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Objective

Eosinophils are hallmarks in allergic type 2 inflammation and are known to release cytotoxic granule proteins that contribute to inflammation. Eosinophils develop in the bone marrow from hematopoietic stem cells and once mature, have a limited lifespan in culture, making them difficult to study ex vivo. IL-33 has increasingly been shown as a key regulator of type 2 inflammation via signaling through its receptor, ST2. The present study was conducted to detail a method of eosinophil differentiation from hematopoietic stem cells and determine the response to IL-33.



Methods

CD34+ and CD14+ cells were isolated from donor apheresis cones and differentiated into eosinophils or macrophage controls, respectively. Morphologic, transcriptional and protein analyses were performed to validate this method of eosinophil differentiation. The effect of IL-33 on differentiated eosinophils was assessed using qPCR, immunofluorescence, and multiplex cytokine array.



Results

CD34 differentiated eosinophils appear morphologically similar by H&E and express eosinophil peroxidase (EPX) protein as well as the conventional eosinophil transcripts EPX, CLC, and MBP. In addition, differentiated eosinophils expressed both isoforms of the IL-33 receptor, ST2L and sST2 throughout the differentiation process. Transcript levels of both IL-33 receptors were up-regulated by treatment with IL-33 at earlier timepoints in the differentiation. These cells also expressed IL-4 and IL-13 mRNA which were up-regulated by IL-33 as well. Notably, IL-13 expression was significantly higher with IL-33 treatment compared to media control at every timepoint measured. IL-33 significantly increased cellular secretion of IL-13 protein at most timepoints throughout differentiation. IL-8, LIF, CCL1, CCL5, CCL7, and CCL8 were also significantly secreted after IL-33 stimulation.



Conclusions

Our findings suggest that CD34 differentiated eosinophils are morphologically and phenotypically similar to peripheral eosinophils. The release of specific cytokines in direct response to IL-33 may contribute to the pathogenesis of type 2 inflammation and facilitates new avenues for studying eosinophils as effector cells in vitro.





Keywords: atopy, allergy, eosinophilic esophagitis, type 2 inflammation, CD34 cells+



Introduction

Eosinophils are important innate immune effector cells in allergic responses (1). However, much remains unknown about these enigmatic cells including potential activation signals relevant to eosinophilic esophagitis (EoE). EoE is an increasingly common chronic allergic disease of the esophagus that typically presents with dysphagia and food impactions, and histologically is defined by elevated eosinophils in the esophagus, where they are normally absent (2). When activated, eosinophils degranulate and release nonenzymatic cationic proteins, among other effector molecules, that can lead to inflammation and damage the surrounding microenvironment (1).

We recently showed that tissue resident eosinophils from patients with EoE have high expression of the IL-33 receptor, ST2 (3). IL-33 is a member of the IL-1 superfamily of inflammatory cytokines and has been shown to be important and elevated in allergic diseases such as EoE, asthma and atopic dermatitis (4–6). IL-33 is elevated in the esophagus of patients with EoE (4) and can be released from various cell types including epithelial, endothelial and dendritic cells (5, 7, 8). ST2 has two isoforms (9); ST2L is membrane bound whereby upon engagement of IL-33, conventionally leads to downstream release of type 2 cytokines IL-5 and IL-13 by group 2 innate lymphoid cells (ILC2s) (8). Conversely, alternative splicing leads to expression of soluble ST2 (sST2), which acts as a decoy receptor limiting the bioactivity of IL-33. Importantly, type 2 inflammatory cytokines such as IL-4 and IL-13 are implicated in allergy and EoE. Selective blockade of these cytokines results in resolution of esophageal eosinophils and symptom resolution when IL-4 and IL-13 are collectively inhibited (10–12).

Taken together, these data suggest IL-33 and downstream type 2 cytokines IL-4 and IL-13 are important in EoE. However, whether eosinophils directly respond to IL-33 and release these type 2 cytokines has not been previously explored. Given the challenges of culturing mature eosinophils long-term ex vivo, here we expand upon prior reports of eosinophil differentiation from hematopoietic CD34+ stem cells and detail a protocol for this assay. This allows for in vitro characterization and manipulation of eosinophils (13, 14). We monitor cells across the differentiation process and show that differentiated eosinophils robustly release IL-13 in response to IL-33 stimulation, in addition to several other cytokines.



Methods


Human donor specimens

We utilized deidentified leukapheresis cones from Kraft Blood Donor Center at Dana Farber Cancer Institute Blood Bank and Associated Regional and University Pathologists (ARUP) at the University of Utah. Blood samples were donated without knowledge to these investigators as to the indication of donation. Donors did not receive mobilization therapies such as G-CSF. Samples were collected using a Terumo Trima Accel machine, Trima V.7 software and Trima Accel V.7 kits. These blood donor samples are exempt from IRB approval. Donors A-D were used for protein analyses as below, and Donors E-I were used for transcript experiments.



Cell culture

Donor blood was diluted with one-part sterile PBS and one-part Ficoll-Paque (Cytiva) underlay. The suspension was centrifuged at 400xg for 30 minutes, no break, no acceleration. Peripheral blood mononuclear cells (PBMCs) were isolated from the buffy coat layer and washed with sterile PBS. CD34 positive selection was performed using a bead enrichment kit according to manufacturer protocol (Miltenyi) or stem cell technologies (Vancouver, Canada). The remaining CD34- cells underwent a positive selection for CD14 according to manufacturer protocol (Miltenyi). Mature eosinophils were isolated from donor samples using bead enrichment per manufacturer protocol (EasySep, Stem Cell Technologies).

Once enriched, CD34+ cells were then centrifuged and resuspended in Iscove’s modified Dulbecco’s medium (ATCC) containing 10% inactivated fetal calf serum (Peak Serum), 50 U/mL Penicillin-Streptavidin (Corning). On day 0, the cells were cultured at 500k/mL in this growth media supplemented with 50 ng/mL SCF, 10 ng/mL IL-6, 25 ng/mL IL-3, and 10 ng/mL GM-CSF (PeproTech). The media was replenished with these same cytokines on day 2 by adding one volume of growth media to the well to support expansion. Starting from day 5, half of the media was replaced every two to three days with growth media containing 25 ng/mL IL-3, 10 ng/mL GM-CSF, and 10 ng/mL IL-5 (PeproTech) until day 28.

CD14+ cells were centrifuged and resuspended in RPMI-1640 (Corning) containing 10% inactivated fetal calf serum (Gibco), 2 mM glutamine (Corning), 50 U/mL Penicillin-Streptavidin (Corning), and 1X Non-Essential Amino Acids (Corning). This growth media was supplemented with 50 ng/mL M-CSF (PeproTech) and the cells were plated at a density of 1 million/mL in 14cm petri dishes (Corning). Two days after the isolation, the cells were fed with more growth media containing 50 ng/mL M-CSF. On day 5, the CD14+ macrophage progenitors were largely adherent to the plates, therefore the cells were washed and detached with trypsin (Gibco) and replated at a density of 500k cells/mL in growth media with 50 ng/mL M-CSF.

To assess the effect of IL-33 on eosinophils, cells were stimulated with 100 ng/mL of IL-33 (PeproTech) at denoted timepoints and subsequently harvested 24 hours or 72 hours later for imaging, RNA, and cytokine analyses. CD14+ cells fully differentiate into macrophages by day 7, therefore these cells underwent one stimulation on day 6. Both cell populations were counted and plated at a concentration of 500k cells/mL.



Histology and immunofluorescence

Differentiated eosinophils at designated timepoints were isolated at a concentration of 100k cells/100µL and centrifuged with a cytospin onto glass slides. Cells were fixed with 100% methanol for 60 seconds prior to hematoxylin and eosin staining (Abcam, ab246824) according to manufacturer protocol. Differentiated macrophages were grown on sterile glass coverslips in 6 well plates. Cells were fixed with 0.1 M MgSO4, 0.5 M PIPES, 0.1 M EGTA, 10% formaldehyde (Tousimis Research Corporation), all from Sigma, diluted with DPBS for 20 minutes at room temperature. Cells were permeabilized with 0.1% triton X for 2 minutes before blocking with Background Buster (Innovex or goat serum) for 1.5 hours.

A “no primary antibody” control was performed for every experiment and sample. Immunofluorescence staining panels were performed with appropriate primary and secondary antibody overnight at 4C or for 1 hour at room temperature for IL-13. Antibodies used: mouse-anti-human eosinophil peroxidase (EPX) (graciously provided by Dr. Elizabeth Jacobsen; Mayo Clinic, Scottsdale, AZ; mouse-anti-human, 1:200), goat-anti-mouse AF488 (BioLegend; Poly4054; 1:200), rat anti-human IL-13 (BioLegend; JES10-5A2; 1:200), mouse-anti-human IL-4 (Abcam, 5B5) conjugated to AF594 (Abcam ab269822; 1:200). Macrophages were stained with Phalloidin according to manufacturer protocol (Abcam ab176759). All cells were stained with DAPI nuclear dye for 5 minutes at room temperature. Images were obtained on a Nikon Ti inverted microscope or the Olympus IX83 multi-alkali PMT (x4) Spectral Imaging microscope at 20X if not otherwise noted. ImageJ/Fiji and Photoshop were used to interpret and display images.



Flow cytometry

Differentiated eosinophils were stained using antibodies CCR3 (BioLegend clone 5E8, PE), Siglec-8 (BioLegend clone 7C9, PE/Dazzle), IL5-Ra (R&D Systems FAB253P, PE used in separate staining panel), CD11b (BioLegend clone M1/70 FITC), CD117 (BioLegend clone 104D2, BV421). Samples were run on using LSR Fortessa (BD Biosciences).



Cytokine analysis

To measure IL-4 and IL-13 at varied timepoints after a stimulation, supernatants from cell concentration-controlled wells (500k cells/mL) were collected. Samples were sent for Luminex multiplex cytokine analysis to Eve Technologies (Calgary, Canada).



qRT-PCR

Total RNA was isolated from cells using RNeasy Plus Mini Kits (Qiagen). RT was performed using the SuperScript™ IV First-Strand Synthesis System (Invitrogen). The expression levels of EPX, CLC, and MBP were measured to assess for presence of canonical eosinophil markers in differentiated cells. IL-4, IL-13, sST2, and ST2L were measured to examine downstream IL-33 transcriptional activity. GAPDH was used as the reference control sequence. The primers were obtained from IDT and the sequences are as follows: CLC: forward GGATGGCCAAGAATTTGAACTG, reverse GGTGTAAGAGGATTGGCCATTG (15); EPX: forward GTCCTGCGAGACTGCATAGC, reverse TATAATCTGCGGCCCGAACAA (PrimerBank ID 260064070c1); MBP: forward AAACTCCCCTTACTTCTGGC, reverse GCAGCGTCTTAGCACCCAA (PrimerBank ID 46276888c1); IL-4: forward CGGCAACTTTGTCCACGGA, reverse TCTGTTACGGTCAACTCGGTG (PrimerBank ID 4504669a2); IL-13: forward CCTCATGGCGCTTTTGTTGAC, reverse TCTGGTTCTGGGTGATGTTGA (PrimerBank ID 26787977c1); sST2: forward GAAGGCACACCGTAAGACTA, reverse GACAAACCAACGATAGGAGG (16); ST2L: forward GAAGGCACACCGTAAGACTA, reverse TTGTAGTTCCGTGGGTAGA (16); GAPDH: forward GAAGGTGAAGGTCGGAGTCA, reverse GACAAGCTTCCCGTTCTCA (17).

Quantitative real-time PCR was done using the PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) in a final volume of 12 µl containing 0.5 µM of each primer using the QuantStudio 6 Flex (Applied Biosystems). The cycling conditions were as follows: 95°C for 10 min followed by 45 cycles of 95°C for 4 sec, 56°C for 5 sec, 72°;C for 15 sec. Experiments were performed in triplicates and quantification was performed using the 2-ddCt method.



Statistical analyses

Multiplex cytokine data was reported as concentration and for donor compilation, the data was transformed to logarithm scale which is more natural due to variation in concentration ranges between individual donors. The data was then scaled by subtracting the mean and dividing by standard deviation. These Z-scores are reported for each cytokine as described by Dingle et al. and were generated to account for variance of scale between individual donors (18). Results were analyzed on GraphPad Prism software (San Diego, CA). Ratio paired t tests were performed on qPCR experiments and paired t test were performed on Z-scores.




Results


Human differentiated eosinophils resemble mature eosinophils

Using growth cytokine media, CD34+ hematopoietic stem cells were matured into differentiated eosinophils while CD14+ monocytes were differentiated into macrophages as indicated (Figure 1A). Throughout the differentiation process, cells were stained with hematoxylin and eosin at weekly timepoints demonstrating increasing eosinophilic appearance of these cells (Figure 1B). Similarly, immunofluorescence staining of eosinophil peroxidase (EPX) and DAPI nuclear dye identified EPX-containing eosinophil granules with percent EPX+ cells of total at differentiation timepoints shown (Figure 1B). Using RT-qPCR, we identified that canonical eosinophil markers including charcot-leyden crystal (CLC), EPX and major basic protein (MBP), are expressed by differentiated eosinophils (Figure 1C), the latter two of which are highly specific for eosinophils. Compared to day 7 cells, days 14 and 21 displayed the highest relative expression of these transcripts. When normalized to macrophages, day 7 differentiated eosinophils expressed high relative expression of CLC, EPX and MBP (Figure 1D). Expectedly, day 28 differentiated eosinophils and mature peripheral eosinophils in general have low transcriptional activity with CLC being the most abundant transcript in mature eosinophils (Figure 1E). As cells appeared to have the most robust expression of granule protein transcripts prior to day 21, subsequent experiments focused predominantly on these earlier timepoints. Flow cytometric analyses of day 21 differentiated eosinophils is notable for high expression of CD11b, CCR3, Siglec-8, and IL5Rα (Figure 1F). Gating strategy established based on unstained controls (Supplemental Figure 1).




Figure 1 | Human CD34+ hematopoietic stem cells mature into differentiated eosinophils. (A) Schema for differentiating eosinophis and macrophages from apheresis cones. (B) DAPI, EPX (above) and H&E staining of CD34+ cells during differentiation on days 7, 14, 21, and 28. Percent EPX+ cells of total cells shown graphically. (C) Expression of CLC, EPX, and MBP transcripts during differentiation relative to day 7 (baseline). (D) Expression levels of CLC, EPX, and MBP on day 7, relative to CD14+ cells. (E) Expression levels of CLC, EPX and MBP on mature peripheral eosinophils and day 28 differentiated eosinophils. (F) Flow cytometry of day 21 differentiated eosinophils for canonical eosinophil markers.





ST2L, sST2, IL-4, and IL-13 transcripts are expressed in human differentiated eosinophils

After validation of the eosinophil differentiation protocol, CD34+ or CD14+ cells were stimulated with or without 100 ng/mL IL-33 at designated timepoints and cells and supernatants were harvested at 24- and 72-hours post administration (Figure 2A). As noted in Figure 1A, macrophage differentiation concludes after one week of culture and therefore later timepoints were not examined. We first performed RT-qPCR to assess the relative expression of membrane-bound ST2L, sST2 decoy receptor, IL-4, and IL-13 at varied timepoints post stimulation (Figure 2B). We detected expression of all genes at all examined timepoints in eosinophils, regardless of IL-33 stimulation, but detected little if any expression of these receptors or cytokines in differentiated macrophages. The media control cells expressed ST2L and sST2 maximally at d7 and then showed a slight decrease in expression as time went on. IL-33 stimulation increased ST2L and sST2 expression in differentiating eosinophils, most notably when stimulated on days 6 and 13. However, for both ST2L and sST2, IL-33 had less effect 24h and 72h post day 20 stimulation. IL-4 and IL-13 transcripts in media control cells had the highest relative expression during the second week of the differentiation at day 13 72h post IL-33 and day 13 24h post IL-33, respectively. IL-4 expression significantly increased in response to IL-33 24h and 72h post day 6 stimulation and then saw fewer changes after day 14. In contrast, IL-13 expression was consistently elevated compared to media controls in response to IL-33 at all timepoints.




Figure 2 | Differentiated eosinophils express IL33 receptor and type 2 cytokine transcripts. (A) IL-33 stimulation schema during differentiation. Cells were treated with IL-33 or media control on days 6, 13, and 20 (d6, d13, d20) and subsequently harvested 24h and 72h after each stimulation. (B) Relative expression levels of ST2L, sST2, IL-4, and IL-13 using d6 24h media eosinophils as the control for each qRT-PCR. P < 0.05 (*), <0.0021 (**).





IL-33 induces release of IL-4 and IL-13 from differentiated eosinophils

To determine whether IL-4 and IL-13 protein is expressed by and secreted from differentiated eosinophils, we performed immunofluorescence and Luminex multiplex cytokine analyses on the supernatants of differentiated eosinophils from four donor samples (Figure 3). Immunofluorescence of IL-4 revealed punctate granule-like staining intracellularly in cells treated with media; cells treated with IL-33 appeared to have less IL-4 intracellularly (Figure 3A). To assess IL-33’s ability to stimulate downstream cytokine secretion, we measured IL-4 concentration in the supernatant of differentiated eosinophils and found that secreted IL-4 generally increased in response to IL-33 24hrs after stimulation; this effect appeared to wane by 72hrs post-stimulation and was not consistently elevated across donor samples (Figure 3B). Similarly, IL-13 was robustly present in differentiated eosinophils kept in control media, as shown by immunofluorescence (Fgiure 3C). Treatment with IL-33 caused most eosinophils to secrete their IL-13 as measured by loss of immunofluorescent staining and increase in IL-13 protein in the culture media (Figures 3C, D). IL-13 accumulated to a greater concentration in the culture media than IL-4, and appeared to cumulatively increase from 24hr to 72hrs post-stimulation with IL-33 in all donors and at most differentiation timepoints (Figure 3D).




Figure 3 | Differentiated eosinophils release IL-4 and IL-13 protein in response to IL-33. Immunofluorescence staining of differentiating eosinophils on d14 for (A) IL-4 and (C) IL-13. Cytokine analysis of supernatants of media and IL-33 treated cells at various time points detects (B) IL-4 and (D) IL-13 concentrations for each individual donor.





IL-33 induces release of IL-13 and a wide array of chemokines

To assess what additional cytokines may be affected by IL-33 stimulus on differentiated eosinophils, the same cell supernatants that were examined for IL-4 and IL-13 were also examined using multiplex cytokine array at each timepoint (Figure 4). Geometric means of cytokine concentrations are shown, fold-change of IL-33 stimulated compared to media control, and Z-score p-values revealed IL-33 stimulated differentiated eosinophils significantly increased IL-13 secretion by both fold-change and Z-score p-value compared to control across almost all timepoints. At the timepoints measured during week 2 and week 3, we found consistent increases in fold change of IL-8, CCL3, CCL5, IL-13, IL-10, CXCL1, and CCL1 in the IL-33 treated group compared to media control. IL-8, CCL3 and IL-13 were secreted at high concentrations (Figure 4; see Supplemental Table 1 for average concentrations of cytokines and fold change at given timepoints).




Figure 4 | List of downstream cytokines produced in response to IL-33 in differentiated eosinophils. The geometric mean concentration of each cytokine in the IL-33 treated condition is shown numerically. A color gradient displays the level of fold change in concentration of IL-33 treatment relative to media control. Any cytokine with a fold change greater or equal to 2 was assigned color. Cytokines with a fold change less than 2 were left grey. The concentrations of cytokine from each donor and stimulus condition were transformed and plotted as Z-scores to account for varied scale between individuals. Cytokines at timepoints with statistically significant p values based on Z-scores in response to IL-33 compared to media control are bolded and italicized.



Z-scores for each timepoint are shown for IL-13, IL-4, IL-8, LIF, CCL1, CCL5, CCL7, and CCL8 (Figure 5). Upon IL-33 treatment, CCL1, LIF, CCL7, and CCL5 were all significantly upregulated after IL-33 stimulation on day 6 and day 13, and trended upwards after day 20 stimulation. IL-4 did not reach statistical significance with IL-33 stimulation, but trended upwards 24h after each stimulation rather than at 72h post IL-33. IL-8 was significantly elevated in the IL-33 treated group 24h and 72h after the day 13 stimulation and 24h after the day 20 stimulation. IL-13 and CCL8 were significantly higher upon IL-33 treatment at almost every timepoint except for 24h after day 20, when it trended upwards.




Figure 5 | IL-33 significantly increases release of IL-13 among other cytokines from differentiated eosinophils. Z-scores of cytokines consistently upregulated by IL-33 treatment compared to media controls are displayed in addition to IL-4. P<0.05 (*), <0.0021 (**), <0.0001 (****).






Discussion

Here we validated and detailed an approach to eosinophil differentiation from CD34+ hematopoietic stem cells and found that differentiated eosinophils directly respond to IL-33 with robust release of IL-13. In validating these cells, we showed that they are morphologically akin to peripheral eosinophils and express canonical eosinophil markers at the transcript and protein levels. IL-13 was secreted in large quantities in response to IL-33 across most timepoints of differentiation. Although we could show by immunofluorescence that IL-4 was released by eosinophils in response to IL-33, the absolute concentrations of IL-4 did not accumulate in culture media to high enough levels to reach statistical significance. Additional notable cytokines and chemokines that were secreted by eosinophils in response to IL-33 include IL-8, LIF, CCL1, CCL5, CCL7, and CCL8.

The differentiation of hematopoietic cells from CD34+ stem cells has been used for many hematopoietic cell lineages and was first described by Rosenberg et al. in 1996 for the differentiation of eosinophils and adapted by others in subsequent years (14, 19). Here, we provide an in-depth methodologic approach by adapting methods described by Rosenberg and conducted validation experiments showing that differentiated eosinophils are not only morphologically akin to naturally occurring eosinophils, but also express canonical eosinophil markers such as EPX, MBP and CLC and EPX protein similar to the protocol described by Legrand et al. (19). Keeping with findings shown by Legrand et al, these cells are most transcriptionally active between days 6-21 compared to day 28, a finding that was not surprising given that mature peripheral eosinophils are not considered to be particularly transcriptionally active and do not have long half-lives in circulations. Tissue-resident eosinophils are thought to have longer half-lives, although these cells have been difficult to study in humans given limited access to tissue compared to peripheral blood, and the lack of culture conditions capable of supporting eosinophil survival. Our studies here offer a window into longer-term culture conditions for eosinophils that may be applicable to studying the function of these cells in allergic disease as well as cancer and metabolic disease where tissue-resident eosinophils have also been shown to play a role (20, 21).

IL-33 is increasingly thought to be important for the pathogenesis of Th2 inflammatory responses and is a potential therapeutic target. Therefore, understanding its role in atopic diseases such as EoE are valuable undertaking. Previously, elucidating how eosinophils transcribe and release cytokines in response to IL-33 has been difficult due to the challenges of culturing mature eosinophils, particularly under conditions longer than 24-48 hours. Using our model, we detected ST2L as well as IL-4 and IL-13 transcripts as early as day 7, rendering these cells able to respond to IL-33 early in differentiation. Interestingly, we see that while all differentiating eosinophils show intracellular IL-4 and IL-13 by immunofluorescence (Figures 3A, C), only cells that received IL-33 secreted particularly IL-13 more so than IL-4 into supernatants, suggesting that IL-33 signaling via ST2 triggers selective release of cytokines (Figures 3B, D).

We found that differentiated eosinophils released IL-13 at both the 24h and 72h post-IL-33 timepoints with the latter time point having higher concentrations, while IL-4 detection was highest at 24h post-IL-33 stimulation and was only significant at one early timepoint. This difference may be due to the shorter half-life of IL-4 or to differences in the relative abundance of each cytokine in eosinophil granules. Importantly, we found that differentiated eosinophils secrete significant concentrations of IL-8 in response to IL-33, a finding that has been previously described using mature human peripheral blood eosinophils (22, 23) and which we were able to validate here. Additionally, IL-33 elicited significant concentrations of granulocyte-relevant chemokines such as CCL1, CCL5, CCL7, and CCL8 from differentiated eosinophils. CCL1 has been described previously as being important for chemotaxis of human monocytes and eosinophils (24, 25), and CCL5, CCL7, and CCL8 can elicit activating and chemotactic responses in eosinophils, CD4 T cells, and basophils (26–28). In a study of childhood asthma, CCL5 and CCL7 were significantly increased in the bronchial alveolar lavage (BAL) fluid of children with asthma and was associated with higher BAL eosinophils (29). Together, these findings suggest that IL-33 may elicit a specific cytokine signature that damages the surrounding tissue and further recruits other inflammatory cells.

Differentiating CD34+ hematopoietic stem cells into eosinophils should make mechanistic investigations of eosinophils more feasible. Studying these cells also has clinical relevance. In a prior study, CD34+ stem cells from blood donors express ST2L and produce IL-5 and IL-13 in response to IL-33 supporting these stem cells as potential effector cells in allergic diseases (30). They found IL-5 and IL-13 producing CD34+ stem cells were present in the sputum of patients with asthma, and increased after allergen challenge. Moreover, eosinophil progenitors, defined as CD34+ CD38+ and IL5Rα+ hematopoietic stem cells, were shown to be significantly elevated in the peripheral blood of patients with active EoE (31) and correlated with histologic disease activity (32). These findings further support the importance of studying eosinophil progenitors and the differentiation process in human cells.

Limitations of our study include application of this in vitro assay to tissue-resident or fully mature eosinophils. While we showed differentiated eosinophils express canonical markers of mature eosinophils, this was not 100% of the population even at late timepoints. Other important considerations include recognizing hematopoietic stem cells and EoP are likely more transcriptionally active than a fully mature eosinophil, which classically can be challenging to capture in this regard. This raises the importance of validating findings at the protein level.

In summary, we have validated and detailed an in vitro assay for differentiating human eosinophils from CD34+ hematopoietic stem cells and explored for the first time the effects of IL-33 signaling throughout the differentiation process. The ability of IL-33 to stimulate type 2 cytokine secretion, in combination with previous reports by others, strongly suggests that the IL-33-ST2 signaling pathway is an important axis for allergic responses. Further analyses of how IL-33 stimulated eosinophils may activate or affect migration of other leukocytes would reveal more about the immune interactions at sites of allergic inflammation.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

AU and GR wrote the first draft of the manuscript and performed majority of the experiments. LQ conducted microscopy experiments. KP and JR provided intellectual guidance, equipment, reagents and lab space. MD and SD provided supervision of experiments, reagents and lab space and intellectual guidance. All authors contributed to the article and approved the submitted version.



Funding

AU received funding through NIH T32DK007191 grant. LQ was funded by a SITC-Bristol-Myers Squibb Postdoctoral Cancer Immunotherapy Translational Fellowship. SD was funded by the Emerson Collective Cancer Research Fund, NIH U01 CA224146, NIH R01 AI158488-01, the Ludwig Center at Harvard and the Hale Family Center for Pancreatic Cancer Research. MD was funded by a Mentored Clinical Scientist Development Award 1K08DK114563.



Acknowledgments

The authors also thank Paula Montero Llopis of the Harvard Medical School MicRoN core facility for microscopy assistance and the University of Utah Health Sciences Center Flow Cytometry Core Facility.



Conflict of interest

AU does not have any conflicts related to this work but serves on the medical advisory board for Sanofi-Genzyme. MD receives research support from Novartis and Eli Lilly, consulting fees from Partner Therapeutics, Tillotts Pharma, ORIC Pharmaceuticals, AzurRx, SQZ, Moderna, Aditum, and Mallinckrodt, and is a member of the Scientific Advisory Board for Neoleukin Therapeutics. SD reports no conflicts of interest related to this study, but has received research support from Novartis, BMS, Genocea, and Eli Lilly, is a co-founder and SAB member for Kojin, and received consulting fees from GSK.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.946643/full#supplementary-material

Supplementary Figure 1 | Flow cytometry gating strategy. Unstained control samples were used to establish gating parameters for differentiated eosinophils.



References

1. Acharya, KR, and Ackerman, SJ. Eosinophil granule proteins: Form and function. J Biol Chem (2014) 289(25):17406–15. doi: 10.1074/jbc.R113.546218

2. Dellon, ES, Liacouras, CA, Molina-Infante, J, Furuta, GT, Spergel, JM, Zevit, N, et al. Updated international consensus diagnostic criteria for eosinophilic esophagitis: Proceedings of the AGREE conference. Gastroenterology (2018) 155(4):1022–33.e10. doi: 10.1053/j.gastro.2018.07.009

3. Uchida, AM, Lenehan, PJ, Vimalathas, P, Miller, KC, Valencia-Yang, M, Qiang, L, et al. Tissue eosinophils express the IL-33 receptor ST2 and type 2 cytokines in patients with eosinophilic esophagitis. Allergy (2022) 77(2):656–60. doi: 10.1111/all.15127

4. Travers, J, Rochman, M, Caldwell, JM, Besse, JA, Miracle, CE, and Rothenberg, ME. IL-33 is induced in undifferentiated, non-dividing esophageal epithelial cells in eosinophilic esophagitis. Sci Rep (2017) 7(1):17563. doi: 10.1038/s41598-017-17541-5

5. Cayrol, C, and Girard, JP. IL-33: An alarmin cytokine with crucial roles in innate immunity, inflammation and allergy. Curr Opin Immunol (2014) 31:31–7. doi: 10.1016/j.coi.2014.09.004

6. Tamagawa-Mineoka, R, Okuzawa, Y, Masuda, K, and Katoh, N. Increased serum levels of interleukin 33 in patients with atopic dermatitis. J Am Acad Dermatol (2014) 70(5):882–8. doi: 10.1016/j.jaad.2014.01.867

7. Hung, LY, Tanaka, Y, Herbine, K, Pastore, C, Singh, B, Ferguson, A, et al. Cellular context of IL-33 expression dictates impact on anti-helminth immunity. Sci Immunol (2020) 5(53):eabc6259. doi: 10.1126/sciimmunol.abc6259

8. Liew, FY, Girard, JP, and Turnquist, HR. Interleukin-33 in health and disease. Nat Rev Immunol (2016) 16(11):676–89. doi: 10.1038/nri.2016.95

9. Schmitz, J, Owyang, A, Oldham, E, Song, Y, Murphy, E, McClanahan, TK, et al. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type 2-associated cytokines. Immunity (2005) 23(5):479–90. doi: 10.1016/j.immuni.2005.09.015

10. Lucendo, AJ, and Lopez-Sanchez, P. Targeted therapies for eosinophilic gastrointestinal disorders. BioDrugs (2020) 34(4):477–93. doi: 10.1007/s40259-020-00427-w

11. Hirano, I, Collins, MH, Assouline-Dayan, Y, Evans, L, Gupta, S, Schoepfer, AM, et al. RPC4046, a monoclonal antibody against IL13, reduces histologic and endoscopic activity in patients with eosinophilic esophagitis. Gastroenterology (2019) 156(3):592–603.e10. doi: 10.1053/j.gastro.2018.10.051

12. Hirano, I, Dellon, ES, Hamilton, JD, Collins, MH, Peterson, K, Chehade, M, et al. Efficacy of dupilumab in a phase 2 randomized trial of adults with active eosinophilic esophagitis. Gastroenterology (2020) 158(1):111–22.e10. doi: 10.1053/j.gastro.2019.09.042

13. Shalit, M, Sekhsaria, S, and Malech, HL. Modulation of growth and differentiation of eosinophils from human peripheral blood CD34+ cells by IL5 and other growth factors. Cell Immunol (1995) 160(1):50–7. doi: 10.1016/0008-8749(95)80008-7

14. Rosenberg, HF, Dyer, KD, and Li, F. Characterization of eosinophils generated in vitro from CD34+ peripheral blood progenitor cells. Exp Hematol (1996) 24(8):888–93.

15. Lin, TA, Kourteva, G, Hilton, H, Li, H, Tare, NS, Carvajal, V, et al. The mRNA level of charcot-Leyden crystal protein/galectin-10 is a marker for CRTH2 activation in human whole blood in vitro. Biomarkers (2010) 15(7):646–54. doi: 10.3109/1354750X.2010.511266

16. Akimoto, M, Maruyama, R, Takamaru, H, Ochiya, T, and Takenaga, K. Soluble IL-33 receptor sST2 inhibits colorectal cancer malignant growth by modifying the tumour microenvironment. Nat Commun (2016) 7:13589. doi: 10.1038/ncomms13589

17. Mombelli, S, Cochaud, S, Merrouche, Y, Garbar, C, Antonicelli, F, Laprevotte, E, et al. IL-17A and its homologs IL-25/IL-17E recruit the c-RAF/S6 kinase pathway and the generation of pro-oncogenic LMW-e in breast cancer cells. Sci Rep (2015) 5:11874. doi: 10.1038/srep11874

18. Dingle, K, Zimek, A, Azizieh, F, and Ansari, AR. Establishing a many-cytokine signature via multivariate anomaly detection. Sci Rep (2019) 9(1):9684. doi: 10.1038/s41598-019-46097-9

19. Legrand, F, Tomasevic, N, Simakova, O, Lee, CC, Wang, Z, Raffeld, M, et al. The eosinophil surface receptor epidermal growth factor-like module containing mucin-like hormone receptor 1 (EMR1): A novel therapeutic target for eosinophilic disorders. J Allergy Clin Immunol (2014) 133(5):1439–1447.e8. doi: 10.1016/j.jaci.2013.11.041

20. Lenehan, PJ, Cirella, A, Uchida, AM, Crowley, SJ, Sharova, T, Boland, G, et al. Type 2 immunity is maintained during cancer-associated adipose tissue wasting. Immunother Adv (2021) 1(1):ltab011. doi: 10.1093/immadv/ltab011

21. Wechsler, ME, Munitz, A, Ackerman, SJ, Drake, MG, Jackson, DJ, Wardlaw, AJ, et al. Eosinophils in health and disease: A state-of-the-Art review. Mayo Clin Proc (2021) 96(10):2694–707. doi: 10.1016/j.mayocp.2021.04.025

22. Pecaric-Petkovic, T, Didichenko, SA, Kaempfer, S, Spiegl, N, and Dahinden, CA. Human basophils and eosinophils are the direct target leukocytes of the novel IL-1 family member IL-33. Blood (2009) 113(7):1526–34. doi: 10.1182/blood-2008-05-157818

23. Cherry, WB, Yoon, J, Bartemes, KR, Iijima, K, and Kita, H. A novel IL-1 family cytokine, IL-33, potently activates human eosinophils. J Allergy Clin Immunol (2008) 121(6):1484–90. doi: 10.1016/j.jaci.2008.04.005

24. Miller, MD, and Krangel, MS. The human cytokine I-309 is a monocyte chemoattractant. Proc Natl Acad Sci U S A (1992) 89(7):2950–4. doi: 10.1073/pnas.89.7.2950

25. Bishop, B, and Lloyd, CM. CC chemokine ligand 1 promotes recruitment of eosinophils but not Th2 cells during the development of allergic airways disease. J Immunol (2003) 170(9):4810–7. doi: 10.4049/jimmunol.170.9.4810

26. Weber, M, Uguccioni, M, Ochensberger, B, Baggiolini, M, Clark-Lewis, I, and Dahinden, CA. Monocyte chemotactic protein MCP-2 activates human basophil and eosinophil leukocytes similar to MCP-3. J Immunol (1995) 154(8):4166–72.

27. Alam, R, Stafford, S, Forsythe, P, Harrison, R, Faubion, D, Lett-Brown, MA, et al. RANTES is a chemotactic and activating factor for human eosinophils. J Immunol (1993) 150(8 Pt 1):3442–8.

28. Bischoff, SC, Krieger, M, Brunner, T, Rot, A, von Tscharner, V, Baggiolini, M, et al. RANTES and related chemokines activate human basophil granulocytes through different G protein-coupled receptors. Eur J Immunol (1993) 23(3):761–7. doi: 10.1002/eji.1830230329

29. Rojas-Ramos, E, Avalos, AF, Perez-Fernandez, L, Cuevas-Schacht, F, Valencia-Maqueda, E, and Teran, LM. Role of the chemokines RANTES, monocyte chemotactic proteins-3 and -4, and eotaxins-1 and -2 in childhood asthma. Eur Respir J (2003) 22(2):310–6. doi: 10.1183/09031936.03.00084802

30. Allakhverdi, Z, Comeau, MR, Smith, DE, Toy, D, Endam, LM, Desrosiers, M, et al. CD34+ hemopoietic progenitor cells are potent effectors of allergic inflammation. J Allergy Clin Immunol (2009) 123(2):472–8. doi: 10.1016/j.jaci.2008.10.022

31. Morris, DW, Stucke, EM, Martin, LJ, Abonia, JP, Mukkada, VA, Putnam, PE, et al. Eosinophil progenitor levels are increased in patients with active pediatric eosinophilic esophagitis. J Allergy Clin Immunol (2016) 138(3):915–8.e5. doi: 10.1016/j.jaci.2016.03.027

32. Schwartz, JT, Morris, DW, Collins, MH, Rothenberg, ME, and Fulkerson, PC. Eosinophil progenitor levels correlate with tissue pathology in pediatric eosinophilic esophagitis. J Allergy Clin Immunol (2019) 143(3):1221–4 e3. doi: 10.1016/j.jaci.2018.10.036



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Uchida, Ro, Qiang, Peterson, Round, Dougan and Dougan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Human differentiated eosinophils release IL-13 in response to IL-33 stimulation

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Human donor specimens

          



          		

            Cell culture

          



          		

            Histology and immunofluorescence

          



          		

            Flow cytometry

          



          		

            Cytokine analysis

          



          		

            qRT-PCR

          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            Human differentiated eosinophils resemble mature eosinophils

          



          		

            ST2L, sST2, IL-4, and IL-13 transcripts are expressed in human differentiated eosinophils

          



          		

            IL-33 induces release of IL-4 and IL-13 from differentiated eosinophils

          



          		

            IL-33 induces release of IL-13 and a wide array of chemokines

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-946643-g005.jpg
@ Media @ IL-33 (100 ng/mL)

Z-Score

Z-Score

Z-Score

Z-Score

IL-13

d6 di3 d13 d20 d20
72h 24h 72h 24h 72h

IL-8
*k *k *

d6 di3 d13 d20 d20
72h 24h 72h 24h 72h

CcCL1

il

-2

d6 di3 d13 d20 d20
72h 24h 72h 24h 72h

CCL7

d6 di3 d13 d20 d20
72h 24h 72h 24h 72h

Z-Score

IL-4

Z-Score

Z-Score

Z-Score

d6
72h

d13
24h

d13
72h
LIF

k%

d20
24h

d20
24h

d20
24h

d20
24h

d20
72h

d20
72h

d20
72h

d20
72h





OEBPS/Images/fimmu-13-946643-g003.jpg
=
|
1=
|

|

|

|
I
L

B @Media @ IL-33 (100 ngimL)

PtAIL4 — PtBIL-4

380 T 80

£ E)

D 60 8

= 5

S 40 £ 20

E =

£ 20 g 10

o [

g 0 . a;\ = 8 o o ; r*l = *\ ’-‘_‘\

o dé dé d13  d13 dé dé d13 d13
72h  72h 24h 72h 72h 72h 24h 72h
Mo Eosinophils Mo Eosinophils

— PtCIL-4 - PtDIL4

T 80 E 80

=) =)

a e

c c

2 S

T 20 B 20

= =

g 10 g 10

c c

S0t e e SOole e e o
d6 dé d13 d13 d20 d20 d6é d6 d13 d13 d20 d20
72h 72h 24h 72h 24h 72h 72h 72h 24h 72h 24h 72h
M®  Eosinophils M®  Eosinophils

D

@ Media @ IL-33 (100 ng/mL)

PtAIL-13 . PtBIL-13
gy -
—§'1oooo E 1000
2 8000 2 800
S 6000 & 600
£ 4000 £ 400
c c
2000 g 200
c
s 0l - - - 8 01— -~ =R -
o d6 d6 d13 d13 d6 d6 d13 d13
72h  72h  24h  72h 72h  72h  24h T72h
Mo Eosinophils Mo Eosinophils
PtCIL-13 _ PtD IL-13
. -
2 10000 £ 1000
2 8000 & 800
5 6000 § 600
£ 4000 £ 400
t c
g 2000 g 200
§ oo B B BN 5 oL..0. 0.0 0.
o o

dé dé d13 d13 d20 d20
72h 72h 24h 72h 24h T72h

Mo Eosinophils

dé d6é d13 d13 d20 d20
72h 72h 24h 72h 24h 72h

Mo Eosinophils





OEBPS/Images/fimmu-13-946643-g001.jpg
GM-CSF IL-3,
_— IL-6, SCF GM-CSF, IL-3, IL-5
4 1sotatt [ do4 4~ ~d528 2 @
Centrifugation C'D3<
———
Differentiated
14 Isotagion M-CSF [ié} Eosinophil
EBMC Differentiated
Macrophage

DAPI EPX

% EPX+ of total cells
8

7 14 21 28
Days

c Timeline D M® v Eos E Peripheral v Differentiated Eos
Mo i
3 === CLC 150000 i ; 15+ Peripheral Eos
- B d7 Differentiated Eos BN 428 Differentiated Eos
€ EPX 5 100000 S
2 - MBP 5 a
0
g 2 o 50000 — o 10+
& & L &
] w - w
£ 2 2000- 2 5
g = 5
3 & 1000 2
0— T T T 0- 0-
7 14 21 28 cLC EPX MBP cLc EPX MBP
Days
F

SSC-A

CD11b Siglec-8 CCR3 IL5Ra CD117





OEBPS/Images/fimmu.2022.946643_cover.jpg
’ frontiers l Frontiers in Immunology

Human differentiated
eosinophils release 1L-13 in
response to IL-33 stimulation





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-946643-g004.jpg
IL-8
CCL3
IL-13
IL-1a
CCL5
IL-10
G-CSF
CXCL1
CCL1
CCL7
CCL22
TNFa
LIF
CCL24
IL-4
CXCL9
IL-1RA
TNFfB
CCL8
FGF-2
CXCL5
CCL4
IL-9
TGFa
IL-12p40
PDGF-AA
CCL26
CX3CL1
IL-2
IL-1
CXCL10
EGF
sCD40L
CCL13
FLT-3L
CSF1
CCL17
IL-21
IL-16
VEGF-A
IL-27
IL-18
PDGF-AB/BB
CXCL13

1040.94
34.33
455.90
2.33
24.15
2.80
0.83
41.28
140.53
2273.59
124.78
24.57
8.21
L5, 205
115
7-59
18.42
3.69
61.28
16.01
1901.83
105.02
3.87
6.90
24.22
16.44
4.28
4.33
0.94
2102
2.60
9.68
17.87
1074.22
0.30
81.98
36.44
1561
16.41
18.37
63.29
0.37
26.71
1.33

260

d13 24h
7027.85
851.48
733.03
20.44
78.37
30.00
1.24
88.45
118.06
2735.84
3515.65
70.54
4.87
244.41
8.12
10.10
93.50
S 20
118.02
9.85
2094.70
420.33
0.32
19.42
11.80
10.72
5.05
4.75
1.70
2.47
3195
o589
13.57
754.57
0.28
52555
161.72
1.63
25.60
13296
62.15
0.57
8.81
0.57

d13 72h

475.41
82.79

1101.80

2.41
54.53
11339

0.38

6297

111.64
1738.69
1834.18

41.90

4.41

611.69

0.94

5.70

174.12

2.77

75.85

4.23

1126.64

38559

0.14

28.19
11.48
10.33
4.58
3.61
0.71
1.94
6.91
O3l
11.17
1369.68
0.34

32.21

268.25
1557

35193

10.28
43.07

0.69
Uil
0.69

Fold Change of IL-33 vs. Media

d20 24h

P —

547.35
102.16
1S5
222.19
2192

8532.78
3618.07

171515
4.47
903.48
5.63
34.47
441.52
6.10
164.46
1257/
3046.70
420.33
0.69
34.10
14.48
9.49
5.81
7.03
2.25
3.30
5.74
9159

18.21
689.83
0.37
STl
162.60
1.74
26.76
SS
66.76
0.73
6.48
0.53

d20 72h
3366.44
508.15

10.38
187.86
37.86
1.56
70.83
247.92
5359.18
8149.59
148.15
4.71
2197.52
2.38
8.80
740.91
7.10
148.77
2.51
2703.76
420.33
0.61
72.24
15.39
16.68
S/
5.24
0.98
3.40
5.52
10.44
11.73
1591.05
0.40
82.60
511.49
B9S
39.64
1.98
61.67
1.17
8.29
0.70





OEBPS/Images/fimmu-13-946643-g002.jpg
A do d7 d14 d21

L Iu L

98 atsih & ot 3ih & 120 atZins
- a - a - a
IL-33 2oh IL 33 7on IL-33 22h

®Media @IL-33 (100ng/mL)
B  AUndetected

ST2L sST2
kk *
4 = -
c c °
[} o °
' ‘@ 3 .
(7] (7]
o o [
X g
X X 2
i i
b~ £ L]
o 8 14 °
& g I i i i‘ﬂ i
0—ep—er—r i\ - iﬁ lrﬁ
dé dé dé d6é d13 d13 d20 d20 dé dé6 dé dé d13 d13 d20 d20
24h 72h 24h 72h 24h 72h 24h 72h 24h 72h 24h 72h 24h 72h 24h 72h
Mo Eosinophils Mo Eosinophils
IL-4 IL-13
20 * 80 ¥ kxR kK kk ok
c o c -
o
g 154 '% 60 ° e
g o . .
o a
o 10 o 40
g L] o °
'% 5 a : % ¥
° . ° 3 20 J. I . »
) 'ﬁ iﬁ HH RN uﬁ
o e | e
0-bar—er St ol a8 Al
dé dé6 dé d6é d13 d13 d20 d20 d6 d6 dé6 dé d13 d13 d20 d20
24h 72h 24h 72h 24h 72h 24h T72h 24h 72h 24h 72h 24h 72h 24h 72h

MO Eosinophils Mo Eosinophils





