IL-27RA+ γδ T cells in the 

lungs.

Sharma et al. Page 20

J Immunol. Author manuscript; available in PMC 2023 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
N. brasiliensis infection promotes IL-27(p28) release and IL-27RA-expressing lymphocytes 

in the lungs.

C57BL/6J wild type (WT) mice were infected s.c. with third stage larvae (L3) of N. 
brasiliensis (n=500/mouse) or received a mock PBS injection as controls. The inflammatory 

cytokines or cells were collected by broncho-alveolar lavage (BAL). (A) IL-27(p28) was 

quantified in BAL fluid by ELISA at the indicated time points (n=3–5 mice/group). (B) 

Representative flow cytometry gating of CD19 versus CD3 pre-gated on CD45+Ly6G− 

single cell lymphocytes (left panel), and NK1.1 versus CD3 gated on CD19−CD3− 

innate lymphocytes (right panel), on day 2 post-inoculation (p.i.). Frequencies (%) of 

parent populations are indicated next to each gate. (C) Absolute numbers of lymphocyte 
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populations of CD19−CD3+ T cells, CD19+CD3− B cells, and CD19−CD3−NK1.1+ NK cells 

on days 0 (PBS-inoculated/uninfected), 1, and 2 p.i. (n=6–9 mice/group). (D) Representative 

histograms of IL-27RA expression on T cells (left panel), NK cells (middle panel), and 

B cells (right panel) on day 2 p.i. The dotted black line indicates isotype-FMO control. 

The frequencies of IL-27RA− and IL-27RA+ cells are indicated in the upper left and right 

corners, respectively. (E) Frequencies of IL-27RA+ T cells, NK cells, and B cells on days 1 

and 2 p.i. (n=8–9 mice/group from 2 pooled experiments). (F) IL-27RA presence expressed 

as geometric mean fluorescence intensity (gMFI) on these cells at these time points (n=6 

mice/group). (G) Representative histogram of IL-27RA expression on T cells on days 1 

and 2 p.i. The dotted black line indicates isotype-FMO control (Ctrl). Each circle indicates 

an individual mouse (A, E, F). Data are shown as mean ± SEM (A, C, E, F). Data were 

analyzed by Student’s t-test comparing day 0 vs. day 1 and day 0 vs. day 2 for each cell type 

(C), one-way ANOVA (A), or two-way ANOVA (E, F), * P<0.05, ** P<0.01, *** P<0.001, 

**** P<0.0001, ns: not significant.
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FIGURE 2. 
IL-27RA expression is highest on γδ T cells among broncho-alveolar lymphocytes during 

N. brasiliensis infection.

C57BL/6J (WT) mice were infected s.c. with third stage larvae (L3) of N. brasiliensis 
(n=500/mouse) or received a mock PBS injection as controls. Cells were collected by BAL. 

(A) Representative flow cytometry gating of TCRβ chain versus TCRγδ chain pre-gated 

on CD3+ single cell lymphocytes (left panel), and CD4 versus CD8a on αβ T cells (right 

panel), on day 2 p.i. Frequencies (%) of parent populations are indicated next to each 

gate. (B) Absolute numbers of CD4+CD8− T helper (Th) cells, CD4−CD8+ cytotoxic T 

lymphocytes (CTLs), and TCRβ−TCRγδ+ γδ T cells on day 0 (PBS-inoculated/uninfected), 

day 1 (n=2 mice/group), and day 2 (n=6 mice/group) p.i. (C) Representative histograms of 
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IL-27RA expression on γδ T cells (left panel), CTLs (middle panel), and Th cells (right 

panel). The dotted black line indicates IL-27RA staining in Il27ra−/− mice as a negative 

control. The frequencies of IL-27RA− and IL-27RA+ cells are indicated in the upper left and 

right corners, respectively. (D) Frequencies of IL-27RA+ γδ T cells, CTLs, and Th cells on 

day 2 p.i. (n=6 mice/group). (E) IL-27RA abundance (gMFI) on γδ T cells, CTLs, and Th 

cells on day 2 p.i. (n=6 mice/group). Each circle indicates an individual mouse (D, E). Data 

are shown as mean ± SEM (B, D, E). Data were analyzed by Student’s t-test comparing day 

0 vs. day 1 and day 0 vs. day 2 for each cell type (B), or one-way ANOVA (D, E), * P<0.05, 

** P<0.01, *** P<0.001, **** P<0.0001, ns: not significant.
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FIGURE 3. 
IL-27 enhances innate resistance to primary N. brasiliensis infection in the lungs.

(A-D) In vivo comparison of the susceptibility of Il27ra−/− mice and WT control (C57BL/

6NJ) mice to primary N. brasiliensis infection (n=500 L3/mouse, s.c.) in the lungs on day 

2 p.i. (A) Alveolar live and dead parasite burden in BAL (n=6–14 mice/group) and (B) 

parasite burden within lung tissue consisting of live and dead larvae (n=6 mice/group). 

(C) Alveolar hemorrhage (n=8 mice/group, and (D) alveolar total protein in BALF (n=14 

mice/group). (E-H) In vivo comparison of the susceptibility of C57BL/6J mice administered 

rmIL-27 (100 ng/mouse) i.p. on days 0 and 1 p.i.) or mock control (0.1% BSA in PBS i.p.) 

to primary N. brasiliensis infection in the lungs on day 2 p.i. (E) Alveolar parasite burden 

in BAL and (F) lung parasite burden within tissue consisting of live and dead larvae (n=18 

or n=5 mice/group). (G) Alveolar hemorrhage and (H) alveolar total protein in BALF (n=13 

mice/group from 2 pooled experiments). Each circle indicates an individual mouse. Frames 

A, D, G-H are pooled from two independent experiments and data are shown as mean ± 
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SEM and were analyzed by Student’s t-test, * P<0.05, ** P<0.01, *** P<0.001, ns: not 

significant.
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FIGURE 4. 
IL-27 regulates inflammatory mediators during primary N. brasiliensis infection of the 

lungs.

(A) In vivo comparison of selected BALF cytokines and chemokines from Il27ra−/− mice 

and WT control (C57BL/6NJ) mice during primary N. brasiliensis infection (n=500 L3/

mouse, s.c.) on day 2 p.i. (n=7–8 mice/group). (B) In vivo comparison of selected BALF 

cytokines and chemokines in WT (C57BL/6J) mice administered rmIL-27 (100 ng/mouse i.p 

on days 0 and 1 p.i.) or mock control (0.1% BSA in PBS i.p.) during primary N. brasiliensis 
infection on day 2 p.i. (n=12–13 mice/group from 2 pooled experiments). All data were 

obtained by bead-based multiplex assay (Luminex-200). Each circle indicates an individual 

mouse. Data are shown as mean ± SEM and were analyzed by Student’s t-test, * P<0.05, ** 

P<0.01.
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FIGURE 5. 
Il27ra−/− mice have decreased presence of γδ T cells in the alveolar space during N. 
brasiliensis infection.

(A) Representative flow cytometry gating of TCRβ−TCRγδ+ γδ T cells (top panels), 

CD4+CD8− Th cells, and CD4−CD8+ CTLs (bottom panels), from WT control (C57BL/6NJ) 

(left panels) and Il27ra−/− mice (right panels) in BAL during N. brasiliensis infection (n=500 

L3/mouse, s.c.) on day 2 p.i. Frequencies (%) of parent populations are indicated next 

to each gate. Cells were pre-gated on live singlet lymphocytes. (B) Frequencies and (C) 

absolute numbers of these CD4+CD8− Th cells, CD4−CD8+ CTLs, and TCRβ−TCRγδ+ γδ 
T cells in BAL of WT (n=5 mice/group; one mouse was removed due to extremely low 

infection, as determined by negligible hemorrhage) and Il27ra−/− (n=6 mice/group) mice on 
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day 2 p.i. Each circle indicates an individual mouse (B, C). Data are shown as mean ± SEM 

(B, C) and were analyzed by Student’s t-test (B,C), * P<0.05, ns: not significant.
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FIGURE 6. 
IL-27 enhances γδ T cell-mediated innate resistance to primary N. brasiliensis infection in 

the lungs.

(A-B) C57BL/6J (WT) mice were administered rmIL-27 (100 ng/mouse i.p. on days 

0 and 1 p.i.) or mock control (0.1% BSA in PBS i.p.) during N. brasiliensis 
infection (n=500 L3/mouse, s.c.). γδ T cells were analyzed on day 2 p.i in BAL. (A) 

Representative flow cytometry plots showing frequencies and (B) absolute numbers of 

CD3+ TCRγδ+ γδ T cells in the alveolar spaces of rm-IL27-treated mice (n=5 mice/

group). (C) Workflow demonstrating γδ T cell adoptive transfer approach. γδ T cells 

(CD11b−CD45R−CD3+TCRγδ+) were positively selected from the spleens of naïve WT 

mice using magnetic beads (purity of TCRγδ+ fraction ~95%), treated for 30 min at 
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37°C in vitro with mock (PBS) or rmIL-27 (100 ng/ml), washed thoroughly, and injected 

intratracheally into recipient mice 12 hours after inoculation with N. brasiliensis. (D) 

Alveolar parasite burden by BAL and (E) lung parasite burden within lung tissue consisting 

of live and dead larvae on day 2 p.i. following the adoptive transfer (n=6–7 mice/group). 

Each circle indicates an individual mouse (B, D, E). Data are shown as mean ± SEM (B, D, 

E) and were analyzed by Student’s t-test, * P<0.05, ** P<0.01, *** P<0.001.
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