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An Eosinophil-Dependent Mechanism for the 
Antitumor Effect of Interleukin-4 

Robert I. Tepper," Robert L. Coffman, Philip Leder 
Murine interleukin-4 (IL-4) exhibits potent antitumor activity when present at the site of 
tumor cell challenge. Associated with tumor cell death is the appearance of an inflammatory 
infiltrate comprised predominantly of eosinophils and macrophages, but with few lympho- 
cytes. Antibodies that specifically block the accumulation of granulocytes at the site of 
inflammation were injected in vivo to define the cell type responsible for the antitumor action 
of IL-4. These studies implicate eosinophils in IL-4-mediated tumor cytotoxicity. The 
lymphoid-independent nature of IL-4 action is supported by the analysis of mutant mouse 
strains with defined lymphocyte immunodeficiencies. The observed regression of estab- 
lished tumor masses by localized IL-4 action provides a rationale for exploring IL-4- 
mediated tumor killing as a potential therapy for human malignant disorders. 

I n  a previous report (I) ,  tumor cells engi- 
neered to produce 1L-4 by transfection had 
reduced or absent tumorigenicity when re- 
introduced into animals. The antitumor 
activity of IL-4 was also observed on un- 
transfected tumor cells when they were 
mixed with IL-4-producing cells before 
host inoculation. Using these transplanta- 
tion assays, we showed that the antitumor 
activitv of IL-4 acted in a dose-devendent 
manner on a wide variety of tumor cell 
types in vivo but not in vitro. Histologic 
analyses of five distinct tumor types inhib- 
ited by IL-4 (plasmacytomas, melanomas, B 
cell lymphomas, mammary adenocarcino- 
mas, and glioblastomas) have revealed a 
characteristic host inflammatory reaction as- 
sociated with tumor cell killing, which con- 
sists of the earlv influx (within 18 hours of 
tumor cell inoculation) of large numbers of 
eosinophils, and then macrophage infiltra- 
tion and, subsequently, fibroblastic scarring. 

Given the invariant histologic finding of 
eosinophil infiltration associated with tu- 
mor cell death, we sought to investigate 
whether IL-4 antitumor activity required 
the action of eosinophils. To accomplish 
this, we depleted animals of mature granu- 
locytes (neutrophils and eosinophils) with 
the monoclonal antibodv (MAb) RB6- , ~ 

8C5, which binds to a surface antigen 
present on mature murine granulocytes. 
This MAb is specifically cytotoxic for gran- 
ulocytes and does not bind cells of the 
monocyte-macrophage or lymphocyte lin- 
eages (2). Eosinophil depletion with RB6- 
8C5 was first demonstrated by measurng 

lus brasiliensis in the presence or absence of 
antibody (Table 1). The marked eosino- 
philia associated with this infection could 
be reversed within 48 hours by the admin- 
istration of a single intraperitoneal dose 
(0.25 mg or more) of the MAb. Antibody 
treatment also depleted neutrophils and 
could be demonstrated by the reduction of 
blood neutrophils after administering com- 
parable doses of RB6-8C5 to normal mice 
(>95% reduction within 48 hours). 

To study the effect of host granulocyte 
depletion on the antitumor activity of IL-4, 
we studied two distinct tumor types, the 
murine BALBIc-derived plasmacytoma 
J558L and the murine melanoma B16, a 
spontaneously arising tumor from a 
C57BLl6 mouse. Both of these cell lines 
revroduciblv form subcutaneous tumors in 
syngeneic and immunodeficient hosts (I) .  
The localized expression of IL-4 at the site 
of tumor cell transplantation, either by 
direct tumor cell transfection with an acti- 
vated IL-4 gene (3) or by mixing tumor 
cells with IL-4-producing cells, eradicates 

Table 1. Effect of RB6-8C5 antibody adminis- 
tration on eosinophilia in Nippostronglyus (Nb)- 
infected BALBIc mice. A single intraperitoneal 
dosage of the antibody was administered on 
day 0, 12 days after the subcutaneous injection 
of 750 third-stage Nb larvae. Blood was ob- 
tained by tail bleeds on the days indicated and 
eosinophils were counted in Discombe's fluid 
with a hemacytomer (12). Data represent the 
mean eosinophil counts per milliliter in groups 
of five mice. 

blood eosinophil concentrations from mice 
parasitized with the helminth Nippostrongy- Blood eosinophils 

Dosage per milliliter ( x  
(mg) 
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the tumorigenicity of these cell lines (I). 
The IL4-producing transfectants of J558L 
studied were clone I2B1, which secreted 
4400 units of IL-4 per 106 cells per 48 hours 
as assayed in vitro on the IL-4-sensitive 
HT2 T cell line (4), and the clone UL6, 
which produced approximately five times 
the amount of IL-4 that I2B1 produced. For 
the B16 melanoma line, clone BIL4-3, 
which produced 10,000 U of IL-4 per 106 
cells per 48 hours, was studied (Table 2). 
Pretreatment of syngeneic BALBIc mice 
with the MAb to IL-4, 11B11, restored 
tumorigenicity of subcutaneously injected 
I2B1 cells in a dosedependent fashion, 
with the highest dose resulting in tumor 
sizes comparable to that obtained with the 
J558L parental tumor that does not secrete 
IL-4. Histologically, there was an absence 
of eosinophil and macrophage infiltrates in 
animals so treated. Restoration of tumori- 
genicity was not obtained with the isotype- 
matched control MAb, GL113, specific for 
p-galactosidase. 

As with the MAb to IL-4, pretreatment 
of mice with MAb RB6-8C5 resulted in 
rapid restoration of tumorigenicity of IL-4- 
producing I2B1 cells. The kinetics of tumor 
formation (nodules detectable by 7 days) 
was similar to that observed with the paren- 
tal J558L tumor cell line. Histologic analy- 

Flg. 1. Host granulocyte d e  
pletion restores the tumori- 
genici of IL-4-producing 
tumor cells. Syngeneic 
BALBIc mice were injected 
subcutaneously in the left 
lawer abdominal quadrant 
with 2 x 106 IL-4-produc- 
ing 1281 plasmacytciina 
cells 1 day after treatment 
withGL113control antibody 
or RB6-8C5 antigranulocyte 
antibody. Antibody adminis- 
trat i i  was repeated 10 
days after the initial treat- 
ment. Dosages are given in 
Table 2. (A) T i  sectii 
from the site of tumor cell 
inoculation for the GLl13 
antibody-treated animal 
(x 1000). The extensive cel- 
lular infiltrate consists pre- 
dominantly of eosinophils, 
distinguishable by their seg- 
mented nucleus and in- 
tensely staining pink cyto- 
plasmic granules. A few r e  
rnaining tumor cells are evi- 
dent. (8) T i  section 
from the site of tumor cell 
inoculation for the R-5 
antibody-treated animal 
(x1000). The section con- 
sists almost exclusively of 
W e  tumor cells with sev- 

sis of I2B1 injection sites in an animal 
pretreated with either MAb GL113 or MAb 
RB6-8C5 was performed (Fig. 1). No tumor 
was seen at the I2B1 injection site in the 
control-treated animal; histologically, the 
characteristic infiltration with eosinophils 
was observed (Fig. 1A). Much of the tumor 
was necrotic. In contrast, the I2B1 injec- 
tion site in a MAb RB6-8C5-treated mouse 
was characterized by gross tumor formation; 
histologically confirmed tumor viability 
with numerous mitoses is seen, with a 
~ 9 5 %  reduction in the number of infiltrat- 
ing eosinophils (P < 0.001) (Fig. 1B and 
Table 2) (5). Thus, despite the continued 
expression of IL-4 by the I2B1 tumor cells 
(confirmed by HT-2 bioassay), inhibition of 
the localized accumulation of eosinophils 
restored tumorigencity. Thus, eosinophils 
are important for the antitumor activity 
induced by IL-4. Although MAb RB6-8C5 
treatment depletes host neutrophils, as well 
as eosinophils, neutrophils did not infiltrate 
tumors as a result of IL-4 expression and are 
therefore unlikely to contribute to the tu- 
moricidal activity. Macrophages were ob- 
served in tissue sections of IL-+producing 
tumors in animals that had been pretreated 
with the MAb RB6-8C5, consistent with 
the specificity of the antibody for mature 
myeloid cells (6). 

eral mitoes evident. A few residual eosinophils remain. Tissue in (A) and (B) was obtained 18 days after 
tumor cell injection, f i  in 10% formalin, p a r a f f ' i ,  and stained with G i i .  
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Pretreatment of animals with TRFK-5, a 
neutralizing MAb to murine interleukin-5 
(IL5), was also partially effective in restor- 
ing the tumorigencity of IL-+producing 
I2B1 cells (Table 2). IL-5 participates in the 
dserentiation of eosinophils from myeloid 
precursors in the bone marrow. The amount 
of antibody used was that previously demon- 
strated to completely inhibit the develop 
ment of eosinophilia associated with Nippo- 
stmngylus infection in BALBIc mice (7). 
Tumor-infiltrating eosinophils were still pre- 
sent 96 hours after anti-IL-5 treatment, 
although they were sqrdcantly reduced in 
comparison with GL113 control-treated an- 
imals (P < 0.01; Table 2). The weak effect 
of anti-IL-5, in comparison to antigranulo- 
cyte treatment, in restoring tumorigencity of 
I2B1 cells probably relates to the inability of 
the former to deplete animals of mature 
eosinophils. The action of anti-IL-5, albeit 
weak, further supports an eosinophil-medi- 
ated antitumor mechanism of IL-4 action. 

In addition to the transfected plasmacy- 
toma line producing moderate amounts of 
IL-4 (I2B1), the effects of eosinophil deple- 
tion on I3L6 cells, another IL-4-transfected 
J558L plasmacytoma clone with a higher 
level of IL-4 activity, and an IL-4 transfec- 
tant (BIL4-3) of a dserent tumor type, the 
B16 melanoma were studied (Table 2). In 
the case of the high IL-4 producer, I3L6, 
RB6-8C5 alone failed to restore tumorigen- 
city of this line, but synergy was observed 
with the addition of anti-IL-4. With the 
BIL4-3 melanoma tumor, although the an- 
tigranulocyte MAb alone was able to re- 
store tumor formation, it again synergized 
with anti-IL-4. In animals treated with 
either antigranulocyte MAb or anti-IL-4 
MAb, eosinophil infiltration at the tumor 
site was reduced compared with control 
treated animals but in each case was signif- 
icantly greater than that observed in ani- 
mals treated with the combination of MAbs 
(P < 0.001) (Table 2). The ability to 
restore tumorigenicity therefore again cor- 
related with the inhibition of localized 
eosinophil infiltration. These results suggest 
that the localized expression of IL-4 pro- 
vides, directly or indirectly, a potent stim- 
ulus for the accumulation of eosinophils. 
Even under conditions (antigranulocyte 
treatment) in which total body eosinophil 
counts are significantly reduced, an IL-4 
signal of sufficient intensity will promote a 
rapid accumulation of residual eosinophils 
to the site of IL-4 production. 

Despite a demonstrated role for eosino- 
phils in the mediation of IL-+induced 
tumor killing, a role for additional effector 
cell types, in particular various lymphocyte 
populations, could not be excluded by the 
antibody studies. For example, it is possible 
that helper T lymphocyte populations were 
operative in providing additional cytokine 
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signals necessary to elicit the inflammatory 
reaction observed or that soecific or non- 
specific cytolytic lymphocytes acted to aug- 
ment the cytotoxicity associated with the 
eosinophil reaction. The absence of lym- 
phocytic infiltration and the ability to dem- 
onstrate the antitumor action of IL-4 in 
nulnu mice (1) provided evidence that T 
cell immunity was not required for IL-4- 
induced tumor cytotoxicity. To extend 
these findings, we undertook a more exten- 
sive analysis of immunodeficient mouse 
strains (Table 3). IL-4-transfected clones of 
the J558L plasmacytoma and B16 melano- 
ma tumor cell lines were again studied. 
With these transplantable lines, the antitu- 
mor effect of IL-4 operated not only in 
syngeneic and nulnu hosts but also in bglnul 
xid, scid, bglbg, and wlw" mice, providing 
further evidence that T cells, as well as B 

cells, natural killer (NK) cells, and mast 
cells, are not required for IL-+-mediated 
tumor killing. Although macrophages infil- 
trated at the tumor site as a result of IL-4 
action, the peak of this response was late 
(more than 48 hours) with respect to the 
observed accumulation of eosinophils. Most 
of the tumor cells were killed, particularly 
in tumor lines that expressed high IL-4, 
when the eosinophils predominated. Tu- 
mor formation was restored despite the 
presence of macrophages in eosinophil-de- 
pleted animals that received IL-4-produc- 
ing tumor cell lines. Macrophage-mediated 
tumor killing is not therefore likely to play 
a predominant role in the tumoricidal effect 
initiated by IL-4, but cooperative killing by 
macrophages cannot be excluded on the 
basis of the data presented. 

As noted, IL-+producing tumors could be 
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m̂  Fig. 2. Inhibition of tumor growth in the pres- 
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E ence of I L-4. (A) Tumor growth in three BALBIc 
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mice injected (on day 0) with the IL-&produc- - 
o ing 13L6 transfectant of the J558L plasmacy- 

P toma after antibody treatment (Ab) with RB6- 
8C5 and 11B11. Antibody was administered z twice in the dosages described (Table 2). Tu- 
mors reach their maximum size about 5 days 
after the final antibody treatment and then un- 

2000- dergo sustained complete regression during 
the next 10 days. Observation time after tumor 
regression was >50 days. Error bars indicate 
SD. (B) Tumor growth of J558L plasmacytoma 
in individual mice after a single intratumor in- 
jection (on day 0) of recombinant IL-4 [ I  x l o 6  
U in 0.5 ml of phosphate-buffered saline (PBS)] 

O lo l2 (15) or PBS alone. Tumors were first estab- 
Days after therapy lished by the subcutaneous injection of 2 x l o 6  

J558L cells 7 to 10 days before PBS or IL-4 
therapy. The pretreatment (day 0) size in cubic millimeters (mean -c SD) was 231 2 98 for the PBS 
control group and 239 ir: 93 for the IL-4 group. (C) Tumor growth of J558L plasmacytoma after a 
single intratumor injection (on day 0) of l o 8  IL-&producing LT-1 cells or, as a control, l o 8  mitomycin 
C-inactivated J558L tumor cells. LT-1 is an IL-4 transfectant of J558L, producing 50,000 U per l o 6  
cells per 48 hours of IL-4 activity in the in vitro HT2 assay (1). Tumors were established 5 days 
before intratumor injection as described in (B). The pretreatment size in cubic millimeters (mean 2 
SD) was 98 ir: 33 for the J558Umitomycin C-treated group and 186 ir: 99 for the LT-1-treated 
group. Error bars indicate the SD. 

generated from the I3L6 line by the pretreat- 
ment of animals with a combination of anti- 
IL-4 and antigranulocyte MAbs (Table 2). 
Within 2 weeks after cessation of antibody 
administration, such tumors completely re- 
gressed (Fig. 2A). This regression was accom- 
panied by the characteristic eosinophil inva- 
sion and tumor cell necrosis, followed by 
macrophage infiltration and subsequent fibro- 
blastic scarring. This observation led us to test 
whether IL-4 could mediate the regression of 
established tumor masses. The direct intratu- 
mor injection of a single high dose (1 x lo6 
U) of recombinant IL-4 (Fig. 2B) or a single 
intratumor injection of IL-+producing cells 
(Fig. 2C) markedly inhibited the growth of 
established tumors, as demonstrated for the 
J558L plasmacytoma line. In three of six 
animals receiving recombinant IL-4, regres- 
sion of the tumors. in one case com~lete. . . 
occurred within 1 week after injection. The 
complete regression was maintained over a 
60-day observation period. These data pro- 
vide further support for the ability of IL-4, 
when present at a sufficiently high concen- 
tration locally, to promote the rapid accu- 
mulation of host inflammatory cells resulting 
in tumor cell death. Eosinophil infiltration 
after but not before IL-4 administration was 
again observed. 

Although IL-4 appears to be particularly 
potent in mediating tumor cell death locally, 
we have not observed activity of this cyto- 
kine with the J558L and B16 tumor models 
either in the inhibition of tumor at sites 
distant from localized IL-4 administration or 
in stimulating immunogenicity capable of 
protecting animals on tumor rechallenge 
(8). We have also been unable to detect an 
augmentation of cytotoxic T lymphocyte 
(CTL) memory responses by IL-4-producing 
tumor cells compared with inactivated pa- 
rental tumor cells (9). There is one report 
(10) in which an IL-Ctransfected renal cell 
carcinoma line (RENCA) induced a CTL 
response after tumor cell immunization. Al- 
though animals so immunized demonstrated 
some degree of specific immunity against 
subsequent challenge with the parental tu- 
mor, no information is provided as to the 
immunogenicity of inactivated (by irradia- 
tion or mitomycin C) RENCA cells alone. 
It has been demonstrated that growth inac- 
tivation of a wide variety of tumor cells may 
itself stimulate T cell immunity, in the 
absence of cytokines or other immunomod- 
ulators (1 I ) .  It is therefore possible that the 
CTL response stimulated by IL-4-trans- 
fected RENCA cells may have resulted from 
the inherent immunogenicity of the cell 
line, as we have observed with J558L (8). A 
generalized role for IL-4 in the induction or - 
augmentation of tumor immunity therefore 
remains unclear. 

The ability, however, of IL-4 to rapidly 
elicit a localized inflammatory infiltrate ca- 
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Table2. Effects of in vivo antibody administration on the antitumor activity of IL-4. Six- to eight-week- 
old syngeneic BALBlc (for J558L-derived 12B1, 13L6 cells) or C57BU6 (for B16-derived BIL4-3 cells) 
mice received the indicated antibodies intraperitoneally 1 day before and (with the exception of 
12B1111B11 experiments) again 10 days after the subcutaneous inoculation of 2 x l o 6  IL-4- 
producing tumor cells. Antibodies injected were anti-IL-4 (1 1 B11) (5 mg per mouse, or where 
indicated, a 1.50 (0.1 mg) or 1.400 dilution (0.013 mg) of the preparation), anti-IL-5 (TRFK-5) (2 mg 
per mouse), antigranulocyte (RB6-8C5) (0.5 mg per mouse), or an lgGl control antibody, 
isotype-matched to 11 B11 and TRFK-5 (GL113, against p-galactosidase) (2 mg per mouse) (13). 
IL-4 activity of the tumor cell lines was determined by bioassay with the HT2 indicator T cell clone 
as described (4). Mean tumor growth was assessed at 14 days; volume measurements were 
estimated as the product of tridimensional caliper measurements (surface length, width, and tumor 
thickness). Range of tumor volumes is provided in parentheses. Non-IL-&producing parental tumor 
lines (J558L plasmacytoma, 816 melanoma) formed tumors with a 100% incidence (Table 3) with 
the same cell number and route of administration. The numbers of tumor-infiltrating eosinophils were 
determined on Giemsa-stained tissue sections of tumor sites (prepared as described in Fig. 1 
legend) harvested 96 hours after inoculation of cells. Ten to twenty high-power fields (hpf; x 1000) 
were examined per group (14). Numbers represent the mean 2 SD. 

Tumor IL-4 activity Tumor volume Tumor- 

cell (Ull O6 cells1 Antibody 14 days after infiltrating 

line 48 hours) [ratio cell inoculation eosinophils ("/.)I (mm3) (per hPf ) 

1281 4,400 GL113 119 (11) 60* 23.3 2 6.1 
RB6-8C5 819 (89) 526 (1 80-720) 1 .O k 1.2 
TRFK-5 419 (44) 180 (60-288) 15.2 2 4.6 
l l B l l  414(100) 1035(720-1344) 2 . 5 k 2 . 2  
1 l B l l  (1:50) 313 (1 00) 690 (480-960) NDt 
1 1 B11 (1 : 400) 014 (0) - N D 

13L6 20,000 GL113 017 (0) - 41.3 k 10.6 
RB6-8C5 015 (0) - N D 
11B11 218 (25) 48 (40-56) 17.9 k 5.3 
RB6-8C5+ 11 B11 516 (83) 1 13 (40-1 92) 12.6 ?Z 3.7 

BIL4-3 10,000 GL113 015 (0) - 27.6 2 9.5 
RB6-8C5 415 (80) 87 (54-1 11) 3.4 2 2.2 
11B11 013 (0) - 8.4 k 3.8 
RB6-8C5+ 1 1 B11 313 (1 00) 308 (300-31 5) 0.3 k 0.5 

*Tumor nodule regressed within 5 days after measurement, tND = not determined. 

pable of mediating the regression of estab- 
lished tumor masses suggests a potential clin- 
ical utility of this cytokine in the treatment 
of certain human malignant disorders. On 

Table 3. Assessment of the antitumor activity of 
IL-4 in immune-deficient mice. Six- to eight- 
week-old mice of the genetic strains indicated 
were inoculated subcutaneously with either 2 x 
1 O6 parental (J558L, B16) or I L-4 -transfected 
(12B1, 13L6, BIL4-3) tumor cells. Tumor forma- 
tion was assessed 14 days after inoculation. 

Tumor Mouse Cellular incidence strain deficiency at l4 days type 

BALBIc None 20120 
0130 
0120 

nu/nu T 1511 5 
011 5 
016 

scid B, T 414 
014 

B16 C57lB6 None 
BIL4-3 
B l 6  bg/bg NK 
BIL4-3 
B16 w/wv Mast 
BIL4-3 

the basis of our findings in animal models, 
IL-4-based therapy may be useful to test 
clinically for relatively confined, but surgi- 
cally inaccessible tumors, for example, cer- 
tain brain tumors and intraperitoneal malig- 
nancies. The broad-spectrum activity of IL-4 
against a wide variety of tumor cell types is 
particularly attractive with regard to explor- 
ing its efficacy as a human antitumor agent. 
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