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IL-4 and IL-10 Are Both Required for the Induction of Oral
Tolerance"

Luiz Vicente Rizzo? " Renate A. Morawetz3* Nancy E. Miller-Rivero,* Rosan Choi,*
Barbara Wiggert,® Chi-Chao Chan,* Herbert C. Morse lll, ¥ Robert B. Nussenblatt,* and
Rachel R. Caspi*

Protection from the development of experimental autoimmune uveitis (EAU) can be induced by feeding mice interphotoreceptor
retinoid binding protein before uveitogenic challenge with the same protein. Two different regimens are equally effective in
inducing protective tolerance, although they seem to do so through different mechanisms: one involving regulatory cytokines (IL-4,
IL-10, and TGF-), and the other with minimal involvement of cytokines. Here we studied the importance of IL-4 and IL-10 for
the development of oral tolerance using mice genetically engineered to lack either one or both of these cytokines. In these animals
we were able to protect against EAU only through the regimen inducing cytokine-independent tolerance. When these animals were
fed a regimen that in the wild-type animal is thought to predominantly induce regulatory cells and is associated with cytokine
secretion, they were not protected from EAU. Interestingly, both regimens were associated with reduced IL-2 production and
proliferation in response to interphotoreceptor retinoid binding protein. These findings indicate that both IL-4 and IL-10 are
required for induction of protective oral tolerance dependent on regulatory cytokines, and that one cytokine cannot substitute for
the other in this process. These data also underscore the fact that oral tolerance, manifested as suppression of proliferation and
IL-2 production, is not synonymous with protection from disease. The Journal of Immunology,1999, 162: 2613-2622.

ucosal surfaces are one of the most important entryease models as collagen arthritis, experimental allergic encepha-

routes for pathogens into the body, and the immunelomyelitis (EAE);* experimental autoimmune uveitis (EAU), dia-

system had to evolve in a way to protect these sur-betes, and myasthenia (7-11).
faces, to generate quick and effective responses to avoid the pen-The use of oral tolerization in the clinic would only be possible
etration and seeding of pathogens. Also, our nutrition and reprounder either one of two conditions: the eliciting Ag is known (in
duction depend on the mucosal immune system being tolerant tthis case treatment may need to be customized for each patient), or
certain types of stimuli, such as food Ags and HLA Ags, respec-feeding of an Ag present in the target organ and likely to be ex-
tively. Mucosal tolerance is the phenomenon by which contaciposed during the inflammatory process can generate suppressor
with Ag through the mucosal tissues results in decreased responseslls secreting Ag-nonspecific anti-inflammatory cytokines that,
to the same Ag when presented later by parenteral immunizatioracting locally, would decrease inflammation. This phenomenon
The ability of the gut-associated lymphoid tissue to effect this reg{bystander suppression) is of utmost importance from the clinical
ulatory function has been recognized for many years (1). It is notepoint of view, since in most cases the triggering Ag in human
worthy that this property is not restricted to the gut mucosa but isautoimmune diseases is not known. Investigators have reported
inherent to any mucosal surface in the body, such as that surrounthat Lewis rats fed OVA and immunized with MBP and OVA
ing the respiratory tract and the genito-urinary tract (2—6). Thegiven separately s.c. were protected from EAE (12). The protective
ability of orally induced tolerance to prevent the development ofeffect could be adoptively transferred by CD8ells from OVA-
autoimmune diseases has been explored in such autoimmune dfed animals into MBP- plus OVA-injected rats (12). Furthermore,
it was shown that oral tolerization with mouse MBP suppressed
EAE in the SJL mouse, in which autoimmunity to proteolipid pro-
*Laboratory oflmmunol_ogy, National Eye Institute, afﬂepartmem of Immunology  tein appears to play a primary role, suggesting that Ag-driven by-
Instituto de Ciancias Biomdicas, Sao Paulo, Brazil; arftlaboratory of Immuno- : i i . i .
pathology, National Institute of Allergy and Infectious Diseases, %radboratory of stander suppression following oral tolerization with autoantigens
Retinal Cell and Molecular Biology, National Eye Institute, National Institutes of may play some role in suppression of EAE following oral toler-
Health, Bethesda, MD 20892 ization with MBP in this model (13).
Received for publication February 12, 1998. Accepted for publication November Qral tolerance has been used successfully as an immunothera-
16, 1998. peutic approach to many experimental models of autoimmune dis-
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with 18 U.S.C. Section 1734 solely to indicate this fact. and arthritis did not show positive results, a clinical trial using
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of this alternative approach to the treatment of autoimmunity itinstitute, Palo Alto, CA). The J4-1 (rat anti-4-hydroxy-3-nitro-phenyl
becomes imperative to understand the mechanisms involved in treetyl) was used as a control as described previously (23). Polyclonal rat
development and maintenance of tolerance by oral administratioff G2 isolated from naive male rats by affinity chromatography was also
. ...used as a control in some experiments. Ab against BGFs obtained by
of Ag. It has been suggested that anergy or deletion of Ag'SpeC'f'ﬁnmunizing chickens with recombinant TG¥4n alum. The Abs were
cells and active suppression are responsible for the development afcovered from sera by immunoaffinity chromatography using an anti-
oral tolerance. It is important for us to determine parameters arghicken Ig Ab coupled to Sepharose. T@Heutralizing activity of the Ab
involved in defining the dominant mechanism and to establish th@Ptained from the column was tested in a CCL-64 assay (20) using @GF-
participation of cytokines in the process. It is therefore importantTOg'fgeéir}t.rcgr,l%emr\%'%ns' One microgram of Ab was shown to neutralize
to understand the basic mechanisms involved in this phenomenon '
by taking advantage of the animal models available. It has beefrell culture medium
suggested that feeding of small amounts of protein would result inr cells were cultured in DMEM supplemented with 10% FCS (HyClone,
tolerance by active suppression, whereas a high dose would resulbgan, UT) or 0.5% normal mouse serum obtained from syngeneic naive
in anergy or T cell deletion in a similar fashion to tolerance in- Mice (as indicated), I M 2-ME, (Sigma), 2 mML-glutamine, 0.1 mM
duced by i.v. injection of Ag (15, 16). It is likely that these mech- Ins?gﬁjseNr:;')azz;m'no acids, and vitamins (Life Technologies, Grand
anisms are overlapping and will occur concomitantly, with one or ' '
the other predominating. It was also proposed that inhibition ofRecombinant cytokines
systemic delayed-type hypersensitivity after feeding proteins iskecombinant human IL-2 was purchased from Boehringer Mannheim
due to active suppression, whereas inhibition of systemic humoraiMannheim, Germany), recombinant murine IL-5, and IyNvere ob-
immunity may result from T cell anergy (17—19). Using the murine tained from Genzyme (Boston, MA) or from R&D Systems (Minneapolis,
model of EAU induced by immunization with interphotoreceptor MN)- Recombinant murine IL-4 and IL-10 were gifts from Dr. Satwat
R . Narula, Schering Plough (Nutley, NJ). Recombinant T@&Mas a gift
retinoid binding protein (IRBP), we have shown that oral t0|erancefrom Dr. Chi-Chao Chan (National Eye Institute, National Institutes of
elicited by three feedings of 0.2 mg of IRBP followed by one Health) or was purchased from R&D Systems, Promega (Madison, W1), or
injection of IL-2 at priming (X + IL-2) correlates with the pro- Life Technologies.
duction of TGF#8, IL-4, and IL-10 by Peyer's patch (PP) cells.
Suppression could also be elicited by Seeding, with minimal

roduction of cytokines (20). This has led us to propose that tolMice were immunized s.c. with 100g of IRBP in 0.2 ml of emulsion (1/1,
grance inducedyb the>G(+ I)L-2 regimen involvespmginl requ- vIv) with CFA that had been supplemented witycobacterium tubercu-
y . - g . y _g losisto a final concentration of 1 mg/ml and were givep@of PTX in 0.1
latory cells, whereas protection induced by the Eegimen in-  m| of RPMI 1640 i.p. as an additional adjuvant.

volves mainly anergy or deletion of the uveitogenic effector T
cells (20).
To examine the importance of IL-4 and IL-10 in oral tolerance Mice fed IRBP were given i.p. eight equal doses of the anti-IL-10 Ab
induction, knockout mice (KO) deficient for IL-4 and/or IL-10 and ”?iXtulfev }]‘:16 m":\b t(_fat 'ngl arl;ti-le-hyq(ctj_x;t/_-S-nitfrotﬁhefnylg_cetyl), gr pOthd
; : - : clonal rai startin ay before initiation of the feeding and sprea
their normal I.lttermates were fed IRBP u5|_ng elther the 3_ IL-2 ftwice a Wegk until thegtermir):ation of the experiment. Mice f?ed or n(?t fed
or the 5< regimen and were challenged with a uveitogenic dose ofirgp (3x + IL-2 regimen) were given i.p. two equal doses of 8 mg of
IRBP. We report here that IL-4 and IL-10 KO mice were not chicken anti-TGF8 Ab or chicken control Ab 1 day before the first feeding
protected against EAU by theX3 + IL-2 feeding regimen that and 7 days after immunization with a uveitogenic dose of IRBP. Mice were

; ; ; :<given three doses of 0.pg of the anti-IL-4 Ab 11B.11 starting 1 day
protects their normal littermates against the development of dlsbefore the feeding of IRBP began and then every 3 days. Alternatively,

ease. However, these same IL-deficient mice were protected by thei e were given three doses of Qu§ of 11B.11 every 3 days starting on
5X regimen. day 7 after immunization with a uveitogenic dose of IRBP.

Immunization

Anti-cytokine treatment of mice

Materials and Methods Lymphokine assays

Animals IL-2 was measured in supernatants collected 24 h after antigenic stimula-
tion by the HT-2 bioassay as previously described (23). Briefly, cell culture
C57BL/6 mice of either sex were obtained from The Jackson Laboratorysupernatants were obtained from the cell lines and clones at different time
(Bar Harbor, ME). IL-4-deficient mice (IL-4 KO) and IL-10-deficient mice points after Ag stimulation. The supernatant dilutions were distributed in
(IL-10 KO) were gifts from Drs. Klaus Rajewsky, Werner Nar, and Ralf ~ 96-well plates. HT-2 cells were added to the wells &t a@lls/well. Cul-
Kihn (Institute of Genetics, University of Kohn, Kohn, Germany) and tures were pulsed 16—18 h later withuTi/well of [*H]thymidine for 6 h.
were bred to the C57BL/6 background by one of us (R.A.M.). Mice defi- To confirm the presence of IL-2, anti-IL-2 Ab (S4B6, American Type
cient in both IL-4 and IL-10 (DKO) were bred by R.A.M. from the single Culture Collection, Manassas, VA) and/or anti-IL-4 Ab 11B11 (provided
KO mice. Animals were kept in microisolator cages under specific pathoby Dr. William Paul, National Institutes of Health, Bethesda, MD) were
gen-free conditions and were handled in compliance with National Eyeadded to some wells. The IL-2 concentration was extrapolated from a stan-

Institute, National Institutes of Health, and Instituto déa@ieias Biomdi- dard curve obtained by culturing HT-2 cells in riL-2. IL-2 was also mea-
cas-University of Sao Paulo guidelines for animal use. sured by ELISA using the Ab pairs from PharMingen (La Jolla, CA) and

using recombinant murine IL-2 (PharMingen) as a standard. Briefly, 96-
Reagents well microtiter plates (Costar, Cambridge, MA) were coated with the ap-

IRBP was isolated from bovine retinas as described previously using CoRropriate anti-cytokine Ab (Lig/ml in 0.5 M sodium carbonate/bicarbon-

A-Sepharose affinity chromatography and fast performance liquid chromad®®: pH 9.6, buffer). After blocking the plates with BSA and overnight

tography (21, 22). IRBP preparations were aliquoted and stored@tC. incubation with supernatants, the plates were developed using E)iotin-con-
BSA poz—)rln(ethyl—n)mnnosié)e F():on A, pertussis ct1oxin (PTX), CFA, and co- 1“9"’!‘?" anti-cytokine Abs, fo_IIowed by. a 45-m|n_|ncubat|0n at 37. C After
nalbl’Jmin were purchased'from Si’gma (St. Louis, MO) Florser:a\dish pergalddmonal washes, horseradish peroxidase-conjugated streptavidin (South-

oxidase-streptavidin was obtained from Southern Biotechnologies AssociE™ Biotechnology Associates, Birmingham, AL) was added before devel-

ates (Birmingham, AL). PHA-p andlycobacterium tuberculosistrain opment witho-phenyle_ne diamine. IL-4 was measured by ELISA using the
H37RA were purchased from Difco (Detroit, MI). Cyanogen bromide-ac- Ab pairs from PharMingen. Supernatants for IL-4 measurement were col-

. : : ; lected 48 h after antigenic stimulation. IFNwas measured by ELISA
tivated Sepharose 4B was obtained from Pharmacia (Piscataway, NJ). using Ab pairs from PharMingen in supernatants collected after 48 h of

Antibodies antigenic stimulation. IL-10 was measured using an ELISA kit from En-

dogen (Boston, MA) on supernatants collected 48 h after antigenic stim-
The anti-IL-10 mAb-producing hybridomas (SX1, SX2, and 2S5) were ulation. TGF8 was measured using a minikit from Promega on superna-
provided by Drs. Kevin Moore and Robert Coffman (DNAX Research tants collected after 48 h of antigenic stimulation.
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Fed 3X + IL-2 Fed 5X Non Fed

Wild-type

By

FIGURE 1. Histopathology of the eyes in IL-4 KQACC), IL-10 KO (D-F), and their wild-type litermatesG-I). All three groups of animals were
protected by the & feeding regimeng, E, andH). Unfed animals in the three groups, (F, andl) presented similar degrees of disease, with comparable
histopathological characteristics. A granuloma was observed in the retina (R) of an IL-4 KO myusel (an IL-10 KO mousel)) fed the 3< + IL-2
regimen. In contrast, no disease was detected in a wt mouse giverxthe IB-2 regimen E). Magnification, <400.

_— e

Magnetic cell sorting Results

CD4 and CDS8 cells were isolated by magnetic cells sorting using a magOral tolerance against the development of EAU can be induced
netic cell-sorting magnet and microbeads coated with anti-mouse CD4 oby an IL-4/IL-10-dependent mechanism or by an IL-4/IL-10-
anti-mouse CD8 Abs according to the manufacturer’s instructions (M”te'independent mechanism

nyi Biotec, Auburn, CA). The isolation was performed using positive and

negative selection columns. Briefly, PP were obtained and teased to a siWe have previously shown that protection against the development
gle cell suspension as described above. Magnetic labeling was performegt EAU induced by the 8 + IL-2 feeding regimen is likely to

with the appropriate Ab-coated microbeads for negative selection in th - .
refrigerator for 20 min. After negatively selecting for either CD4 or CDS, fnvolve anti-inflammatory cytokines (IL-4, IL-10, and TGH

the resulting population was put through a positive selection column withwhereas protection induced by th& $egimen might involve an-
the respective Ab-coated microbeads. The effectiveness of the cell seleergy or deletion of the uveitogenic T cells (20). To investigate the

tion process was evaluated by FACS. The C¢ll separation contained importance of IL-4 and IL-10 on the development of EAU as well
<5% CD4 cells and<0.2% CD8 cells. The CD8 cell separation had he abili ind I tol fed IRBP to IL-10
<7.5% CD8 cells and<0.2% CD4" cells. asont ea ility to in luce ora tolerance, we fe . to IL-10- or
IL-4-deficient (KO) mice (either the:8 + IL-2 regimen or the X
regimen). Unfed KO mice developed EAU that did not differ sig-
_ _ o nificantly in incidence from that of normal littermates and had
Eyes were obtained 17-22 days after immunization. Freshly enucleategim;ar histological features, indicating that IL-4 and/or IL-10 are

eyes were fixed fiol h in 4%phosphate-buffered glutaraldehyde and trans- . . . .
ferred into 10% phosphate-buffered formaldehyde until processing. Fixed!0t Nécessary for the induction of EAU (Fig. 1). However, disease

and dehydrated tissue was embedded in methacrylate, and 4uto 6- severity was slightly lower in the KO mice than in their normal
sections, cut through the pupillary-optic nerve plane, were stained withjttermates. Their ability to develop protective oral tolerance also
standard hematoxylin and eosin. Six sections cut at different levels Wergigarad from that of their normal siblings. Both the3+ IL-2 and
examined for each eye in a masked fashion by one of us (C.C.C. or L.V.R.), . L .
and the presence and extent of lesions were determined. The incidence afit€ 5X regimens were protective in wild-type (wt) mice (C57BL/
severity of EAU were scored on a scale of 0—4 in half-point increments6). In contrast, IL-4 and IL-10 KO mice were protected only by the

according to a semiquantitative system described previously (24). Briefly5x regimen, but not by the>8 + IL-2 regimen (Figs. 1 and 2).

the minimal criterion to score an animal as positive by histopathology wagyjice deficient in both cytokines (double KO) were also insensitive
inflammatory cell infiltration of the ciliary body, choroid, or retina. Pro-

gressively higher grades were assigned for the presence of discrete lesiof the 3< + IL-2 regimen, but were protected by thecSegimen
in the tissue, such as vasculitis, granuloma formation, retinal folding and/ofFig. 3). These results reinforce the hypothesis that at least two
detachment, photoreceptor damage, etc. The grading system takes into ggathways are involved in tolerance induced by mucosal presenta-
count lesion type, size, and number. tion of A

Statistical analysis of the data was performed using the Snedcor and g. . .
Cochran linear trend in proportions where appropriptes 0.05 was con- IL-10 KO mice spontaneously develop severe enterocolitis as
sidered significant. they age. It was therefore important to address the possibility that

Histopathology and EAU grading
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Genotype Feeding

Feeding

Wild type Control _ 0 wrt
wild Type  3x+IL-2 5x

yp l DKO
Wild type 5x

—|—
IL-4 KO Control — 10/11 3x + IL-2 4
IL-4 KO 3x+I1L-2 — 10/16 —
IL-4 KO 5x —  3/7
8/10 Unfed
IL-10 KO Control —
IL-10 KO 3x+1L-2 — 12/15 .
r T T
IL-16 KO 5x - 2/12 0 0.5 1 15 2
0 0.5 1 15 2
EAU SCORE
EAU SCORE

FIGURE 2. The 3¢ + IL-2 tolerizati . ) bl FIGURE 3. The 3X + IL-2 tolerization regimen is unable to protect
: e + IL-2 tolerization regimen is unable to protect , ;4.4 | .10-deficient mice against the development of EAU. Double

IL-4- or IL-10-deficient mice against the development of EAU. IL-4 0 4 1ice pred onto the C57BL/6 background are susceptible to EAU after
IL-10 KO mice bred onto the C57BL/6 background are susceptible to EAU.

fter i - ith IRBP in CFA ol iod ¢ PTX. Resul immunization with IRBP in CFA plus an i.p. dose of PTX. Results are
after immunization wit n plus an 1.p. dose o - Results aregtresented as EAU scores. Disease was graded as described in Fig. 2.
presented as EAU scores. The severity of EAU was scored on a scale

0-4 in half-point increments, according to a semiquantitative system de-

scribed previously (24). Briefly, the minimal criterion to score an animal as

positive by histopathology was inflammatory cell infiltration of the ciliary

body, choroid, or retina. Progressively higher grades were assigned for th8. H. Sun, P. B. Silver, L.V.R., and R.R.C., manuscript in
presence of discrete lesions in the tissue, such as vasculitis, granulonmeparation),

formation, retinal folding and/or detachment, photoreceptor damage, etc. The finding that both IL-4 and IL-10 seemed to be required for
The grading system takes into account lesion type, size, and number. Iqhduction of protective tolerance was unexpected. We suggest that

cidence of disease is presented to tight of each bar as a function of 4i th wth factor for th lat s i
positive animals by the total number of animals in the group. The apparenltl" IS necessary as the gro actor for the reguiatory cells in-

differences in disease scores between unfed KO mice and their unfed liduced by oral tolerization (27). IL-10, on the other hand, is re-
termates are not statistically significant. quired to promote down-regulation of the inflammatory process.

To test this hypothesis, we reconstituted IL-4 and IL-10 KO mice

with recombinant IL-4 or IL-10, respectively, and asked whether
their failure to develop oral tolerance with th& 3t IL-2 regimen  they would now be able to develop protection through feeding the
was due to inflammatory bowel disease rather than to lack of IL3x + |L-2 regimen. Various reconstitution regimens were em-
10. We therefore attempted to simulate the IL-10-deficient state byloyed covering four different doses and three different schemes of
treating wt animals, fed the>3 + IL-2 regimen, with neutralizing  administration. In brief, we were able to reconstitute the ability of
anti-IL-10 Abs (2S5, SX1, and _SX2) (25, 26). Such _neutrallzatlon”__lo KO mice to develop  + IL-2-induced protection by IL-10
of endogenous IL-10 resulted in the loss of protection from EAU ¢ 1acement after cessation of feeding (300 ng/day injected i.p. in
(Fig. 4),' Th_'s result suppqrts the |nterpretat|qn that the absence cfhree divided doses), but we were unable to reconstitute a normal
pr;)terf(tjltog Ine(l;lg)hlc(j)afoefrfre‘fteo\]:vgit(ejfoec(t;l)'t'theIr lack of IL-10 and tolerogenic response in IL-4 KO mice that received IL-4 at any
was s y s.. ?’me or dose relative to feeding. This inability to effectively pro-

Because IL-4 also seems to play a role in the development of. .
vide IL-4 replacement could be due to different reasons, among

oral tolerance by the’8 + IL-2 regimen, IRBP-fed C57BL/6 mice hem th ilability of th toki t the site where tol .
were treated in either the afferent or efferent phase of disease ir]i- em the avallability of the cytokine at the site where tolerance 1S

duction with the anti-murine IL-4 Ab 11B.11. At the doses used,being induced, probably the PP. We are currently testing the oral
anti-IL-4 treatment does not change the effect of the 8 IL-2 delivery of this cytokine. Other possibilities include a short half-
feeding regimen (Fig. 5), mostly because the anti-IL-4 treatmentife, timing of administration, and even one as prosaic as the pres-
decreased disease severity by itself. Inhibition of disease develognce of target cells, since it is possible that a lifetime absence of
ment by 11B.11 may be more pronounced at higher doses (B. Suff;-4 may affect the development of specific cell populations.

Feeding regimen Ab Treatment

FIGURE 4. Anti-IL-10 treatment abolishes pro- o . None —
tection induced by Ag feeding. The wt B10.A mice

were fed either IRBP or OVA (8 + IL-2) as de-

scribed in the text. Seven animals were used in each 769 fRBP 3x+ 12
experimental group. Some animals received anti-

IL-10 Ab or an isotype control. Eight equal doses of .y |rgp 3x + IL.2  anti-IL-10 Ab .
3 mg of Ab were given i.p. starting 1 day before the

initiation of feeding (day—8) and then twice weekly

None —

throughout the course of the experiment (days O, Fed IRBP 3x + IL-2  Control Ab —
4, 8, 12, 16, and 18). All animals were immunized f . . . :
with a uveitogenic dose of IRBP (day 0). 0 05 1 1.5 2 2.5

EAU Score
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Feeding Antibody Treatment
None None
I+ ll-2 None FIGURE 5. Anti-IL-4 treatment de-
None Control. afferent creases EAU severity in fed and unfed
mice. The wt B10.A mice were fed ei-
3x + IL-2 Control, afferent ther IRBP or PBS (& + IL-2) as de-
None anti-IL-4. afferent scribed in the text. Five animals were
used in each experimental group. Some
3x +IL-2 anti-IL-4, afferent animals received anti-IL-4 Ab (11B.11)
None Control. efferent or an isotype control. Treatment was
performed in the afferent and efferent
3x +1L-2 Control, efferent phases of the immune response as de-
None anti-L-4. offerent scribed inMaterials and MethodsAll
' animals were immunized with a uveito-
3x+ IL-2 anti-IL-4, efferent genic dose of IRBP (day 0).
0 0.5 1 1.5 2 2.5 3
EAU SCORE
Neither IL-4 nor IL-10 is required for the decrease in ogy is already fully developed, and most of the cells involved in
lymphocyte proliferative responses induced by oral the pathogenic response have migrated out of the draining LN.
administration of Ag Regardless of which explanation is correct, it is apparent from the

It was recently reported by others that neither IL-4 nor IL-10 is proliferation data that some form of tolerance was induced in the

essential to the development of oral tolerance under condition§O mige by the 3< +lL-2 r(_egimen,_ which _did not translate intq
known to the authors to induce active suppression (28, 29). Thes%mt?c“qn from disease. It is also |nterest|r_19 that LN cell prolif-
studies were conducted using nominal Ag as the tolerogen, anfration in response to IRBP was reduced in the unfed IL-10 KO
lymphocyte proliferation or Ab production as a readout. The im-compared with wt mice, suggesting that although the development

munological peculiarities inherent to autopathogenic Ags such a8f EAU is not altered by the absence of IL-10, this cytokine is
IRBP (here of bovine origin) make the evaluation of tolerance€duired for the full expression of a normal proliferative response.

more complex, since it is assumed that some form of tolerance to ) ) o )
autologous IRBP already exists, and that the induction of autoim-cyt_()l_(Ine _proflles change after oral tolerization in animals

munity occurs by breaking the tolerant state. Our data show thaf€ficient in either IL-4 or IL-10

one cannot protect IL-4 and IL-10 KO mice from EAU using the The balance between different types of cytokines plays an impor-
3X + IL-2 regimen. However, when we looked at the lympho- tant role in the development of EAU and oral tolerance (32, 33).
proliferative response against IRBP in the draining lymph nodeTherefore, we decided to measure cytokines expressed in the
(LN), we were surprised to observe that proliferation to IRBP wasdraining LN, which is the site of immunization; in PP, which are
indeed diminished in the fed animals even though the diseasthe putative sites for the development of tolerance; and in spleen,
scores were similar in the fed and nonfed groups (Fig. 6). A func-which is required for the development of oral tolerance (34) (Fig.
tional dissociation between in vitro proliferative responses and dis7). We have postulated that protection against EAU induced by the
ease in the EAU model has been reported previously (30, 31)3X + IL-2 regimen is cytokine dependent, whereas the rggi-
Several nonmutually exclusive mechanisms can be invoked to exnen induces cytokine-independent protection. When we evaluated
plain this dissociation: 1) lymphocyte proliferation is not a sensi-the cytokine production in response to IRBP in the draining LN,
tive assay to detect pathogenic cells; 2) different antigenic epitopespleen, and PP of wt and IL-4 or IL-10 KO mice, we observed
or cell populations are involved in these two responses; while pasignificant differences other than, of course, the lack of the respec-
thology by definition reflects a response to autologous epitopegjve cytokines in the KO mice.

proliferation and IL-2 production are likely to reflect largely a  IL-4 production, as expected, was not detected in any organ of
response to nonself (bovine) epitopes of IRBP; and 3) timing dif-the IL-4-deficient mice (Fig. &). We also did not observe any
ferences exist, i.e., proliferation is assayed at the time that pathothanges in IL-4 production in the LN or spleen of IL-10 KO mice,

A B
WT — WT —

WT 3x+IL-2 WT 3x + IL-2
FIGL_JRE 6. LN cell proliferation in or_ally WT 5x WT 5x
tolerized IL-4 KO @) and IL-10 KO @) mice.
Although the 3 + IL-2 feeding regimen was 4KO 10KO 4
unable to protect against development of disease,
it resulted in decreased LN proliferation in re- 4KO 3x+IL-2 T0KO 3x +IL-2 ‘
sponse to IRBP in both KO mice. 4KO 5x 10KO 5x

T i T T T
o 2 4 6 8 o 5 10 15 20
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A Lymph Nodes Spleen Peyer's Patches
WT i i |
WT 3x + IL-2 il { f
WT 5x i B | f
IL-4KO i &
IL-4KO 3x + IL-2 44 J .
IL-4KO 5x 44 i
1
T T T
IL-10 KO 44 E 0.01 01 1 10
IL-10KO 3x +IL-2 [ i
IL-10KO 5x i |
T T T T
0.01 0.1 1 10 0.01 0.1 1 10
B Lymph Nodes Spleen Peyer's Patches
wT
WT 3x + L2 — —
WT 5x§
IL-ako j
1IL-4KO 3x + IL-2 4 -
IL-4KO 5x -4
T T T T
IL-10 KO E | 0 01 02 03 04
JL-10KO 3x +IL-2 1
IL-10KO 5x§ 1 : . :
T T
0 01 o0z 03 04 O 01 02 03 04
C Lymph Nodes Spleen Peyer's Patches
WT 1 1 1
WT 3x + IL-2 1 1 1
WT 5x i 1 y
IL-4KO {4 Ji .
IL-4KO 3x + IL-2 4 - .
IL-4KO 5x {4 q .
T T T
IL-10 KO I 0.01 0.1 1 10
IL-10KO 3x +IL-2 1
IL-10KO 5x {1 f
T T T T T T
0.01 0.1 1 10 0.0t 0.1 1 10
D Lymph Nodes Spleen Peyer's Patches

1
1
IL-4KO I i
IL-4KO 3x + IL-2 1 1
IL-4KO 5x {1 B [
T
IL-10 KO 1 N 1 10
IL-10KO 3x +IL-2 {4 44
1L-10KO 5x 4 4

T
0.01 0.1 1 10 ¢.01 0.1 1 10

WT 1 1 1
WT 3x + IL-2 1 J
WT 5x -4 J
1{
Al
i
T T
0.01 01

E Lymph Nodes Spleen Peyer's Patches

WT — 5 g

WT 8 + IL-2 1 .
WT 5x _.
IL-4KO ~ — |
IL-4KO 3x + IL-2 ]
IL-4KO 5x |

T T
IL-10 KO — - 0 1 2 3
IL-10KO 3x +IL-2 4 -
iL-10k0 5x -l F
T T T T T

FIGURE 7. Ag-specific cytokine responses in peripheral lymphoid organs of orally tolerized IL-4 KO and IL-10 KO mice. Cytokine concentrations were
measured in the culture supernatants of cells from the LN, spleen, é;, RR4; B, IL-10; C, TGF3; D, IL-2; andE, IFN-y. Lymphokines were not measured
in the PP from IL-10 KO mice because these mice develop enterocolitis that interferes with the normal physiology of these lymphoid organs (45, 46).
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also shown to be pivotal to the maintenance of tolerance in naive
animals, since IL-2-deficient mice develop spontaneous autoim-
3X+L-2 None . munity (36). Consequently, we decided to measure IL-2 synthesis
in response to IRBP stimulation in the KO mice and their normal
littermates. Interestingly, IL-10 KO mice synthesized lower levels
of IL-2 than their normal littermates. IL-2 production in the IL-10
KO was undetectable in the spleen and LN of those mice that
SX+iL-2 CD8+ Cells — received either one of the tolerogenic regimens. As was the case
— for TGF-B, the different lymphoid organs showed different cyto-

2 kine patterns; this lack of a consistent cytokine profile among
spleen, LN, and PP suggests that different populations of Ag-spe-
cific T cell are present in these organs at the time we analyzed
them for cytokine production. The decreased IL-2 production by
IL-10 KO mice may be linked to the diminished proliferative re-
SX+L-2 CD4+ Cells — sponse to IRBP seen in the LN of these mice. The pattern offFN-
production followed the same observed for IL-2 (Fidg).7We
3X+IL-2 CD8+ Cells 5 observed no difference between the groups regarding their produc-

IL-10 tion of IL-5, and TNF profiles were unremarkable among the dif-
ferent strains of mice (data not shown).
Many reports in the literature have suggested that B3ffays
a pivotal role in the development of oral tolerance mediated by
cytokines (37—39). As we had previously shown (20), T&8&yn-
thesis is enhanced in wt animals after feeding, and thet3IL-2
regimen induces higher levels of TGFthan the X regimen (Fig.
3X+lL-2 CD4+ Cells ! 7C). Interestingly, TGF3 expression was absent in the LN of IL-4
or IL-10 KO mice. Nevertheless, IRBP-specific T@Fsynthesis
3XHL-2 CD8+ Cells ! Tars in cytokine-deficient mice was equivalent to that in wt animals in _
I : . both spleen and PP. One could speculate that the decrease in
0 05 1 15 TGF-B production is associated with the lack of induction of oral

FIGURE 8. CD4" cells are responsible for most of the IL-4, IL-10, and t0l€rance to IRBP in the cytokine-deficient mice.
TGF-B produced in PP after feeding with the3+ IL-2 regimen. The wt Because some concern was raised regarding the source of the
C57BL/6 mice were fed either IRBP or PBX3+ IL-2 as described inthe ~ Cytokines measured in response to IRBP, we isolated ‘Cells
text. Ten animals were used in each experimental group. All animals wer@nd CD8" cells from the PP of mice fed thex3+ IL-2 regimen.
immunized with a uveitogenic dose of IRBP (day 0). Twenty-one daysThe results show that when CD4PP cells are stimulated with
after immunization mice were sacrificed, and PP were obtained."CD4 |RBP in vitro, the synthesis of IL-4, IL-10, and TGFis similar
cells and CD8 cells were isolated by magnetic cell sorting as described intg that observed when the whole cell population from PP is used.
Materials and MethodsCytokine production was evaluated in the culture In contrast, when CD8 cells are stimulated with IRBP, there is a
supernatants as described in the text. significant decrease in the synthesis of all cytokines analyzed (Fig.
8). These data suggest that CDdells are responsible for most of
as we had previously reported in another system (35). PP were nttie IL-4, IL-10 and TGFB synthesis observed after feeding the 3
evaluated in the IL-10 KO animals because the inflammatory+ IL-2 regimen to mice.
bowel disease they develop impedes correct interpretation of the Because TGFB production in response to IRBP was diminished
results. This finding suggests that IL-4, although crucial to thein the KO mice, we decided to treat these animals with recombi-
development of protection by thex3+ IL-2 regimen, is not as- nant TGFB in an attempt to restore the protection induced by the
sociated with the lack of protection observed in the IL-10-deficient3x + IL-2 feeding regimen. We followed the protocol described
animals. previously (40). Equal numbers of IL-10- and IL-4-deficient mice
IL-10 synthesis was not detected in the IL-10 KO animals, andwere used in each group. Because the results for the two KO stains
as shown previously, neither of the oral tolerance regimens wawere not different, the combined data are presented in Fig. 9. The
able to induce IRBP-specific IL-10 synthesis in the LN of treatedhuge costs involved in obtaining the amounts of T@Recessary
animals (Fig. B). There were no differences in IL-10 production to perform these experiments forced us to limit the number of mice
in PP between wt mice and IL-4 KO, confirming our previous to three in some of the TGB-treated groups. Reconstitution was
results. Interestingly, IL-10 production was significantly decreasedneffective in restoring the effectiveness of the 3 IL-2 feeding
in the spleen of IL-4 KO mice compared with that in wt animals. regimen in these animals (FigAR Furthermore, unlike the IL-
The significance of this finding is hard to gauge, since in all otherlO-treated mice, wild-type unfed mice treated with TGRkvere
organs evaluated there appears to be no difference between thet protected against the development of EAU, confirming our
IL-4 KO mice and wt mice regarding IRBP-specific IL-10 produc- previously published data (40) and data from a manuscript in prep-
tion. Nevertheless, it is possible that the lack of IL-4 results in aaration (H. Xu, L.V.R., P. B. Silver, and R.R.C.). Because of the
decrease in a specific IL-10-producing cell population that, at thesmall number of animals used in these experiments, we decide to
time we evaluated cytokine production, is predominately located irtake another approach to study the role of T@k: the deficient
the spleen, and this population may be important for the developinduction of tolerance in the KO mice. We treated these animals
ment of oral tolerance. Adoptive transfer experiments are undewith a polyclonal Ab raised against TGF-in chickens, using
way to clarify this question. doses previously described as effective in neutralizing B3R-
We have shown that the administration of IL-2 can potentiatevivo. Our results suggest that Ab-treated wt animals are still ca-
the tolerogenic effect of oral administration of Ag (20). IL-2 was pable of responding to thexX3 + IL-2 regimen with induction of
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Strain Feeding Tr
Wilidtype None None - &6
Wiidtype None TGF-B — 3»
Wilidtype 3x + IL-2 TGF-B
KO None None
. KO None TGF-B 4/4
FIGURE 9. TGF-8 treatment or anti-TGEB
treatment dpes not alter the course of oral toler- ax s IL-2 TGF-p m
ance induction by the8 + IL-2 regimen. IL-4 -

and IL-10 KO mice and their normal littermates 15 2

were treated with rTGIB (A) in association, or
not, with the 3< + IL-2 regimen of oral toler- EAU Score
ance induction. Disease scores were evaluated 2

days after a uveitogenic dose of IRBP.Bnan-

imals were treated with a polyclonal Ab against ~ Strain Feeding Treatment

TGF-8 in association, or not, with the same e None None
tolerogenic regimen, and disease was graded 21
days after immunization with a uveitogenic dose Wiidtype s ila Control Ab
of IRBP.
Wilidtype 3x + IL-2 anti-TGF-B
KO None None
KO 3x + IL-2 Control Ab
KO 3x + IL-2 anti-TGF-B

EAU Score

tolerance to (Fig. B). Furthermore, KO mice treated with the anti- nature (bovine), different antigenic epitopes and cell populations
TGF-B Ab were not less susceptible to tolerance induction thanmight be involved in the two responses (proliferation and uveito-
animals treated with the control Ab. These data indicate that ifgenicity); while pathogenic cells will respond to autologous
TGF-B plays a role in oral tolerance to EAU, it is probably a minor epitopes, lymphocyte proliferation in the draining LN will be

one. mostly due to cells responding to the nonself (bovine) epitopes of
IRBP. This possibility would account for the differences between
Discussion our findings and those reported previously that suggested that nei-

The finding that both IL-4 and IL-10 seem to be required for in- ther IL-4 nor IL-10 is required for the induction of oral tolerance
duction of protective tolerance was unexpected. It is possible tha@@d: 42)- In these studies animals were fed and subsequently im-
IL-4 and IL-10 act synergistically in the tolerance induction pro- Munized with exogenous Ags such as OVA, and proliferation and
cess, as they do to inhibit delayed-type hypersensitivity reactiong P Production against these Ags were used as markers for toler-
and both cytokines are needed to induce optimal tolerance. An@nce induction. Because of the nature of the Ags used in these
other explanation would be a requirement for the two cytokines tostudies, the responses against their homologous counterparts, for
act at different stages of the tolerance process. We hypothesizéBStance murine albumin, could not be measured. Another possible
that IL-4 is necessary as the growth factor for the regulatory cell€xplanation for the dissociation between lymphocyte proliferation
induced by oral tolerization (27). IL-10, on the other hand, may beand disease scores is a difference in the timing of the responses
required as an effector cytokine to promote down-regulation of theneasured. Proliferation is assayed at the time that pathology is
inflammatory process. This last possibility is supported by our findingalready fully developed, and most of the cells involved in the
that IL-10 inhibits Ag-specific proliferation and IFM-production of ~ Pathogenic response have migrated out of the draining LN. It is
murine Thl-like uveitogenic effector T cells in vitro (41). possible that all these factors may act in unison contributing to the
A dissociation between lymphocyte proliferation to IRBP and dissociation between the proliferation results and EAU grade. Nev-
disease status was found. Although the cytokine-deficient mic@rtheless, it is clear that even in the IL-deficient mice some degree
were not protected against the development of EAU by tket3  of tolerance was induced by the<3+ IL-2 regimen, although it
IL-2 regimen, lymphocyte proliferation in response to IRBP wasdid not result in protection from the development of uveitis.
significantly decreased in the LN of the IRBP-fed mice compared In keeping with our original observations (20), the 3+ IL-2
with that in the OVA-fed controls. A dissociation between diseaseregimen induced IL-4, IL-10, and TGB-production in the PP of
status and Ag-specific proliferation has been described previouslgormal mice. The & regimen was conspicuously less effective in
(30, 31). It has been suggested that lymphocyte proliferation is noihducing these cytokines. As before, we were unable to detect IL-10
a good indicator of the presence or the activity of pathogenic cellproduction in the LN of wild-type or KO mice (20). In contrast to
(30, 31). Because we induce disease with IRBP of heterologoughat was reported by others (43, 44), Ag-specific production of JFN-
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by PP in our experiments was minimal. IFNand IL-2 productionin  tion is supported by the fact that mice treated with anti-IL-10 Ab
spleen and LN cells followed the pattern shown in the proliferativewere not less susceptible to disease induction than animals treated
responses described above, i.e., were suppressed by both feeding regth a control Ab (Fig. 4). The lack of IL-4, however, does seem
imens. Here it is important to notice that IL-2 production in the LN of to affect disease development, since both the IL-4 KO mice and
IL-10 KO mice was diminished, and it may be either the cause or ammice treated with the anti-IL-4 Ab 11.B11 develop lower EAU
effect of the diminished LN cell proliferation seen in response to IRBPscores (Figs. 2 and 5). We have indications that small amounts of
on these mice. In contrast, in the PP, IL-2 was enhanced in respon$e-4 may be required for the synthesis of IFNB. Sun, S. H. Sun,
to the 3x + IL-2 regimen in both KO and wt mice. It is noteworthy P. B. Silver, L.V.R., and R.R.C., manuscript in preparation). Al-
that IL-4 KO mice had a decreased production of T@&H+is finding  though the role of IL-4 in the development of oral tolerance is
is in line with a recent report that IL-4 acts as a growth factor forundeniable since we were unable to tolerize the IL-4 KO mice with
TGF-B-producing, mucosal-specific, regulatory T cells (27). The ab-the 3x + IL-2 regimen, its precise importance remains to be de-
sence of IL-4 or IL-10 also seemed to result in a reduction of BGF- termined, since the effect of anti-IL-4 treatment on oral tolerance
secretion in the LN of fed animals and could be secondary to a dewas not significant. The discrepancy between the results obtained
crease in the production of these cytokines in that organ. Thus, theith the KO mice, which lack IL-4 from birth, and those obtained
need for IL-4 and IL-10 to elicit protective oral tolerance might be duewith anti-IL-4-treated animals may be due to the fact that precursor
in part to their effects on TGB-production. To investigate this pos- cells require IL-4 to develop, and the complete absence of this
sibility and because TGB-has been reported in the literature to be a cytokine will impair their development. Whatever the case may be,
major player in oral tolerance induction in other systems, we treatedt seems that a certain amount of IL-4 may be needed to induce
the KO mice and their normal littermates with recombinant T&F- EAU to its fullest extent.
The results showed that the treatment with the T&ke performed In conclusion, the data presented here show that the ability to
was ineffective in restoring the ability of the<3+ IL-2 feeding reg-  produce IL-10 is not required for disease induction in EAU. How-
imen to protect these animals against EAU. Although the doses anelver, both IL-10 and IL-4 are required for the induction of pro-
administration scheme we used proved to be effective in another sysective oral tolerance through the<3+ IL-2 regimen that elicits
tem (40), it is possible that these doses are not adequate for the stuepti-inflammatory cytokines, but not by the<5regimen, which
of oral tolerance, and higher doses administered more frequently maseems to be cytokine independent. The requirement for both IL-4
be required to obtain any effect. However, the prohibitive costs ofand IL-10 may result from a synergistic response or a sequential
such experiments made us decide on alternative strategy. We treataded for the two cytokines in inducing and effecting protection,
animals with anti-TGF3 Ab. Several different combinations of doses with IL-4 acting at the induction stage and IL-10 at the effector
and administration regimens were used. In these experiments we weséage. Ag-specific TGIB-production in response to feeding is de-
limited by the fact that more than two inoculations of mice with creased in mice deficient in IL-4 and IL-10 and may constitute a
chicken Ab resulted in serum sickness. The data we present are fropart of the mechanism, although neutralization of T@®r its
a regimen we found to be most effective in diminishing IgA Ab syn- replacement was unable to alter the course of disease in fed ani-
thesis, which we used as a marker of the effectiveness of the Ab tmals. A dissociation between tolerance measured by Ag-specific
neutralize TGH3. The wt animals remained sensitive to the induction lymphocyte responses in culture and protection from EAU was
of tolerance by the 8 + IL-2 regimen when treated with anti-TGEF-  observed. It may in part reflect responses to self vs nonself
Ab. These data combined with the results of the Tf&ffeatment of  epitopes. The data reported here help to elucidate the mechanisms
KO mice suggest that TGB-plays a minor role in our system com- that drive oral tolerance and provide a rationale for exploring strat-
pared with the major role it plays in EAE, for instance. The reason(skegies that would enhance its protective effect through augmenta-
for such difference is unclear at this point. tion of IL-4 and IL-10 to maximize the clinical benefits of oral Ag
It is possible that under the conditions we described, cytokinesherapy.
such as IL-4, IL-10, and TGIB-are being secreted by cells other
than lymphocytes, thus explaining why tolerance against diseasAcknowledgments
development is induced but cytokine synthesis remains present
response to retinal Ags. However, when CDeklls were depleted
from the PP, the secretion of IL-4, IL-10, and T@Fwas signif-
icantly decreased. These data suggest that C&®ls are indeed
involved in the production of such cytok_ines. In contrast, depl(_etionR(_:‘f(;)I,enceS
of CD8" cells did not alter the expression of the same cytokines, ) _ o
except for a slight enhancement of IL-10 synthesis, probably due® \E’%‘:gtﬁéiiﬁfj_R,\eA’Te‘glrkSSC‘i’_”fgg‘taneous affection, produced by certain poisonous
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but, rather, a shift in the type of cells that respond to that Ag, we 3. 1K;7gsn.off, M. F. 1993. Immunology of the intestinal traGastroenterology 105:
and others (9-13, 15, 16) believe that the definition of tolerancea. Mowat, A. M. 1987. The regulation of immune responses to dietary protein
goes beyond the inability to respond to an Ag. Particularly for _ antigensimmunol. Today 8:93. _
. . . 5. Scott, H., T. S. Halstensen, and P. Brandtzaeg. 1993. The immune system of the
autoantigens, the definition of tolerance must be more flexible, as™ ysyointestinal tracPediatr. Allergy Immunol. 4(Suppl. 3):7.
demonstrated by the dissociation among disease scores, lymphas. Keren, D. F. 1992. Antigen processing in the mucosal immune sySemin.
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