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Cytokine generation by eosinophils 

Redwan Moqbel, PhD, Francesca Levi-Schaffer, PhD, and 
A. Barry Kay, MD, PhD London, United Kingdom 

Eos inoph i l s  a re  p r o m i n e n t  cells in a l lergic  in- 
f l ammat ion ,  as thma,  and  i m m u n e  reac t ions  agains t  
pa ras i t i c  he lminths .  1" 2 T h e  assoc ia t ion  b e t w e e n  eo-  
s inophi l s  and  a s thma  has  b e e n  extensively docu-  
m en t ed .  La rge  n u m b e r s  of  eos inophi l s  and  the i r  
g r anu le  p roduc t s  have b e e n  obse rved  in the  air-  
ways of  pa t i en t s  wi th  as thma,  2 and  an inverse  cor-  
r e l a t ion  b e t w e e n  the  degree  of  b ronch ia l  hyper re -  
activity and  p e r i p h e r a l  b lood  eos inoph i l i a  was 
shown in subjects  in w h o m  a l a t e -phase  r e sponse  
d e v e l o p e d  af te r  an t igen  cha l l enge?  W i t h  use  of  
f iberop t ic  b r o n c h o s c o p y  it was poss ib le  to co r r e l a t e  
the  n u m b e r  of  ac t iva ted  eos inophi l s  wi th  the  de-  
gree  of  b ronch ia l  hyper respons iveness .  4 However ,  
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GM-CSF: Granulocyte-macrophage colony- 

stimulating factor 
IFN: Interferon 

IL: Interleukin 
MIP: Macrophage inflammatory protein 
TGF: Transforming growth factor 
TNF: Tumor necrosis factor 

desp i t e  this c lose associat ion,  the  ev idence  of  a 
cause  and  effect  r e l a t ionsh ip  b e t w e e n  eos inoph i l  
p roduc t s  and  t issue d a m a g e  r ema ins  unproven .  

The  accumula t ion  of  eos inophi l s  into the  site of  
the  in f l ammato ry  focus in a l lerg ic- type  r e sponses  is 
be l i eved  to b e  r egu l a t ed  by a complex  ser ies  of  
events  tha t  involves T cells and  cytokines .  1' 5, 6 Cyto-  
kines,  pa r t i cu la r ly  in te r leukin-3  (IL-3),  IL-5,  and  
g r a n u l o c y t e - m a c r o p h a g e  co lony-s t imula t ing  fac tor  
( G M - C S F ) ,  inf luence  eos inoph i l  growth,  ma tu r a -  
t ion,  and  d i f fe rent ia t ion .  IL-5 is of  pa r t i cu l a r  in ter -  
est  b e c a u s e  it is un ique  in tha t  it p r o m o t e s  t e rmina l  
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differentiation of the committed eosinophil pre- 
cursor. 7 IL-3, IL-5, and GM-CSF all prolong the 
survival of the eosinophils. 8-~° These same cyto- 
kines, together with interferon-~ (IFN-~) and tu- 
mor necrosis factor-a (TNF-a) also activate eo- 
sinophils and prime them for several effector 
functions jl, 12 

Cytokines, which were originally considered to 
be derived predominantly from lymphocytes and 
monocytes, are now known to be elaborated by 
many other cell types. Blood and tissue eosino- 
phils are predominantly "end cells," and there- 
fore by definition have a limited capacity to tran- 
scribe and translate new proteins. However, it is 
clear from studies during the past few years that 
eosinophils synthesize and secrete several impor- 
tant inflammatory and regulatory cytokines (Table 
I). In this article we review some current advances 
in this field, especially as they relate to allergic 
and inflammatory reactions. 

IL-I~, 

The early observation of Del Pozo et al. 13 that 
murine eosinophils expressed mRNA for IL-la, 
as detected by the technique of in situ hybridiza- 
tion, led to subsequent studies on the ability of 
eosinophils to synthesize and release cytokines. 
Messenger RNA in murine peritoneal eosino- 
phils, stimulated for 6 hours with lipopolysaccha- 
ride, were hybridized with a 35S-labeled cDNA 
probe for IL-la. IL-la  was also detected in su- 
pernatants from these stimulated cells. 

The ability of human eosinophils to synthesize 
IL-la was shown by Weller et al. TM Eosinophils 
from a hypereosinophilic patient contained tran- 
scripts for IL-loL mRNA detected by Northern 
blot and in situ hybridization both before and 
after stimulation of ceils with phorbol myristate 
acetate. The expression of IL-la protein was also 
detectable by immunocytochemistry. This group 
also showed cytokine-induced human leukocyte 
antigen-DR expression, with eosinophils acting as 
antigen-presenting cells with the costimulatory 
cytokine IL- lo~. 

TRANSFORMING GROWTH 
FACTOR-~ AND 13 
Transforming growth factor-~ 

Wong et al., 15 while investigating oral squamous 
carcinoma, known to be associated with increases 
in the level of tissue eosinophils, detected trans- 
forming growth factor-a (TGF-a) at the tumor 
site. They were able to colocalize mRNA and the 
protein to the eosinophils. The observation was 

confirmed by examining peripheral blood eosino- 
phils from patients with hypereosinophilic syn- 
drome. Eosinophils, both in vivo and in vitro, ap- 
peared to have a constitutive expression of mRNA 
for TGF-oL. This observation was confirmed in rab- 
bit skin tissue after wound healing, 16 which is 
known to be associated with an increase in the 
number of eosinophils. Most of the eosinophils, 
particularly during the peak period of healing, ex- 
pressed TGF-a mRNA and protein immunoreac- 
tivity. Once epithelial wound healing had occurred, 
TGF-oL mRNA disappeared; this was followed by 
the dispersal of eosinophils from the site. This abil- 
ity of eosinophils to generate TGF-oL was also ob- 
served in the Syrian hamster cheek pouch mucosa. 
In addition, normal hamster bone marrow eosino- 
phils were shown to express TGF-oL mRNA and the 
protein. 17 

TGF-IB1 
Studies by Wong et alJ s on eosinophils from 

patients with blood eosinophilia revealed that, in 
addition to TGF-e~, eosinophils also synthesize 
and elaborate TGF-[31. Northern blot analysis, 
in situ hybridization, and immunocytochemistry 
were used to examine eosinophils from patients 
with either the hypereosinophilic syndrome or 
blood eosinophilia. The authors concluded that 
TGF-[31 mRNA expression was associated with 
eosinophils obtained from eosinophilic subjects 
but not normal subjects. Ohno et al. a9 examined 
mucosal tissue from nasal polyps with a porcine 
TGF-[31 cDNA probe and were able to detect 
TGF-131,specific mRNA. They were also able to 
localize TGF-[31 in nasal tissue from a patient 
with allergic rhinitis but not in normal nasal 
mucosa. Using a combination of in situ hybridiza- 
tion and specific eosinophil staining (carbol chro- 
motrope 2R), approximately 50% of the eosino- 
phils that accumulated in the polyp tissue were 
TGF-131 mRNA +. The presence of TGF-[31 in 
these cells was confirmed with immunocytochemi- 
cal staining. TGF-131 was also localized to eosin- 
ophils in Hodgkin's disease in association with 
nodular sclerosis, but not other types of Hodgkin's 
disease. 2° Immunoreactivity for TGF-[31 was de- 
tected mainly at the margins of sites of new 
collagen synthesis in the vicinity of areas rich 
with Hodgkin/Reed/Sternberg cells. Probing for 
mRNA for TGF-131 revealed that eosinophils, but 
not Hodgkin/Reed/Sternberg cells, were the ma- 
jor site for TGF-131 mRNA expression. These 
observations are important because TGF-[31 has a 
critical role in chronic inflammation and fibrosis; 
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eosinophil-derived TGF-[~I may play a repair role 
in inflammation by promoting fibroblast growth 
and activation. Furthermore, by exerting their 
effects on extracellular matrix, including stimula- 
tion of collagen synthesis, eosinophils may con- 
tribute structural abnormalities such as stromal 
fibrosis and basement membrane thickening ob- 
served in inflammatory conditions. Hamster eo- 
sinophils were also shown to express TGF-~ and 
TGF-[3 in association with cutaneous wound 
healing. 17 

GM-CSF 

Moqbel et al. 21 used in situ hybridization to 
demonstrate that normal density human eosino- 
phils (obtained by metrizamide gradient separa- 
tion) transcribed and translated mRNA for GM- 
CSF after stimulation with either IFN-~ or the 
calcium ionophore A23187. GM-CSF mRNA was 
colocalized to the stimulated eosinophil with a 
combination of in situ hybridization and his- 
tochemistry (carbol chromotrope 2R) or immu- 
nochemistry (EG2). 21 Kita et al? 2 also demon- 
strated eosinophil-derived GM-CSF after stimu- 
lation of cells with ionomycin. Ionomycin was 
shown to produce GM-CSF-dependent enhanced 
eosinophil survival that was blocked by cyclospor- 
ine in a dose-dependent fashion. This is an im- 
portant observation because the beneficial effect 
of cyclosporine in chronic steroid-dependent 
asthma 23 might be related to the direct effect of 
the drug on eosinophil cytokine synthesis. 

We have recently shown that GM-CSF may be 
stored in eosinophils from asthmatic subjects in 
association with crystalloid granules? 4 After ultra 
centrifugation of postnuclear supernatant of eosi- 
nophil subcellular components, on a 0% to 40% 
nycodenz gradient in sucrose buffer, GM-CSF 
coeluted with granule proteins and enzymes (i.e., 
major basic protein, eosinophil cationic protein, 
eosinophil peroxidase, arylsulfatase, and [~-hex- 
osaminidase). GM-CSF was not detected in frac- 
tions associated with CD9 activity (a marker for 
eosinophil plasma membrane). The presence of 
stored GM-CSF, which appears to be residing in 
association with granules in eosinophils obtained 
from asthmatic subjects, has important implica- 
tions in terms of the state of activation of these 
cells in this disease condition. Thus eosinophils 
may use endogenous GM-CSF for more effective 
effector function. 

GM-CSF mRNA was also detected in eosino- 
phils in vivo in association with nasal polyposis, 25 
and immunoreactive GM-CSF was identified in 

TABLE I. Cytokines synthesized by and 
released from human eosinophils 

Cytokine/chemokine Reference No. 

TGF-e~ 15 
TGF-13 18, 19 
MIP-lct 35 
GM-CSF 21, 22 
TNF-c~ 35, 36 
IL-la 14 
IL-3 22 
IL-5 29 
IL-6 32, 33 
IL-8 34 

24-hour culture supernatant of nasal polyp tissue 
using the ELISA technique. By in situ hybridiza- 
tion and counterstaining with chromotrope 2R, 
approximately 30% of eosinophils infiltrating the 
polyp tissue expressed mRNA for GM-CSF. 
Broide et al? 6 confirmed the presence of GM- 
CSF mRNA expression in human eosinophils with 
use of cells obtained from bronchoalveolar lavage 
of asthmatic subjects who underwent endobron- 
chial allergen challenge. These authors also sug- 
gested that the expression of GM-CSF by eosin- 
ophils at allergic inflammatory loci may provide 
an autocrine pathway to maintain viability and 
effector function of these cells. 

Thus agents that activate eosinophils for tran- 
scription and translation of IL-3, IL-5, and GM- 
CSF may, in turn, prolong eosinophil survival. Fo r  
example, adherence of eosinophils to extracellular 
matrix protein was shown to be an important 
stimulus for cell activation. Eosinophils adhered to 
the 40 kd domain of fibronectin via very late activa- 
tion antigen-4 (~4[31)-dependent mechanisms, 27 
and this was associated with enhanced survival of 
eosinophils? 8 Survival appeared to be directly re- 
lated to fibronectin-induced eosinophil synthesis of 
GM-CSF and IL-3. Thus autocrine production of 
GM-CSF, IL-3, and IL-5 by eosinophils may modu- 
late their viability (survival) by delaying pro- 
grammed cell death (apoptosis). In vivo, the latter 
may be related to the resolution of chronic allergic 
inflammation. Stern et al? 9 reported that eosino- 
phils, like neutrophils, eventually become apop- 
totic in culture and that this is followed by recogni- 
tion and "silent" ingestion by macrophages. These 
workers also showed that apoptosis in eosinophils 
could be delayed by exogenous IL-5 and GM-CSF, 
thus providing evidence that autocrine cytokines 
may modulate cell survival. 
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IL-3 

Kita et al., z2 while studying the release of GM- 
CSF from eosinophils stimulated with ionomycin, 
were also able to detect IL-3 in the same super- 
natants. IL-3 is also known to prolong survival of 
eosinophils and therefore may be an additional 
autocrine factor that can be produced and utilized 
by the eosinophil after stimulation. To date, IL-3 
mRNA expression in eosinophils, either in vitro 
or in vivo, has not been demonstrated. 

IL-5 

Desreumaux et al. 3° made the interesting obser- 
vation that eosinophils infiltrating mucosa of pa- 
tients with active coeliac disease express mRNA 
for IL-5. IL-5 mRNA + cells were found in dis- 
eased but not normal tissue and were absent after 
treatment with a gluten-free diet. By in situ hy- 
bridization, mRNA was identified in peripheral 
blood of eosinophilic subjects. IL-5 mRNA ex- 
pression in eosinophils in vivo was also demon- 
strated in bronchoalveolar lavage cells obtained 
from asthmatic subjects. 26 In this study, individ- 
ual eosinophils exhibited four different cytokine 
mRNA profiles. Of the eosinophils counted, 34% 
were IL-5 + and GM-CSF ÷, 34% were IL-5 + but 
GM-CSF-, 11% were IL-5- but GM-CSF +, and 
only 21% were IL-5-, GM-CSF-, which suggests 
that eosinophil IL-5 and GM-CSF expression at 
sites of allergic inflammation in asthma may pro- 
vide an autocrine pathway, thus maintaining the 
viability and effector function of the recruited 
eosinophils. 

Dubucquoi et al? 1 recently described IL-5 
mRNA and immunoreactive IL-5 protein in eosin- 
ophils from the blood and tissue of patients with 
eosinophilic cystitis and the hypereosinophilic syn- 
drome. With the use of electron microscopy and 
immunogold staining, IL-5 was colocalized with 
eosinophilic granules and was released after stimu- 
lation with IgA-, IgE-, or IgG-immune complexes. 
Thus they suggested (as described earlier for 
GM-CSF) that cytokines may be stored in associa- 
tion with eosinophil granules. By simultaneous in 
situ hybridization and immunocytochemistry on 
nasal biopsy tissue from atopic rhinitis subjects af- 
ter allergen exposure, Sun Ying et al. 32 were able to 
colocalize IL-5 mRNA to MBP + eosinophils. How- 
ever, only 5.4% of the total leukocyte population 
were IL-5 mRNA+/MBP +, compared with 83.2% 
that were IL-5 mRNA+/CD3 + and 18.5% that 
were IL-5 mRNA+/tryptase +. Thus in this model, 
most cells containing IL-5 mRNA were T cells, 
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with a much smaller contribution from mast cells 
and eosinophils. 

IL-6 

Using a similar approach to that of GM-CSF, 
IL-6 mRNA was also found in normal density 
eosinophils. 33 Approximately 20% of unstimu- 
lated eosinophils were IL-6 mRNA ÷, whereas the 
level of expression was enhanced after stimulation 
with IFN-% Translation of mRNA was detected 
by immunocytochemistry, which showed that 
staining for IL-6 was "granular." We were also 
able to measure the release of IL-6 in the super- 
natant of cultured eosinophils before and after 
stimulation? 3 This observation has been con- 
firmed by studies of Melani et al. 34 that used 
reverse transcriptase polymerase chain reaction 
(PCR) and. in situ hybridization. In this study, 
neutrophil granulocytes from healthy persons also 
expressed variable levels of IL-6, although this 
was rapidly downregulated when the cells were 
cultured in vitro. This group also showed consti- 
tutive expression of IL-6 in human peripheral 
blood eosinophils obtained from both normal and 
hypereosinophilic donors. 

With use of a similar fractionation approach to 
that described for GM-CSF, we have recently 
demonstrated that IL-6 is a stored cytokine prod- 
uct of eosinophils, again in association with the 
crystalloid granulesY The precise significance of 
eosinophil-derived IL-6 is yet to be clarified. IL-6 
plays an important role in the regulation of the 
immune response by modulating T and B lympho- 
cyte functions and priming granulocytes and en- 
dothelial cells. 

IL-8 

Highly purified eosinophils cultured in vitro 
with calcium ionophore released IL-8 into the 
supernatant as shown by specific ELISA. 35 This 
was inhibited both by cyclosporine and cyclohexa- 
mide, an inhibitor of protein synthesis. IL-8 
mRNA was demonstrated by PCR amplification 
after stimulation. The presence of immunore- 
active IL-8 was also detected using immunocy- 
tochemical staining with use of a monoclonal 
antibody against IL-8. Here again the staining was 
granular, which suggests that the cytokine resides 
in the cell in a stored form. 36 

TNF-ol 

Again, using the technique of in situ hybridiza- 
tion, 44% to 100% of eosinophils obtained from 
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the peripheral blood or healthy subjects or pa- 
tients with hypereosinophilia were positive for 
TNF-a mRNA. 37 The presence of the protein in 
blood eosinophils from hypereosinophilic subjects 
was also detected by immunocytochemical stain- 
ing. When eosinophils were purified from atopic 
persons, spontaneous release of TNF-a in vitro 
was inhibitable by cyclohexamide pretreatment. 
Infiltrating eosinophils in necrotizing enterocolitis 
were also shown to express TNF-o~ mRNA. These 
cells may therefore play a role in pathogenesis of 
intestinal necrosis. 3s In a recent report, 39 TNF-a 
was localized to the matrix compartment by ultra- 
structural immunogold. Positive signals were ob- 
served in 64% of the specific secondary granules. 
Cells were obtained from patients with the idio- 
pathic hypereosinophilic syndrome. 

MACROPHAGE INFLAMMATORY 
PROTEIN-lol 

In the same study by Costa et al., 37 a high 
percentage of blood eosinophils (39% to 91%) 
obtained from hypereosinophilic patients showed 
positive mRNA expression for the chemokine 
macrophage inflammatory protein-la (MIP-lo 0. 
Eosinophils obtained from normal donors had 
weak or undetectable expression of this chemo- 
kine. In vivo, most eosinophils that infiltrated 
nasal polyp tissue had strong expression for 
MIP-I~ mRNA. This observation was confirmed 
by Northern blot analysis. 

CONCLUSIONS 

Eosinophils synthesize, store, and release a 
wide array of cytokines, as well as basic granule- 
derived proteins and lipid mediators. This func- 
tional versatility has several implications for the 
potential role of the eosinophil in allergic tissue 
reactions. Eosinophils might act to amplify the 
allergic response, which, in asthma for example, 
would enhance tissue damage, but in helminth 
infections could promote adaptive immunity. On 
the other hand, eosinophil cytokine production 
may be a redundant process in the spectrum of 
immune and inflammatory systems. Conversely, 
eosinophils may be involved in tissue repair func- 
tion by, for example, promoting collagen synthesis 
through release of TGF-oL and 13. It is not known 
whether eosinophil-derived cytokines act synergis- 
tically with other eosinophil mediators, that is, 
basic proteins, leukotriene C 4 and platelet-activat- 
ing factor. Eosinophils have also been shown to 
express major histocompatibility complex class II 

molecules, elaborate IL-la, and act as antigen- 
presenting cells. Eosinophils, therefore, might 
function as specialized antigen-presenting cells 
in certain situations, such as helminthic infec- 
tions. 

Although the control and regulation of eosino- 
philia associated with asthma and allergic disease 
are not yet fully understood, they are likely to be 
dependent on IL-3, IL-5, and GM-CSF release 
from T cells, mast cells, and eosinophils them- 
selves. A better understanding of cytokine regu- 
lation by these cell types should aid in the search 
for precise targets for therapy aimed at inhibiting 
the selective accumulation of eosinophils in al- 
lergy and asthma. 
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