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Abstract

We describe a novel B cell–associated cytokine, encoded by an uncharacterized gene (C17orf99; 

chromosome 17 open reading frame 99), that is expressed in bone marrow and fetal liver and 

whose expression is also induced in peripheral B cells upon activation. C17orf99 is only present in 

mammalian genomes, and it encodes a small (~27-kDa) secreted protein unrelated to other 

cytokine families, suggesting a function in mammalian immune responses. Accordingly, C17orf99 
expression is induced in the mammary gland upon the onset of lactation, and a C17orf99−/− mouse 

exhibits reduced levels of IgA in the serum, gut, feces, and lactating mammary gland. C17orf99−/− 

mice have smaller and fewer Peyer’s patches and lower numbers of IgA-secreting cells. The 

microbiome of C17orf99−/− mice exhibits altered composition, likely a consequence of the 

reduced levels of IgA in the gut. Although naive B cells can express C17orf99 upon activation, 

their production increases following culture with various cytokines, including IL-4 and TGF-β1, 

suggesting that differentiation can result in the expansion of C17orf99-producing B cells during 

some immune responses. Taken together, these observations indicate that C17orf99 encodes a 

novel B cell–associated cytokine, which we have called IL-40, that plays an important role in 

humoral immune responses and may also play a role in B cell development. Importantly, IL-40 is 
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also expressed by human activated B cells and by several human B cell lymphomas. The latter 

observations suggest that it may play a role in the pathogenesis of certain human diseases.

Cytokines are small secreted proteins that play an essential role in host defense, 

inflammation, the development of the immune system, and in immune responses. Cytokines 

exert their effects by binding specific receptors on the membrane of target cells. The 

elucidation of cytokine receptor/ligand pairs has furthered our understanding of the 

mechanisms through which cytokines regulate the development of immune responses (1). 

Cytokine genes likely arose through gene duplication from ancient precursors (2) and, 

therefore, exhibit common structural features in their sequences that reflect their common 

evolutionary origins. This characteristic has facilitated the identification of all of the 

members that belong to a particular cytokine superfamily (3). It follows that, if any 

cytokines remain to be discovered, they are not likely to be members of any known cytokine 

family.

We sought to identify novel immune system–associated genes encoding secreted or 

transmembrane proteins. To this end, we analyzed a comprehensive database of human gene 

expression (Body Index of Gene Expression [BIGE]) that includes 105 human tissues or 

cells (4, 5). These analyses led to the identification of 35 poorly characterized genes 

predicted to encode transmembrane or secreted proteins expressed by leukocytes or immune 

system–associated organs. We have reported three of these novel genes, including Isthmin 1, 

Tetraspanin 33 (TSPAN33), and Meteorin-like (6–8). In this article, we report an 

uncharacterized gene (C17orf99; chromosome 17 open reading frame 99) that encodes a 

small secreted protein (~27 kDa) produced by B cells upon activation. These characteristics 

strongly suggest that C17orf99 encodes a novel B cell–expressed cytokine. Therefore, we 

predicted that C17orf99 would have effects in the immune system. To test this hypothesis, 

we obtained and analyzed a mouse with a targeted deletion of C17orf99. Phenotypic analysis 

of this mouse indicates that it exhibits altered B cell numbers; low levels of IgA in the 

serum, mammary gland, and feces; and an altered microbiome. We conclude that C17orf99 
encodes a novel B cell–derived cytokine. Recently, a new member of the IL-12 family has 

been identified and named IL-39 (9, 10). Therefore, we have named the novel cytokine 

encoded by C17orf99 IL-40 (11); in this report, we demonstrate that IL-40 is a novel 

cytokine involved in the regulation of humoral immunity.

Materials and Methods

Cells

The human B cell line 2E2 (derived from Burkitt lymphoma) has been described (12). The 

human T cell line Jurkat was obtained from the American Type Culture Collection 

(Manassas, VA). The human B cell lymphoma cell lines have been described previously (13) 

and were a generous gift from Dr. D. Fruman (University of California, Irvine). The murine 

cell line A20-2J has been described (14) and was a kind gift of Dr. P. Marrack (National 

Jewish Health, Denver, CO). Human peripheral blood B cells were purified by flow 

cytometry (>95%).
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Quantitative PCR

Human cDNAs were obtained from Clontech (Mountain View, CA), and PBMCs were from 

Sanguine BioSciences (Sherman Oaks, CA). RNA was isolated from human cell lines/cells 

or tissues using the QIAGEN RNeasy Kit, according to the manufacturer’s instructions 

(QIAGEN, Valencia, CA). cDNA reactions were performed using QuantiTect Reverse 

Transcription (QIAGEN). Quantitative PCR (qPCR) was performed using the Roche 

LightCycler 480 Real-Time PCR system with probes designed to detect CD19 (B cell 

marker), C17orf99, and GAPDH (housekeeping gene) (Roche, Pleasanton, CA) 

(Supplemental Table I). The mouse gene homolog of human C17orf99 is 6030468B19Rik.

Mice

All animal protocols were approved by the Institutional Animal Care and Use Committee of 

the University of California, Irvine. MRL/MpJ-Faslpr/J mice (stock number 000485) and 

C57BL/6J mice (stock number 000664) were obtained from The Jackson Laboratory (Bar 

Harbor, ME). Il40−/− mice (B6/129S5-6030468B19Rik−/−) were obtained from the KOMP 

Repository (University of California, Davis, Davis, CA). B6/129S5-6030468B19Rik−/− mice 

obtained were backcrossed to C57BL/6J mice at least five generations. Wild-type (WT) mice 

used as controls were littermates from het/het pairings that also yielded homozygous Il40−/− 

mice. Serum samples were obtained through submandibular cheek bleed, as described (15). 

Fecal samples were collected, as described (16). Breast milk samples were obtained by 

collecting the stomach contents of neonate mice. Briefly, stomach contents were centrifuged 

at maximum speed for 15 min, and supernatants were collected.

ELISA

Serum Ig ELISAs were performed according to the manufacturer’s protocols (eBioscience, 

San Diego, CA). Plates were read at 450 nm. For fecal IgA ELISA, plates (Sigma-Aldrich, 

St. Louis, MO) were coated with anti-IgA mAb (clone RMA-1; BioLegend, San Diego, CA) 

at 2 μg/ml. Five-percentage milk in PBS-Tween (PBS-T) was used as blocking buffer. Plates 

were washed three times with PBS-T after each step. Alkaline phosphatase– conjugated anti-

mouse IgA (SouthernBiotech, Birmingham, AL) was used as secondary Ab for 1 h at room 

temperature and washed three times with PBS-T. SureBlue substrate (KPL, Gaithersburg, 

MD) was added, and the reaction was stopped with 2 N H2SO4. Plates were read at 630 nm.

Western blot

To verify that IL-40 is secreted, human IL40 cDNA was cloned from human 2E2 B cells, a 

Burkitt lymphoma model of B cell activation and differentiation (12), and inserted into pTT5 

vector (13), resulting in a recombinant gene encoding a fusion protein with a C-terminal 8× 

histidine (His) tag. HEK293 cells were transiently transfected with the pTT5-IL40 construct 

(or empty vector used as a control), and day-1 and day-3 supernatants were collected, 

concentrated in an anti-His column (GenScript), and analyzed for the presence of rIL-40 

protein by Western blot (using anti-His Ab) (Bio-Rad).
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Flow cytometry

Peyer’s patches (PPs) were isolated from the small intestines of WT or Il40−/− mice. PP B 

cells were stained with PE-labeled anti-mouse CD45R (B220), rat mAb (clone RA3-6B2; 

eBioscience), 7-aminoactinomycin D (BioLegend), and allophycocyanin-labeled IgM 

(BioLegend) and analyzed by flow cytometry using a BD FACSCalibur (BD Biosciences, 

San Jose, CA) and FlowJo data analysis software (TreeStar, Ashland, OR).

Bone marrow (BM) cells were isolated from femurs of C57BL/6J or Il40−/− mice by 

flushing them out with a 25G needle using FACS buffer (PBS 5% heat-inactivated FBS). 

The cells were stained with the following monoclonal conjugates: PE anti-mouse CD45 

conjugate (clone 30-F11), FITC anti-mouse CD11b (clone M1/70), BV421 anti-mouse B220 

(clone RA3-6B2), anti-mouse CD51 (clone RMV-7; all from BioLegend), and Fixable 

Viability Dye eFluor 760 (eBioscience) in FACS buffer for 20 min and sorted using a 

FACSAria Fusion sorter (BD Biosciences). The data were analyzed with FlowJo v10.0.8 

software (TreeStar).

BM B cell subsets

Eight-week-old mice were used for FACS analyses of the BM. Single BM cell suspensions 

were stained using anti-mouse Abs against B220 (clone RA3-6B2; eBioscience), CD19 

(clone 1D3; eBioscience), CD43 (clone S7; BD Biosciences, Franklin Lakes, NJ), IgM 

(clone RMM-1; BioLegend), IgD (clone IA6-2; BioLegend), c-Kit (clone 2B8; 

eBioscience), Flk2 (clone A2F10; eBioscience) and Ter119 (clone Ter119; eBioscience). 

The gating was done as described (17, 18).

Splenic B cell subsets analyses

Spleens from 8-wk-old mice were used for analysis. Single-splenocyte suspensions were 

stained with anti-mouse Abs anti-CD19 (clone HIB19), anti-CD93 (clone AA4.1), anti-IgD 

(clone IA6-2), anti-IgM (clone RMM-1), anti-CD21/35 (clone CR2/CR1), and anti-CD23 

(clone B3B4) (all from Bio-Legend). The gating strategy was done as described by Allman 

and Pillai (19).

Class switch recombination assay

This assay was performed as described (20, 21). Briefly, B cells were purified from 

splenocyte suspensions using a MojoSort Pan B Cell Isolation Kit (BioLegend), following 

the manufacturer’s protocol. B cells were cultured at 50 × 103 per milliliter in RPMI 1640 

supplemented with 10% and 50 μM 2-ME and stimulated with LPS (10 μg/ml) for class 

switch recombination (CSR) to IgG3. Additionally, B cells were stimulated with LPS (10 

μg/ml) and with the following cytokines and reagents: IL-4 (5 ng/ml) for CSR to IgG1; 

TGF-β (5 ng/ml) for CSR to IgG2b; and IL-4 (5 ng/ml), IL-5 (5 ng/ml), anti-IgD/dextran 

(10 ng/ml), and TGF-β for CSR to IgA. Cells were harvested by centrifugation at 500 × g, 

stained with Abs to B220, IgM, IgG1, IgG2b, IgG3, IgA, and CD138, and analyzed by flow 

cytometry, as described above.
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Statistical analyses

We used the unpaired Student t test for all experiments. Differences with p < 0.05 were 

considered statistically significant and are labeled as follows: *p < 0.05, **p < 0.01, ***p < 

0.001, and ****p < 0.0001. Error bars represent mean ± SEM. Some experiments were also 

analyzed using ANOVA or an F test (variance).

Microbiome analyses

DNA extracted from fecal samples was amplified by PCR of 16S rDNA (V4 region) with 

primers 515F and 806R modified by addition of barcodes for multiplexing and then 

sequenced on an Illumina MiSeq system (University of California, Davis, Host Microbe 

Systems Biology Core Facility). Sequences were processed and analyzed using QIIME (22) 

pipeline v1.9.1 with default settings, except as noted. In brief, paired-end sequences were 

joined, quality filtered, and chimera filtered (usearch61 option, RDP gold database); 

operational taxonomic units (OTUs) were picked de novo (“pick_otus” options: 

enable_rev_strand_match True, otu_picking_method usearch61) at 97% similarity, using the 

SILVA rRNA gene database v123 (23, 24) (align_seqs:template_fp 

core_alignment_SILVA123.fasta; “filter_alignment” options: allowed_gap_frac 0.80, 

entropy_threshold 0.10, suppress_lane_mask_filter True); and taxonomy was assigned with 

the RDP classifier (“assign_taxonomy” options: assignment_method rdp, confidence 0.8, 

rdp_max_memory 24, 000, reference_seqs_fp 97_otus_16S.fasta, id_to_taxonomy_fp 

consensus_taxonomy_7_levels.txt). Samples were rarefied to 10,000 reads and then α 
(Shannon index) and β (unweighted and weighted UniFrac) diversity was assessed via 

QIIME. Prism 7 software (GraphPad) was used for statistical analyses (Mann–Whitney U 
test).

Results

C17orf99 encodes a novel cytokine

Analysis of the BIGE database led to the identification of several poorly characterized genes 

encoding transmembrane or secreted proteins and expressed by cells or organs of the 

immune system. Further bioinformatics analyses led to the identification of an 

uncharacterized gene annotated as C17orf99 that encodes a small secreted protein (~27 

KDa). Other than its identification as one of 472 genes reported in a large study aimed at the 

identification of poorly characterized or unknown human genes encoding trans-membrane or 

secreted proteins (25), as well as a previous gene survey predicting that C17orf99 encodes a 

small secreted protein (26), there is no information on C17orf99 in the literature. The BIGE 

database, which consists of microarray data, indicates that C17orf99 is expressed in fetal 

liver and BM, as well as activated B cells (Fig. 1A). C17orf99 encodes a small secreted 

protein of 265 aa (including a 20-aa signal peptide) predicting a mature protein ~ 27 kDa 

(Fig. 1B). We confirmed these expression data in human tissues by end-point PCR (Fig. 1C) 

and in mouse and human tissues by qPCR (Supplemental Fig. 1). Because C17orf99 is an 

unannotated gene of unknown function, we performed further bioinformatics analyses and 

Basic Local Alignment Search Tool searches, specifically looking for shared synteny among 

different genomes. These analyses revealed that C17orf99 is only present in mammalian 

genomes (Fig. 1D). To confirm that it encodes a secreted protein, we transfected the 
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predicted human C17orf99 open reading frame with a His tag into HEK293 cells. 

Supernatants were concentrated in an anti-His column and then analyzed by Western blot for 

the presence of recombinant C17orf99 protein using an anti-His Ab. A band between 23 and 

30 kDa (consistent with an ~27-kDa protein) was detected in cell cultures transfected with 

the pTT5V5H8-C17orf99 construct (Fig. 1E), confirming that C17orf99 encodes a secreted 

protein.

C17orf99 encodes a secreted protein produced by activated B cells

The expression of C17orf99 in BM and fetal liver suggested a hematopoietic function. We 

initially hypothesized that it would be expressed by stromal cells, because these cells express 

many hematopoietic cytokines (27). We analyzed various freshly harvested mouse BM cell 

populations for expression of the mouse homolog of human C17orf99 (6030468B19Rik) and 

observed that its expression decreased rapidly following culture in vitro. By 48 h following 

culture, the expression of C17orf99 was undetectable (data not shown). We then FACS-

sorted various BM cell populations and performed qPCR for C17orf99. We found that the 

main source of C17orf99 expression in the BM is CD45− cells (representing mostly stromal 

cells), whereas very low expression was detected in the CD45+B220+ compartment, which is 

primarily made up of precursor and mature B cells, and no expression in 

CD45+CD11b+B220− or CD45+CD11b−B220− cells, which represent myeloid, T, and 

dendritic cells (data not shown).

The BIGE database indicates that, in addition to BM and fetal liver, activated human 

peripheral blood B cells express C17orf99 (with anti-CD40 and IL-4) (Fig. 1A). Therefore, 

we studied the expression of C17orf99 by B cells. As shown in Fig. 2A, activation of the 

mouse B cell lymphoma A20-2J (14) with CD40L and IL-4 induced strong expression of 

C17orf99. Spleen B cells from WT C57BL/6 mice activated with anti-CD40 and IL-4 also 

express C17orf99 (Fig. 2B). We next tested several activating stimuli on these cells, 

including various cytokines, and observed that B cells require several stimuli for optimal 

expression of C17orf99. These include a BCR stimulus (anti-IgM), anti-CD40, and several 

cytokines. Interestingly, TGF-β1 strongly potentiates the expression of C17orf99 by 

activated B cells, and the strongest expression was observed when B cells were activated 

with anti-CD40+anti-IgM+IL-4+TGF-β1 (Fig. 2B). Taken together, the characteristics of 

C17orf99 (encoding a small (~27-kDa) secreted protein, expressed upon activation by B 

cells) strongly suggest that C17orf99 encodes a novel B cell–derived cytokine that we have 

called IL-40 (11), a nomenclature that we will use in this article.

IL-40 expression is induced upon the onset of lactation in the mammary gland

IL-40 is 72% conserved at the amino acid level between mouse and human (Supplemental 

Fig. 1A) and exhibits a similar expression profile between the two species (human, 

Supplemental Fig. 1B; mouse, Supplemental Fig. 1C). As shown in Fig. 1D, C17orf99 is 

present only in mammalian genomes and is expressed by activated B cells (Fig. 2). 

Therefore, we hypothesized that it may be involved in mammalian-specific functions, such 

as lactation. To test this hypothesis, we measured the expression of Il40 in virgin, pregnant, 

1-wk postnatal (PN), and 3-wk PN mammary glands of WT C57BL/6 mice. As shown in 

Fig. 3A, Il40 expression is induced upon the onset of lactation in the mammary glands. 
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Interestingly, the expression of IL-40 correlates with the onset of IgA production in the 

mammary gland (Fig. 3B).

An Il40−/− mouse exhibits B cell abnormalities

To further explore the role of IL-40 in the immune response, we obtained a mouse with a 

targeted deletion of the mouse homolog of C17orf99 (6030468B19Rik), which has been 

described as part of a large mouse knockout database (25), and that results in the complete 

absence of IL-40 expression. The Il40−/− mouse is viable and reproduces normally. We 

hypothesized that this mouse would exhibit B cell abnormalities. The Il40−/− mouse has 

fewer B cells in the spleen compared with WT mice (Fig. 4A), indicating that the absence of 

IL-40 affects B cell homeostasis. To obtain more information about the effects of IL-40 in 

splenic B cells, we analyzed transitional and marginal zone B cells from Il40−/−mice by flow 

cytometry and, as shown in Fig. 4B, we observed a significant reduction in the number of 

transitional, follicular, and total marginal zone B cells. These observations suggest that 

IL-40 may be involved in peripheral B cell homeostasis; however, they could also be a result 

of altered B cell development. Therefore, we sought to analyze the latter possibility in more 

detail.

B cell populations are altered in the BM of Il40−/− mice

An Il40−/− mouse exhibits a deficiency of B220+ cells in the BM. B220 is a B cell–lineage 

marker that is expressed by B cell progenitors (pre-B cells) during development in the 

mouse BM (28). B220+ cells account for ~20% of the cells in the BM of normal adult mice 

(29). We stained for stromal and progenitor cells (CD45−) and leukocytes (CD45+), which, 

in turn, were divided into the B cell compartment (CD45+B220+), the myeloid compartment 

(CD45+CD11b+), and T cell progenitors (CD45+CD11b−) (30, 31). We observed a 

significant reduction in the number of B220+ cells in the BM of Il40−/− mice (Fig. 5A, 5B), 

which include precursor and mature B cells in the BM. These data suggested that IL-40 is 

involved in the development of B cells. Because BM expresses IL-40 (Fig. 1A), we tried to 

further identify the cells that produce IL-40. We initially observed that CD45− (but not 

CD45+) BM cells express IL-40 (data not shown). The BM CD45+ population contains B 

cell precursors (pro-B, pre-B cells) and macrophage and dendritic cell precursors 

(CD45+CD11b+ or CD45+ CD11b−), whereas the CD45−lineage− (CD3, Ly-6G/Ly-6C, 

CD11b, B220, and Ter-119) population represents mostly stromal cells. We sought to further 

identify the IL-40–producing cells by subdividing the CD45− population based on the 

expression of lineage markers and CD51 (αV integrin) (32). As shown in Fig. 5C, IL-40 is 

strongly expressed by the CD45−lineage−CD51− population, which primarily contains 

mature stromal cells (32).

We also analyzed the B cell precursor populations in the BM and found reduced numbers of 

pre-B cells (Fig. 5D, Supplemental Fig. 2). Taken together, the fact that some BM stromal 

cells produce IL-40, whereas there are alterations in the B cell precursor compartment in the 

BM, strongly suggests that IL-40 plays a role in B cell development.

We have also analyzed hematopoietic stem cell populations in the BM (short-term 

hematopoietic stem cells, long-term hematopoietic stem cells, common myeloid progenitors, 
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granulocyte-macrophage progenitors, and megakaryocyte and erythrocyte progenitors) and 

found no significant alterations in Il40−/− mice BM compared with WT mice (data not 

shown). These data suggest that IL-40 does not affect hematopoiesis.

Il40−/− mice exhibit reduced levels of IgA in mucosal secretions and exhibit GALT 
abnormalities

Lactation triggers the onset of IgA production in the mammary gland. Several genes have 

been implicated in triggering IgA production in the mammary gland. For example, a 

CCR10−/− mouse has no IgA in the milk, because the CCL28/CCR10 chemokine axis 

mediates the recruitment of IgA plasmablasts to the lactating mammary gland (33). 

Therefore, we next explored whether IgA production is affected by the absence of IL-40. To 

this end, we analyzed GALT, which contains a large number of immune cells and is a 

preferred site of IgA responses (34), in Il40−/− or WT mice. PPs are GALTs that participate 

in immune surveillance of the digestive tract and contain germinal center B cells and IgA-

secreting plasma cells (34). The Il40−/− mouse has fewer and smaller PPs than WT mice 

(Fig. 6A) (35, 36). Because IgA is the main Ig produced at this site (35–37), we measured 

total IgA switched cells (IgA+) and found a 5-fold reduction in total IgA+ cells (Fig. 6B–D). 

Taken together, these data indicate that IL-40 participates in the development of IgA 

responses in GALT, especially in the PP. Given these results, we next measured IgA levels in 

the serum, feces, or milk of WT or Il40−/− mice and observed a significant reduction in IgA 

levels in the Il40−/− mouse (Fig. 6E–G). The lower levels of IgA in feces of the Il40−/− 

mouse correlate with defects observed in the PPs (Fig. 6A–D). Serum levels of IgM and total 

IgG were unaffected (data not shown). We then hypothesized that the defects in IgA 

production may be due to defects in CSR (20). To test this, we performed a CSR assay but 

did not detect differences when using cells from Il40−/− or WT mice, suggesting that this 

mechanism is not affected by lack of IL-40 (Supplemental Fig. 3). Based on these 

observations, we conclude that IL-40 is involved in the development/control of humoral 

immune responses, especially those involving IgA production.

An Il40−/− mouse exhibits microbiome abnormalities

The gut is one of the major producers of IgA in the body (38, 39). IgA is an important 

regulator of commensal bacteria in the gut and controls infections in mucosal secretions 

(39). We hypothesized that the low levels of IgA measured in Il40−/− mice could be affecting 

the composition of the intestinal microbiome. To test this hypothesis, we collected fecal 

samples from WT and Il40−/− mice to perform total DNA extraction and 16S sequencing. 

Eubacterial diversity was reduced in the Il40−/− mouse, and the community composition and 

structure were substantially different by the absence of IL-40 expression (Fig. 7A, 7B). At 

the phylum level (Fig. 7C), we observed a significant reduction in Firmicutes in Il40−/− mice 

relative to WT, with a concomitant increase in Bacteriodetes. Deeper analysis of the affected 

phyla revealed significantly altered families and genera in the Il40−/− mouse. Among the 

Bacteroidetes, the uncultured Bacteroidales family S24-7 (40) was significantly increased 

(mean = WT 36.99%, Il40−/− 70.02%, p < 0.001). For the Firmicutes, the family 

Lachnospiraceae was the most prominent among those that were significantly reduced (WT 

45.54%, Il40−/− 11.93%, p < 0.001), reflecting decreases in genera, such as Blautia (WT 

0.48%, Il40−/− 0.02%, p < 0.001), Coprococcus 1 (WT 0.58%, Il40−/− 0.07%, p < 0.001), 
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Roseburia (WT 2.37%, Il40−/− 0.13%, p < 0.001), and UCG-001 (WT 11.08%, 

Il40−/− 0.22%, p < 0.001). There were also significant changes in the phylum Proteobacteria; 

the genus Desulfovibrio was not detected in three Il40−/− mice (WT 0.62%, Il40−/− 0.01%, p 
< 0.001), whereas the genus Bilophila was detected in all Il40−/− mice but not in WT mice 

(WT 0%, Il40−/− 0.06%, p < 0.001). These data strongly suggest that the lower levels of IgA 

in the gut of Il40−/− mice affect the diversity of their microbiome.

Human IL-40 is expressed by activated human B cells and human B cell lymphomas

Human peripheral blood B cells activated with anti-CD40 Ab plus IL-4 for 24 h showed 

strongly upregulated expression of human C17orf99/Il40 (Fig. 8A). We also tested various 

human non-Hodgkin B cell lymphoma lines (41) for IL-40 expression by qPCR and 

observed that several of them (OCI-Ly1, HL-2, and Val) produce IL-40 constitutively (Fig. 

8B). The latter observation suggests that IL-40 may play a role in the pathogenesis of human 

lymphomas (42). Interestingly, the Il40+ lymphomas also express the B cell activation Ag 

TSPAN33 (8), indicating that they exhibit an “activated” B cell phenotype (42). Taken 

together, we conclude that C17orf99 encodes a novel B cell–derived cytokine (IL-40) that 

has significant effects in IgA production, B cell homeostasis, and, likely, B cell 

development.

Discussion

We initially sought to identify novel immune system–associated genes. To this end, we 

analyzed a comprehensive database of human gene expression (BIGE) for genes expressed 

by immune system–associated organs, including tonsil, lymph nodes, spleen, thymus, BM, 

and fetal liver. This analysis yielded 35 poorly characterized genes predicted to encode 

transmembrane or secreted proteins, many of which are completely uncharacterized and 

were only annotated in the genome through their chromosomal location. For most of these, 

there is no information linking them with the immune system. We have reported three of 

these genes: Isthmin 1, a large secreted protein originally described in the brain of Xenopus, 

but which is expressed by NK, NKT, and Th17 cells in mammals (7); TSPAN33, a 

membrane protein that represents a novel biomarker of activated B cells (8); and Meteorin-

like (6), a secreted small protein related to a known neurotrophic growth factor (meteorin) 

that is expressed by activated macrophages. In the current study, we focused on C17orf99, 

because it is predicted to encode a small secreted protein (~27 kDa) and is expressed by 

activated B cells, fetal liver, and BM. Further analyses indicated that the cellular source of 

mouse C17orf99 in the BM is CD45− cells, which are enriched in stromal cells. This is not 

surprising because these cells are known to produce many cytokines (27). Mouse C17orf99-

producing cells in the BM are further enriched in the lineage−CD45−CD51− BM population 

(Fig. 5C). Interestingly, CD45−CD51+ cells include stromal cell precursors that support the 

development of bone and cartilage, whereas CD45−CD51− cells include mature stromal cells 

that support hematopoiesis and lymphopoiesis (32). These observations strongly suggest that 

mouse C17orf99 is produced by stromal cells that participate in lymphopoiesis. Along with 

this observation, we observed reduced numbers of B220+ cells and pre-B cells in the BM of 

C17orf99−/− mice (Fig. 5B, 5D). Importantly, lymphopoiesis occurs in the fetal liver and 

BM, and both sites express C17orf99 (Fig. 1A). Taken together, these observations strongly 
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suggest that C17orf99 plays a role in B cell development in the fetal liver and BM. However, 

further studies are necessary to confirm this hypothesis and to identify its potential role in 

lymphopoiesis. Conversely, we have not detected abnormalities in hematologic precursors in 

C17orf99−/− mice (data not shown), suggesting that C17orf99 is mainly linked to B cell 

development and function.

Data from the BIGE database indicate that C17orf99 is expressed by human peripheral 

blood B cells activated with anti-CD40 and IL-4 (Fig. 1A). We confirmed the latter 

observation with the murine B cell lymphoma A20-2J (Fig. 2A) and mouse spleen B cells 

(Fig. 2B). The fact that C17orf99 encodes a small secreted protein (~27 kDa), and that its 

expression is inducible in B cells upon activation, strongly suggests that C17orf99 encodes a 

novel cytokine. Recently, a new member of the IL-12 family has been identified and named 

IL-39 (6, 43). Therefore, we have named the small secreted protein encoded by C17orf99 
IL-40, because that is the next number in the IL sequence (11). In the periphery, the main 

source of IL-40 is likely to be activated B cells, suggesting that it plays a role in B cell 

homeostasis or humoral responses.

Cytokines are very important molecules in the immune system. Therefore, it is relevant to 

ask why C17orf99/Il40 has not yet been identified as a cytokine. Several factors may 

account for this, including that it is expressed by a limited number of tissues (BM and fetal 

liver); it does not belong to any recognized cytokine family (structural features would have 

facilitated its identification); and its main producers in the periphery (B cells) are not known 

to be prolific cytokine producers (44). Regarding this last point, we should note that some B 

cell subsets have recently achieved notoriety precisely through their ability to differentiate 

into cytokine producers. An example is the B10 regulatory cells, which produce IL-10 and 

are believed to be involved in autoimmunity (45). In contrast, C17orf99 has been recognized 

to encode a small secreted protein (26), and Tang et al. (25) included it in a library of 

knockout mice that encode transmembrane or secreted proteins.

B cells require several signals for optimal expression of IL-40. One of these involves the 

BCR (represented by the anti-IgM stimulus), and anti-CD40 Ab, or CD40L. The second 

signal is represented by cytokines like IL-4, which induces B cell activation and 

proliferation. Interestingly, among several cytokines tested, we found that TGF-β1 

potentiates the expression of Il40 by activated B cells (Fig. 2B). The ability of cytokines like 

IL-4 and TGF-β1 to potentiate IL-40 production by B cells suggests that optimal IL-40 

expression by B cells may require a specific differentiation mechanism to achieve optimal 

production (44). We predict that these “B40” cells could develop in vivo under certain 

conditions. In support of this, other B cell subsets have been described that require a specific 

differentiation mechanism to become strong cytokine producers. For example, IL-21 is 

required for B10 cells to develop in vitro (46). Similarly, an IL-40–producing subset of cells 

(B40 cells) may be associated with specific immune responses or human diseases.

As represented in a phylogram (Fig. 1D), C17orf99 is only present in mammalian genomes. 

This observation led us to hypothesize that IL-40 may have a mammalian-specific function. 

Lactation is such a function, and its onset triggers the production of IgA in the mammary 

gland. Importantly, IL-40 expression is induced upon the onset of lactation, and it correlates 
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with the expression of IgA in the milk (Fig. 3). Further support for a role for IL-40 in IgA 

responses comes from the phenotype of an Il40−/− mouse, which shows a reduction in the 

size and numbers of PPs, IgA+ B cells, and in IgA levels (Fig. 6), as well as significant 

differences in its microbiota (Fig. 7). The reduction in serum Igs is reminiscent of the 

phenotype of the B cell–activating factor BAFF−/− mouse (47), which exhibits a severe 

reduction in serum Igs; however, unlike the Il40−/− mouse, the BAFF−/− mouse only exhibits 

a moderate reduction in IgA levels. Ablation of another TNF family member, APRIL, also 

resulted in reduction of IgA serum levels (48). The inability of the Il40−/− mouse to produce 

normal levels of IgA suggests that the ablation of Il40 may be altering a mechanism that 

specifically affects this B cell subpopulation. Furthermore, the changes observed in the 

microbiome of the Il40−/− mouse are likely a consequence of the altered IgA production in 

mucosal tissues (49). Conversely, the number of lymphocytes in PPs and other GALT is 

influenced by microbial colonization (50), reflecting common evolutionary mechanisms. 

Taken together, these observations suggest an important role for IL-40 in the proliferation or 

differentiation of IgA-committed B cells.

Another interesting IL-40–linked cytokine is TGF-β1, which is also involved in IgA 

responses (51) and, as we show in Fig. 2B, potentiates IL-40 production by B cells. This 

raised the possibility that abnormal production of TGF-β1 in the Il40−/− mouse could 

account for the lower IgA levels observed in this mouse. However, we have tested the 

capacity of activated T cells from Il40−/− mice to produce TGF-β1, and it appears normal 

(data not shown).

Activated human peripheral blood B cells also produce IL-40 (Fig. 8A). Importantly, some 

human B cell lymphomas can produce IL-40 constitutively (Fig. 8B). B cell–ablation 

therapies (i.e., anti-CD20 mAbs) have shown significant therapeutic benefit in several 

autoimmune diseases, including multiple sclerosis (52) and rheumatoid arthritis (53). Yet, 

the mechanism(s) through which B cells participate in the pathology of these diseases 

remains undefined (44), although it is unlikely to be due to auto-antibodies, because the 

ablation of B cells [e.g., using rituximab (54)] does not affect plasma cells or autoantibody 

titers. An emerging concept is that B cell–derived cytokines (45, 46) may affect the 

development of autoimmunity. The latter observations suggest that IL-40, as a B cell–

associated novel cytokine, is an excellent candidate to be involved in the pathology of 

human diseases, including autoimmune diseases (55) and lymphomas (56), for which 

activated B40 cells may play an important role in their pathogenesis (44). Future 

experiments will aim to address some of the questions raised by the results described in this 

article.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BIGE Body Index of Gene Expression

BM bone marrow

C17orf99 chromosome 17 open reading frame 99

CSR class switch recombination

His histidine

OTU operational taxonomic unit

PBS-T PBS-Tween

PN postnatal

PP Peyer’s patch

qPCR quantitative PCR

TSPAN33 Tetraspanin 33

WT wild-type
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FIGURE 1. 
C17orf99 encodes a novel cytokine (IL-40). (A) C17orf99 expression in normal human 

tissues and immune cells from the BIGE (4, 5) database. IL-40 is expressed in fetal liver, 

BM, and peripheral blood B cells activated with anti-CD40 and IL-4. (B) C17orf99 amino 

acid sequence showing the predicted signal peptide (underlined). (C) qPCR of C17orf99 
showing a positive band in human fetal liver (FL) and BM but not in thymus (T) or lung (L) 

(which were used as controls); one experiment out of three independent experiments shown. 

(D) Clustal Omega analyses of the C17orf99 amino acid sequence in 10 selected mammalian 

species. C17orf99 homologs exhibit a minimum sequence homology with human C17orf99 
(at the amino acid level) of 55% and a maximum E value of 3 × e−70. (E) Western blot of 

supernatant from day 1 (D1) or day 3 (D3) of cultures of HEK293 cells transfected with 

IL-40pTT5V5H8-C17orf99-His vector. Supernatants were concentrated in an anti-His 

column before being run in Western blots with anti-His Ab. Representative of two 

independent experiments. M, m.w. ladder.
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FIGURE 2. 
IL-40 production is induced upon B cell activation. (A) IL-40 production by the mouse 

A20-2J cell line stimulated with anti-CD40 mAb and IL-4 for 24 h; data are representative 

of two independent experiments (mean ± SEM) (qRT-PCR). (B) qRT-PCR analysis of Il-40 
expression in mouse spleen B cells stimulated with anti-CD40 Ab and anti-IgM (5 μg/ml) 

alone or in presence of IL-4 or TGF-β1 (all at 10 ng/ml) for 2 d. Data are fold expression 

compared with resting cells and are representative of three independent experiments (mean ± 

SEM). *p < 0.05, **p < 0.01.
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FIGURE 3. 
IL-40 expression is induced in the mammary gland upon the onset of lactation, and the 

Il40−/− mouse exhibits decreased IgA levels in milk. (A) qRT-PCR analysis of IL-40 

expression in WT virgin, pregnant, 1 wk PN lactating, and 3 wk PN lactating mouse 

mammary glands (mean ± SEM). *p < 0.02, **p < 0.001. (B) qRT-PCR analysis of IgA 

expression in WT virgin, pregnant, 1 wk PN, and 3 wk PN lactating mouse mammary glands 

(mean ± SEM). *p < 0.029.
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FIGURE 4. 
B cell populations are altered in the Il40−/− mouse. (A) Total B cells (CD19+) in WT or 

Il40−/− mice. (B) B cell subpopulation analysis in the spleen. Transitional B cell 

subpopulations 1, 2, and 3 (T1: CD23−CD93+IgMhighIgD−/lowCD21/35−/low; T2: 

CD23+CD93+IgMhighIgDhighCD21/35low; T3: CD23+CD93+IgMlowIgDhighCD21/35low 

respectively), total follicular B cells (Follicular: CD23+CD93−CD21/35int), follicular 1 cells 

(Fol 1: CD23+ CD93−IgMlowIgDhighCD21/35int), follicular 2 cells (Fol 2: 

CD23+CD93−/lowsIgMhighsIgDhighCD21/35int), total marginal zone B cells (MZ total: 

CD93−/low IgMhighCD21/35high), marginal zone cells (MZ: 
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CD23−CD93−IgMhighIgDlowCD21/35high), and marginal zone precursors (MZP: 

CD23+CD93−/lowIgMhigh IgDhighCD21/35high). All of the cells were CD19+. Bars represent 

mean ± SEM; n = 4 per group. Data are representative of two independent experiments. *p # 

0.05, **p # 0.002.
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FIGURE 5. 
IL-40 is highly expressed in BM stroma and is required for normal B cell homeostasis. (A) 

BM staining of different cell compartments: stromal cells (CD45−), leukocytes (CD45+), the 

B cell compartment (CD45+B220+), the myeloid compartment (CD45+CD11b+), and T cell 

progenitors (CD45+CD11b−). Shown is a representative plot of n = 5 per group, which is 

representative of two independent experiments. (B) Total cell count for each compartment in 

(C). Results shown are representative of two independent experiments. (C) qPCR of sorted 

stromal populations in the BM. Whole BM expression, stromal precursors 

(Lin−CD45−CD51+), and mature stroma (Lin−CD45−CD51−). Relative expression compared 

with whole BM. Data are representative of two independent experiments. (D) Number of 

pre-B cells (CD19+, B220+, IgM−, IgD−, CD43−) in BM of WT and Il40−/− mice. *p < 0.05.
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FIGURE 6. 
Il40−/− mice exhibit defects in GALT B cell populations. (A) Total counts of PPs from WT 

or Il40−/− mice (mean ± SEM; n = 7). *p < 0.0102. (B) Percentage of cells representing 

germinal center B cells in PPs of (A). (C) Flow cytometry analysis of germinal center B 

cells from PPs showing lower numbers of IgA+ B cells. (D) Total number of IgA+ cells from 

(B) (× 10−5). ****p < 0.01. (E) Serum IgA levels in Il40−/− mice compared with WT 

controls, as measured by sandwich ELISA (mean ± SEM; n = 8). *p < 0.0114. (F) 

Measurements of total IgA in fecal pellets by sandwich ELISA of WT versus Il40−/− mice 

(mean ± SEM; n = 10). ***p < 0.006. (G) Measurement of total IgA in breast milk by 

sandwich ELISA of WT (n = 5) versus Il40−/− mice (n = 6) (mean ± SEM). ****p < 0.0001. 

Results shown are representative of three independent experiments, each performed with five 

mice per group.

Catalan-Dibene et al. Page 22

J Immunol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 7. 
The microbiome of Il40−/− mice is altered. (A) The α diversity of fecal samples from WT or 

IL40−/− mice. (B) The β diversity of WT or IL40−/− mice. (C) Relative abundances (%) of 

different microbial phyla represented in WT or IL40−/− mice. *p < 0.05. n = 5 per group.
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FIGURE 8. 
Human B cells produce IL-40. (A) qRT-PCR analysis of IL-40 expression in human resting 

(R) and activated (A) B cells. Cells were activated for 24 h with anti-CD40 Ab + IL-4. Data 

are representative of three independent experiments (mean ± SEM). (B) IL-40 expression 

pattern in several human diffuse large B cell lymphoma cell lines (qPCR). A representative 

experiment out of three is shown. ***p < 0.0005.
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