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Abstract  

Background: Eosinophil-associated RNases (EARs) are stored preformed in eosinophil 

cytoplasmic secretory granules and have a key role in eosinophil effector functions in host 

defense and inflammatory disorders. However, the secretion mechanisms of EARs are poorly 

understood.  

Objective: Our study aimed to understand the involvement of cytoskeleton machinery in EAR 

secretion.  

Methods: Fresh human and mouse eosinophils were stimulated with CCL11 and the secretion of 

enzymatically active EARs was detected using an RNAse activity assay. The involvement of 

cytoskeletal elements or microtubules was probed using specific inhibitors. 

Results: We found that dynamic polymerization of microtubules and cytoskeletal elements, such 

as Rho and Rac, are required for chemokine-mediated EAR secretion from human and mouse 

eosinophils. However, inhibition of ROCK (Rho-associated protein kinase) increased EARs 

secretion in human and mouse eosinophils even in the absence of chemokine stimulation, 

suggesting ROCK negatively regulates EARs secretion.   

Conclusions: Collectively, these data suggest a cytoskeleton-dependent mechanism of EARs 

secretion from eosinophils, findings that are pertinent to host defense, allergy and other 

eosinophil-associated diseases. 

 

Introduction  

Eosinophil-associated RNases (EARs) are stored in eosinophil cytoplasmic granules  together 

with  other highly basic proteins such as, major basic protein (MBP), eosinophil peroxidase 

(EPO), enzymes and cytokines (1). Human EARs (hEARs) include eosinophil-derived neurotoxin 
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(EDN) and eosinophilic cationic protein (ECP). The mouse EARs (mEARs) consist of 13 RNases, 

at least six of which are localized within cytoplasmic granules (2). 

 The capacity to rapidly secrete preformed inflammatory mediators, such as EARs 

enables eosinophils to modulate the immune response or  alternatively to eliminate pathogens 

(2).  In pathologic situations, such as in allergic inflammation, these preformed inflammatory 

mediators, such as EARs, contribute to exacerbation of inflammation.  Therefore, mechanisms of 

granule secretion (degranulation) are of primary interest. 

Two main types of degranulation are described in vivo for human and mouse eosinophils: 

1) piecemeal degranulation (PMD), whereby granule contents are selectively mobilized in small 

packets into granule-derived secretory vesicles that further carry  granule contents to the cell 

surface for extracellular secretion,  and 2) cell cytolysis whereby upon the plasma membrane 

ruptures and intact granules are released (3, 4). Recently we showed that extracellularly 

released, intact granules have the ability to secrete their contents in response to stimulation in a 

cell free context (3, 5).  

CCL11 (eotaxin-1) and CCL24 (eotaxin-2)  are major chemokines that recruit eosinophils 

to sites of inflammation, by binding to their G-protein coupled receptor, CCR3 (1). We have 

previously shown that CCL11 and CCL24 can stimulate PMD in vitro in human and mouse 

eosinophils (5, 6). CCL11-mediated PMD  oe emndn dna nomuf founnopeniu  share common 

signaling effectors, such as phosphatidylinositol-4,5-bisphosphate 3-Kinases (PI3K) , extracellular 

signal-regulated kinases (ERK)  and p38 MAPK  (7). In addition, integrin-mediated cell spreading 

was found to be crucial for EAR secretion and degranulation (7). Since the cytoskeletal 

dynamics that lead to spreading seem to be required for preparing the cells for degranulation, 

we sought to investigate the role of actin and microtubule dynamics,  as well as cytoskeletal 

elements, such as  Rho, ROCK, and Rac, in EAR secretion from human and mouse eosinophils.  
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 Important key players in cytoskeleton machinery are the members of the small G-

protein Ras-superfamily: Rho, Rac and CDC42. RhoA is a crucial player in the regulation of the 

cytoskeleton as well as in cell division, survival, migration, and adhesion (8).  Known 

downstream effectors of Rho A are the Rho-associated protein serine/threonine kinase (ROCK) 

family of proteins: ROCK-I (p160ROCK) and ROCK-II. ROCK is involved in cytoskeletal 

reorganization, stress fiber and focal adhesion formation (9), and required for eosinophil 

chemotaxis (10-12). However, roles for Rho or ROCK in secretion of EAR and other granule 

proteins from eosinophils have not been addressed. Uncovering a function for ROCK in PMD is 

essential, since the ROCK inhibitor Y27632, and other ROCK inhibitors, have been suggested as 

anti-asthmatic agents (13) due to their effects on smooth muscle cell-mediated broncho-

constriction  in murine models  of acute allergic  inflammation (14-16) and interference with 

leukocyte (including eosinophil)  migration (16-18).  

The small GTPase protein, Rac, is involved in the regulation of actin dynamics.  The 

isoforms of Rac (1, 2, and 3) are highly homologous, but differ in their tissue expression and 

intracellular localization, as well as their involvement in cellular pathways such as F actin 

formation, actin reorganization, lamellipodia formation, adhesion, and chemotaxis. Rac1 is 

ubiquitously expressed, while Rac2 expression is specific to hematopoietic cells, and Rac 3 is 

highly expressed in the nervous system, but not exclusively. Previous studies have shown that 

the Rac1 and Rac2 isoforms have distinct roles in the regulation of neutrophil functions: 

chemotaxis regulation is mediated by Rac1, and actin polymerization is predominantly by Rac2 

(19). In addition, Rac is essential for superoxide generation (19) and primary granule exocytosis 

in neutrophils  (20). With regard to eosinophils,  Rac was previously shown to be activated (Rac-

GTP) in response to CCL11 and to induce actin polymerization in mouse eosinophils (21). 

Moreover, Rac2 was found to be involved in ionophore-mediated EPO secretion from mouse 

eosinophils (22). However, the involvement of Rac in EARs secretion induced by physiological 

stimulation, such as chemokines, in human or mouse eosinophils was not studied.   
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 We have shown that CCL11 can induce secretion of enzymatically active EARs, as 

measured by a sensitive RNase activity assay, as well as other granule proteins from human and 

mouse eosinophils (5, 7). The RNase assay allows us to measure eosinophil degranulation with 

the same method that is suitable for both species.  Although RNases can be found in other 

compartments of the cells, in addition to granules and secretory vesicles, our subcellular 

fractionation studies have shown that in response to CCL11, only granule fractions showed a 

decrease in RNase activity, while vesicle-enriched fractions increased their RNase activity, 

suggesting mobilization of granule EARs out of granules, into secretion-competent 

compartments (i.e. vesicles)  in response to chemokine stimulation (5). 

By measuring EAR secretion the current study revealed for the first time the requirement 

of Rac and Rho but not ROCK in human and mouse eosinophil degranulation.  

 

Materials and methods: 

Isolation of eosinophils 

UIsolation of mouse eosinophils: 

Hypereosinophilic IL-5 transgenic BALB/c mice (Mus musculus), were used as a source of 

mature mouse eosinophils, due to the large numbers of eosinophil cells in their blood, spleen 

and bone marrow (23). IL-5 transgenic BALB/c mice were  housed in a pathogen-free facility. 

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

the Beth Israel Deaconess Medical Center, Boston, MA (ethical approval #043-2012). Mouse 

eosinophils were isolated from mechanically disrupted spleens of IL-5 transgenic mice as 

previously described (24).  Purity and viability of >98% were determined by microscopic 

analyses after Hema 3 staining and trypan blue exclusion, respectively.  
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UIsolation of human eosinophils: 

Eosinophils were purified from healthy donor blood by negative selection, as described (25). 

Written informed consent was obtained from donors in accordance with the Declaration of 

Helsinki, and Institutional Review Board (IRB) approval was obtained from the Beth Israel 

Deaconess Medical Center (ethical approval #82-03-12-0174/E-82-0001-FB). Purity and 

viability of >98% were determined by microscopic analyses after Hema 3 staining and trypan 

blue exclusion, respectively.  

 

Stimulation and inhibition of eosinophils 

Human and mouse eosinophils were resuspended in RPMI medium 1640 without 

phenol red (BioWhittaker, Walkersville, MD, USA), supplemented with 0.1% ovalbumin (OVA T, 

SigmaTT-Aldrich, TSt. Louis, MO, USA) at a final concentration of 5 x10 PPP

5 cells/0.125 ml and were 

stimulated at 37°C for one h with the indicated concentrations of reccombinant human CCL11 

(hCCL11, R&D Systems, Inc., Minneapolis, MN, USA) or the mouse CCL11 or CCL24 (mCCL11, 

mCCL24, Peprotech, Rocky Hill, NJ, USA), respectively. In some experiments, cells were 

pretreated for two hrs at 37°C with the Rho blocker, C3 transferase (5 and 10 g/ml, 

Cytoskeleton Inc., Denver, CO, USA), or for 20 min at 37°C with the vesicle formation inhibitor, 

brefeldin A (10 M,  Enzo Life Sciences LTD., Exeter, UK), the ROCK inhibitor, Y27632 (30, 50 

and 100 M, Calbiochem-EMD), the Rac inhibitor, EHT 1684 (5 and 10 M, Tocris Bioscience, 

Bristol, UK) and the microtubule polymerization blocker,  nocodazole (10 and 100 M, 

Calbiochem-EMD), before and during chemokine stimulation. As controls, cells were pretreated 

with equivalent concentrations of vehicle. Cell viability after pretreatment with inhibitors or 

vehicle and stimulation, detected by trypan blue exclusion or propidium iodide staining, was 

>93% unless other mentioned. Supernatants were obtained by centrifugation at 300 x g for 5 

min at 4°C, followed by centrifugation at 20,000 x g for 10 min at 4°C.  
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RNase activity assay 

In brief, we measured the presence of mEARs in 1:8000 diluted supernatants of stimulated 

eosinophils by an RNase activity assay using a fluorescent single-stranded RNA oligonucleotide 

(RNaseAlert QC system, Ambion, Austin, TX, USA), according to the manufacturer’s instructions. 

Cleavage of the probe by RNases allows fluorescent emission that is detected by fluorometry. 

The total cellular content of mEARs was assessed by measuring RNase activity in eosinophils 

lysed in 0.2% Triton X-100. Data were acquired after 50 min by the 7300 thermocycler (Applied 

Biosystems, Austin, TX, USA) and were within the linear range. All reactions were performed in 

triplicate wells. Relative fluorescence units (x10 PP

4 
PPRFU) represent RNase activity levels from 

stimulated samples minus RNase activity levels from non-stimulated samples (as detailed in 

Shamri et al. (5) Fig S1 and Fig 1). Ten x 10 PP

4
PP relative fluorescence units represent enzyme 

activity that is equivalent to the activity of 4.0 ± 1.8 nano U RNases (~0.0398 pg), as calibrated 

with bovine pancreatic RNase A (Ambion).  One unit is the amount of RNase equivalent to 

0.1177 Kunitz Units. We confirmed that inhibitors used in this study did not interfere with our 

RNase activity assay. 

 

Flow cytometry 

Inhibited and stimulated eosinophils (as described above) were exposed to antibodies against 

murine CCR3, mouse CD11b (clone M1/70), human CD11b  (clone ICRF44) or activated human 

CD11b (clone CBRM1/5) (BioLegend), or their isotype controls, as previously described  in 

Shamri et al. (5). Expression levels were calculated as ΔMFI fold increase. TΔ TMFI (mean 

fluorescence intensity) was calculated by subtracting the geometric mean fluorescence of 

stained samples from that of the non-stained (isotype control) samples. ΔMFI fold increases is 

the ratio of stimulated cell sample ΔMFI out of non-stimulated and non-inhibited sample ΔMFI. 
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Statistical analysis 

Levels of significance between groups were analyzed by two-tailed paired Student’s t tests. P 

values < 0.05 were considered statistically significant. 

 

Results: 

Rho  is required for CCR3-mediated EAR secretion from eosinophils 

Recently we have shown that functional integrins are required for mouse eosinophil 

degranulation and EAR secretion (7), similar to previous findings in human eosinophils (21, 26, 

27). This requirement for intact integrin signaling was accompanied by cell spreading of 

stimulated eosinophils. We found that this cell spreading was essential for degranulation from 

both human and mouse eosinophils (7).  

 Rho is an important key player in the regulation of the cytoskeleton and cell adhesion. 

Moreover, Rho is expressed in eosinophils [(10-12) and Fig. S1A] and is instrumental in CCL11-

mediated eosinophil migration (12). Therefore, we evaluated the involvement of Rho in EAR 

secretion, a crucial effector function of eosinophils. Blocking Rho activity can be achieved by the 

commonly used inhibitor exoenzyme C3 transferase, derived from Clostridium botulinum. This 

inhibitor selectively inactivates the GTPases RhoA, RhoB, and RhoC proteins by ADP-

ribosylation on asparagine 41 in the effector binding domain of the GTPase.  

We used a cell permeable C3-transferase covalently linked to a proprietary cell 

penetrating moiety that is released upon cell penetration. Pretreatment of mouse   eosinophils 

with C3-transferase robustly blocked mCCL11-stimulated EAR secretion (Fig. 1A). Similarly, 

EAR secretion from human eosinophils was also dependent upon Rho, as mEAR secretion was  

also blocked by C3-transferase (Fig. 1B). Human eosinophils were found to be more sensitive to 
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C3-transferase since the highest concentration affected the basal levels of secretion in the 

absence of CCL11 as indicated by the negative RNase activity values of inhibited cells.  

 

ROCK is not required for EAR secretion from mouse or human eosinophils 

ROCK, a known downstream effector of Rho A, is involved in cytoskeletal reorganization, 

stress fiber and focal adhesion formation (9) and is thus required for CCL11-mediated 

eosinophil chemotaxis (10-12). However, its role in EAR secretion from eosinophils has not 

been addressed. Therefore, we examined the involvement of ROCK-I and -II in chemokine-

stimulated EAR secretion by using the highly potent and selective cell permeable inhibitor, 

Y27632, that blocks ROCK-I and -II with similar potencies, by binding to their catalytic sites 

(28). Fifty M of Y27632 abolished mouse eosinophil chemotaxis toward CCL11 (Fig. S2A) and 

significantly reduced ROCK kinase activity (Fig S2B) in the presence and absence of chemokine 

stimulation, as measured by the ability of Y27632 to inhibit the phosphorylation of the ROCK 

substrate, the myosin-binding subunit of myosin phosphate.  Increasing the concentration to 

100 M or prolonging the preinhibition time (up to 2 hours) did not further increase inhibition 

of migration (Fig. S2A and unpublished data). In contrast to chemotaxis, mCCL11- and mCCL24-

mediated EAR secretion was not blocked and even increased by at least 1.7 fold with 30 or 50 

M concentrations of Y27632 (Fig. 2A and B), as measured by RNase activity in supernatants. 

This increase in mEAR secretion was also observed with a higher concentration of Y27632 (100 

M) or longer preinhibition (2 hr, unpublished data). In addition, the inhibitor Y27632 also 

increased the spontaneous secretion of mEARs (Fig. 2C). Therefore, ROCK inhibitor Y27632 

increased both chemokine-mediated and spontaneous secretion of mEARs. Hence, our results 

suggest that ROCK is playing a negative regulatory role in EAR secretion from mouse 

eosinophils. 
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mEAR secretion enhancement by ROCK inhibition likely does not stem from an increase 

in CCR3 expression (Fig. S2C), due to blocking receptor recycling, or due to an effect on actin 

polymerization (Fig. S2D), suggesting a different mechanism by which ROCK inhibitor affects 

mEAR secretion.  

 Similar to mouse eosinophils, 30 M Y27632, an effective concentration that blocked 

hCCL11-mediated chemotaxis of human eosinophils (Fig. S3A), as well as ROCK activity (Fig. 

S3B),  enhanced hEAR secretion from human eosinophils  in the presence or absence of CCL11 

(Fig. 3A). Blockade of ROCK  with 30 and 50 M Y27632 hardly affected actin polymerization in 

human eosinophils (an increase of 6% and 16% , respectively, over non-stimulated cells) (Fig. 

S3C).  

 ROCK was previously shown to be involved in de-adhesion and tail contraction of 

granulocytes to enable leukocyte migration, by increasing integrin avidity and cell spreading 

(29). Interestingly, we have previously shown (7) that 2 integrin-mediated spreading is 

essential for CCL11-mediated EAR secretion from mouse eosinophils. This spreading 

requirement was also observed in human eosinophils. Therefore, we quantified the surface 

expression of CD11b (chain of  integrin) in the presence of  Y27632 to determine if 

ROCK inhibition enhances EAR secretion via an effect on integrin expression.  Indeed, Y27632 

pretreatment of  human eosinophils  increased the surface expression of CD11b (Fig. 3B and Di), 

as well as its active conformation (Fig. 3C and Dii) in the presence and absence of CCL11.  

Similar results with CD11b surface expression were also found with mouse eosinophils (Fig. 

2D). These results suggest that ROCK inhibition affects EAR secretion by its effect on CD11b 

expression and activation.  

  In summary, our results suggest that although Rho is required for CCL11-mediated EAR 

secretion in both human and mouse, Rho signaling pathways do not require ROCK activity for 

secretion, and might employ different downstream effectors, other than ROCK. Moreover, 

blocking ROCK enhanced spontaneous and CCL11-mediated EAR secretion and M integrin 
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expression and activation, therefore, we suggest that ROCK negatively regulate EAR secretion by 

its effect on integrins. 

 

Rac is required for CCR3-mediated EAR secretion 

Rac GTPase is expressed in human and mouse eosinophils [(21) and Fig. S4] and  was 

previously shown to be induced by CCL11 (21). To assess Rac involvement in CCL11-stimulated 

EAR secretion from human and mouse eosinophils, we used the Rac inhibitor EHT 1864, which 

selectively binds Rac isoforms 1-3 and promotes the loss of bound guanine nucleotide and 

guanine nucleotide exchange factor (GEF) association (30). Pretreatment of mouse eosinophils 

with EHT 1864 robustly blocked CCL11-stimulated EAR secretion in a dose dependent manner 

(Fig. 4A) and affected the basal levels of secretion in the absence of CCL11 as indicated by the 

negative RNase activity values of inhibited cells. Similarly, EAR secretion from human 

eosinophils was also dependent upon Rac, as EAR secretion was blocked by EHT-1864 (Fig. 4B). 

In summary, our results demonstrate a requirement for Rac in EAR secretion from human and 

mouse eosinophils. 

 

Microtubule polymerization is required for CCR3-mediated EAR secretion 

Microtubules are known to be involved in exocytotic and endocytotic processes, 

enabling endosome and vesicle migration toward the plasma membrane. CCL11-mediated 

secretion of EARs from human (6, 31) and mouse (5) eosinophils is by means of PMD, which 

utilizes secretory vesicles to transfer material from granules to the extracellular space. 

Therefore, we hypothesized that EAR secretion would be affected by microtubule 

depolymerization. To delineate the role of microtubules in the secretion of EARs, we used a cell 

permeable,  specific inhibitor of microtubule polymerization, nocodazole, that binds to β-tubulin 

and thus blocks microtubule assembly. Pretreatment of mouse eosinophils with nocodazole 
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robustly blocked mCCL11-stimulated EAR secretion in a dose-dependent manner (Fig. 5A). 

Similarly, EAR secretion from mouse eosinophils induced by mCCL24, another ligand of the 

CCR3 receptor, was also significantly blocked by nocodazole in a dose-dependent manner (Fig. 

5B). Similarly, hCCL11-stimulated EAR secretion from  human eosinophils was robustly blocked 

by nocodazole in a dose-dependent manner (Fig. 5C). Measuring secretion of one specific human 

EAR, ECP, by Elisa revealed a similar dependence on dynamic microtubules (not shown). 

Nocodazole pretreatment affected the basal levels of secretion in the absence of chemokine 

stimulation, as indicated by the negative values of inhibited human and mouse eosinophils. In 

addition, mCCL11 and mCCL24-mediated mEAR secretion was blocked by the vesicle formation 

blocker, brefeldin A  (BFA) (Fig. 5D), further confirming the vesicle-mediated secretion route 

(i.e. PMD). These results are in agreement with our previous results showing hCCL11-mediated 

secretion from human eosinophils is attenuated by brefeldin A (6, 31).  

Discussion:  

Eosinophils and their cytoplasmic granule contents, including EARs, have key roles in 

host defense as well as in inflammatory disorders.  Secretion from granules (degranulation) is a 

multifaceted process that requires signal transduction and cytoskeletal and vesiculotubular 

transport machinery. Our previous (7) and current observations show that in response to 

stimulation with a chemokine, such as CCL11, shape change, spreading and degranulation occur 

in human and mouse eosinophils. Cell spreading is essential for chemokine-mediated PMD and 

EAR secretion and requires actin reassembly.  

Our observations reveal a common requirement of the cytoskeletal elements Rho and 

Rac for EAR secretion from human and mouse eosinophils, as EAR secretion was completely 

abolished by Rho and Rac inhibitors in both species. Interestingly, a previous study in Rac2- 

deficient  mouse eosinophils (22) showed only a partial reduction (~30%) in ionophore-

stimulated EPO secretion compared to wild type eosinophils. The different outcomes between 

the studies might reflect redundancy in Rac1 and 2 functions in degranulation, or might be 
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explained by the use of different stimulators (ionophore in the Lacy et al. study, vs. physiological 

CCL11 used here), or the methods used to measure eosinophil granule-derived mediators (EPO 

activity in Lacy et al., vs. EARs activity in the current study). 

We assume that the requirements of Rho and Rac for EAR secretion are  due to their 

effect on actin reassembly, since a previous study has shown that CCL11 signaling activates Rac 

and that CCL11-mediated actin polymerization in mouse eosinophils  requires Rac2 (21). Rho 

and Rac can be activated by heterotrimeric G proteins through their specific GEFs (32), such as 

Tiam or VAV, respectively (33). PI3K or c-Src might also be candidates for the link between Gi 

and Rac and Rho (33) (Fig. 6). 

Although ROCK was found to be activated by CCL11 in human eosinophils  (10) and to 

be an essential downstream effector in chemotaxis toward CCL11 in human  (10) and mouse 

eosinophils (our results), Rho-mediated EAR secretion is ROCK independent in both human and 

mouse eosinophils. Moreover, inhibition of ROCK enhanced EAR secretion, even in the absence 

of stimulation. Similarly, in rat mast cells Rho, but not ROCK, was found to be involved in 

secretion from granules (34). To determine the mechanism of ROCK inhibitor-mediated 

enhancement of EAR secretion, we investigated the effect of this inhibitor on cellular processes 

with potentials to influence secretion, such as endocytosis, pinocytosis, chemokine receptor 

(CCR3) expression, and actin polymerization (current study and unpublished data). However, 

we found no impact of ROCK inhibition on any of the above processes in human or mouse 

eosinophils.   Interestingly, ROCK inhibition increased the expression of CD11b, thechain 

of the2 integrin  (CD11b/CD18), on both human and mouse eosinophils, as well as its 

activated conformation as found in human eosinophils in the presence or absence of CCL11. It is 

likely that the active conformation of mouse CD11b is also increased in the presence of ROCK 

inhibitor. However we could not confirm this due to lack of specific antibodies against the active 

conformation of the murine integrin.  Since 2 integrin expression and activation are increased 

upon CCL11 stimulation and mediate spreading required for EAR secretion, these results might 
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suggest a mechanism by which ROCK inhibitor can bypass CCL11-mediated integrin activation, 

and increase integrin expression and activation and as a consequence EAR secretion. 

Noteworthy, in addition to mediating spreading, integrins can affect secretion through their 

outside-in signaling, and therefore ROCK inhibitor might induce integrin signaling through 

integrin activation. Therefore, we suggest that ROCK  negatively regulates EAR secretion via its 

effect on integrins. Further studies are necessary to verify this hypothesis. Since ROCK was not 

required for EAR secretion from either mice or human eosinophils, Rho might affect actin 

reassembly through different effectors (33). 

 PMD, in which secretory vesicles transfer material from granules to the extracellular 

space, is the mechanism of CCL11-mediated EAR secretion from mouse (5) and human (6, 31) 

eosinophils. In this study we have shown that CCL11-mediated EAR secretion from human and 

mouse eosinophils requires microtubule dynamics, likely due to microtubule involvement  in 

vesicle movement toward the cytoplasmic membrane. Recently Han et al. (35) described a 

nucleopode structure in which the nucleus is located at the rear of IL-5-treated eosinophils with 

a microtubule cage-like structure around the nucleus. This nucleopode is enriched with surface 

expression of CD44 and activated 2 integrins. The microtuble cage structure is disrupted upon 

treatment with nocodazole. These structural studies might suggest that apart of directing 

granules to the membranes, microtuble filaments are required also for stabilizing specific cell 

morphology required for degranulation. 

In summary, our results reveal requirements of Rho and Rac in human and mouse 

eosinophil degranulation. Interestingly, we have found inhibition of ROCK enhanced secretion, 

even in the absence of chemokine stimulation in human and mouse eosinophils, and we suggest 

a negative regulatory role for this effector, perhaps through its effect on integrins. Our current 

results complement our previous results and add more components to the signal transduction 

pathways (Fig. 6) that lead to EAR secretion and degranulation from eosinophils, that are 

pertinent to our understanding of eosinophil-mediated host responses. 
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Figure legends 

Figure 1. CCL11-mediated EAR secretion from eosinophils requires Rho activity. RNase activity 

was measured in supernatants of mCCL11-stimulated mouse (A) and hCCL11-stimulated human 

(B) eosinophils in the presence of Rho GTPase blocker, C3-transferase, as described in Material 

and Methods. Data are mean ± SD of five independent experiments (A) or mean ± SD from 

triplicate wells and are representative of four independent experiments (B).  Asterisks 

represent P values < 0.05 (*), or < 0.01 (**). 

 

Figure 2. EAR secretion from mouse eosinophils is increased in the presence of ROCK inhibitor. 

(A-C) RNase activity was measured in supernatants of non stimulated (C) or mCCL11- (A), or 

mCCL24-(B) stimulated mouse eosinophils, in the presence of the ROCK inhibitor, Y27632, as 

described in Material and Methods. Data are mean ± SD from five (A), and three (B, C) 

independent experiments. (D) Expression of CD11b (M) integrin on mouse eosinophils in 

response to 30 M Y27632 (Y30)  in the presence or absence  of CCL11 (e). The expression was 

measured by flow cytometry, using specific antibodies (Ab) or their isotype control (IC) and 

calculated as detailed in supplemental Materials and Methods. Data (D) are mean of two 

independent experiments.  The lower panel is a representative experiment of D upper panel. 

Asterisks represent P values < 0.05 (*), or < 0.01 (**). 

 

Figure 3. ROCK involvement in EAR secretion from human eosinophils.  (A) RNase activity was 

measured in supernatants of hCCL11-stimulated or non-stimulated human eosinophils in the 

presence of the ROCK blocker, Y27632, as described in Material and Methods. Data are mean ± 

SEM of six independent experiments.  (B-D) Expression of CD11b (M) integrin and its 

activated conformation on human eosinophils in response to 30 M Y27632 (Y30)  in the 

presence or absence  of CCL11 (e). The expression was measured by flow cytometry, using 
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specific antibodies (Ab) or their isotype control (IC) and calculated as detailed in supplemental 

Materials and Methods. Data (B,C) are mean ± SD of three independent experiments. Di is a 

representative of B, and Dii of C. Asterisks represent P values < 0.05 (*), or < 0.01 (**). 

 

Figure 4. Rac is required for CCL11-mediated EAR secretion from eosinophils.  (A-B) RNase 

activity was measured in supernatants of mCCL11-stimulated mouse (A) or hCCL11-stimulated 

human (B) eosinophils in the presence of the Rac blocker, EHT1864, as described in Material 

and Methods. Data are mean ± SD of three (A) and four (B) independent experiments, 

respectively. Asterisks represent P values < 0.05 (*), or < 0.01 (**). 

 

Figure 5. CCL11-mediated EAR secretion from eosinophils is nocodazole and brefeldin A- 

dependent (A, B) RNase activity was measured in supernatants of mCCL11- (A) or ,CCL24- (B) 

stimulated mouse eosinophils in the presence of the microtubule polymerization blocker, 

nocodazole, as described in Material and Methods. Data are mean ± SD of four independent 

experiments (C)  RNase activity was measured in supernatants of hCCL11-stimulated human 

eosinophils in the presence of the microtubule polymerization blocker, nocodazole. Data are 

mean ± SD of three independent experiments.  (D) RNase activity was measured in supernatants 

of mCCL11- or ,CCL24- stimulated mouse eosinophils in the presence of the microtubule 

polymerization blocker, brefeldin A (BFA), as described in Material and Methods. Data are mean 

of  two independent experiments.  Higher RNase activity values were obtained in D, due to 

higher numbers of cells (1x 106 cells per sample) used  for the experiments. Asterisks represent 

P values < 0.05 (*), or < 0.01 (**). 
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Figure 6:  Schematic model for mechanisms leading to CCR3-induced EARs  secretion: Upon 

stimulation, i.e. CCL11 binding to its receptor, CCR3, G-protein  subunit is activated and 

released from the G units. The alpha subunit or the  units (through PI3K) can activate small-

GTPase GEFs leading to activation of Rho and Rac GTPases. Rho and Rac induce  actin 

reassembly. This reassembly probably includes growing filaments to  assist vesicles (Ves) 

pinching off from granules, and/or might act as tracks, in concert with myosin motors and 

microtubules (MTs), to drive the vesicles towards the plasma membrane (36), as well as spacing 

actin filaments in the cortex to allow the access of secretory vesicles to the plasma membrane.  

In addition, as found previously (7) CCR3 signaling leads to upregulation of 2 integrins and cell 

spreading, all required for EAR secretion. Integrin outside-in signaling is also likely to be 

involved, since2 integrins were required for CCL11-mediated  p38 and MAP kinase 

phosphorylation. Both ERK and p38, which are activated by CCL11 or by integrins and are 

associated with actin filaments and microtubules,  can affect cytoskeletal elements (37-39).  
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Supplemental Figure 1. Rho expression in mouse and human 

eosinophils. Rho expression in mouse eosinophils (A) or human 

eosinophils (B). Staining with anti rho (left panel) or isotype control 

(right panel) antibodies is described  in supplemental Materials and 

Methods. Images were obtained with a BX62 Olympus upright 

microscope (x40 objective). Data are representative of three 

independent experiments. Scale bars represent 5µM.  
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Supplemental Figure 2. ROCK inhibitor decreased mouse eosinophil mCCL11-

mediated migration but not CCR3 expression or actin polymerization.  

 (A) Mouse eosinophil chemotaxis toward  mCCL11 was examined in the presence of 

ROCK inhibitor, Y27632,  as detailed in supplemental Materials and Methods. Data are 

mean ± SD of three independent experiments. (B) ROCK kinase activity in mouse 

eosinophils was detected by measuring the phosphorylation of ROCK substrate, the 

myosin-binding subunit of myosin phosphate in the presence of mCCL11 and ROCK 

inhibitor Y27632, as detailed in supplemental Materials and Methods. The treatment 50f is 

a lysate of 50 µM Y27632 treated eosinophils, where freshly 50 µM Y27632 was added just 

before adding the substrate.  Data are mean ± SD of three-four independent experiments. 

(C) CCR3 surface expression of non-stimulated (upper panel) or mCCL11-stimulated 

(lower panel) mouse eosinophils in the presence of 30 or 50 µM ROCK inhibitor, Y27632 

(Y30 or Y50, respectively). Data are representative of two independent experiments. (D) 

Actin polymerization in mCCL11-stimulated mouse eosinophils was measured by staining 

of A488-conjugated phalloidin, using flow cytometry. Results are fold increase of ∆MFI of 

Phalloidin staining over non-stimulated and non-inhibited cells, as described in 

supplemental Materials and Methods. Data are mean ± SD of three independent 

experiments. Black bars represent values from non-stimulated mouse eosinophils. White 

bars represent mCCL11 stimulated cells. Asterisks represent P values < 0.05 (*), or < 0.01 

(**). N.S., not significant. 
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Supplemental Figure 3. ROCK inhibitor decreased human eosinophil CCL11-

mediated migration but not actin polymerization.  

 (A) Human eosinophil chemotaxis toward hCCL11 was examined in the presence of 

ROCK inhibitor, as detailed in supplemental Materials and Methods. Data are mean ± SD 

of three independent experiments.  (B) ROCK kinase activity in human eosinophils as 

detected by measuring the phosphorylation of ROCK substrate, the myosin-binding subunit 

of myosin phosphate in the presence of hCCL11 and ROCK inhibitor, Y27632, as detailed 

in supplemental Materials and Methods. The treatment 50f is a lysate of 50 µM Y27632 

treated eosinophils, where freshly 50 µM Y27632 was added just before adding the 

substrate.  Data are mean ± SD of three independent experiments. (C) Actin polymerization 

in hCCL11-stimulated human eosinophils was measured by staining of A488-conjugated 

phalloidin, using  flow cytometry. Results are fold increase of ∆MFI of Phalloidin staining 

over non-stimulated and non-inhibited cells, as described in supplemental Materials and 

Methods. Data are mean ± SD of three independent experiments. Black bars represent 

values from non stimulated human eosinophils. White bars represent CCL11-stimulated 

cells. Asterisks represent P values < 0.05 (*), or < 0.01 (**). 
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Supplemental Figure 4. Rac expression in mouse and human 

eosinophils. Rac expression in mouse eosinophils (A) or human 

eosinophils (B). Staining with anti rac (left panel) or isotype control 

(right panel) antibodies is described  in supplemental Materials and 

Methods. Images were obtained with a BX62 Olympus upright 

microscope (x40 objective). Data are representative of three 

independent experiments. Scale bars represent 5µM.  
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Supplemental methods

Analyses of actin polymerization by flow cytometry

Inhibited and stimulated (for 5 min) eosinophils (as described in Material and Methods),

were fixed with 3% paraformaldehyde, permeabilized and stained with Alexa Flour® 488

Phalloidin (Life Technologies, Grand Island, NY, USA). Data were acquired using the

LSRII flow cytometer (BD Bioscience) and the analysis software, Flow Jo (Tree Star).

Data are represented as ΔMFI fold increases.

ROCK activity assay

Human and mouse eosinophils were stimulated at 37°C for 3 min with 300 ng/ml human

CCL11 or 100 ng/ml murine CCL11, respectively, in 0.1% OVA/RPMI medium in the

presence of ROCK inhibitor (Y27632). ROCK activity in lysates of human and mouse

eosinophils was measured using the CycLex Rho-kinase Assay Kit (MBL International

Corporation, Woburn, MA), according to manufacturer's instructions.

Chemotaxis assay

Eosinophils were pretreated (20 min) with the indicated inhibitors or vehicle in

RPMI/0.1% BSA medium and then were added (2 x 10P

5
Pcells in 100 L) in triplicates to

the upper chambers of 24-well transwell plates (5 M pore size, Corning, Tewksbury,

MA). The lower chamber was prefilled with 600 L of medium supplemented with the

indicated inhibitors and 100 ng/ml CCL11. Plates were incubated for 1 hour at 37°C.

Transmigrated cells from the lower chamber including adherent cells were collected with
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RPMI/5 mM EDTA medium). Percentages of migrated cells were calculated from total

cells originally loaded in the upper chamber.

Microscopy:

Human or mouse eosinophils were resuspended in 0.1% OVA/RPMI medium and placed

on a glass slides for 10 min at room temperature. Adhered cells where fixed with 4%

paraformaldehyde/PBS  for 10 min at room temperature followed by washing with PBS.

Fixed cells where permeabilized  in permeabilization buffer (0.5% BSA /0.1% saponin/

2.5% serum /HBSS) for 10 min on ice, washed with PBS and stained in permeabilization

buffer for 30 min on ice with relevant antibodies: Rabbit  anti-human/mouse Rac

(Thermo Fischer Scientific/Pierce, Waltham, MA, USA) or mouse anti-human/mouse

Rho (Santa Cruz Biotechnology Inc. Santa Cruz, CA, USA) or their matched isotype

controls.  Washed  cells where incubated in permeabilization buffer for 30 min on ice in

the presence of relevant secondary antibodies: Alexa fluor(R) 488  goat anti-rabbit or

Alexa fluor(R) 594 goat anti-mouse antibodies (Thermo Fischer Scientific/ molecular

probes, Waltham, MA, USA). Washed  samples were covered with mounting media and

cover slips and were imaged by using a BX62 Olympus upright microscope (Olympus,

Tokyo, Japan), coupled to a Hamamatsu Orca AG cooled CCD camera (Hamamatsu

Photonics, Hamamatsu, Japan); images were acquired using iVision software (iVision,

Atlanta, GA, USA).
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