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Induction of Autoimmune Diabetes by Oral 
Administration of Autoantigen 

Effrossini Blanas, Francis R. Carbone, Janette Allison, 
Jacques F. A. P. Miller,* William R. Heath 

An antigen administered orally can induce immunological tolerance to a subsequent 
challenge with the same antigen. Evidence has been provided for the efficacy of this 
approach in the treatment of human autoimmune diseases such as rheumatoid arthritis 
and multiple sclerosis. However, oral administration of autoantigen in mice was found 
to induce a cytotoxic T lymphocyte response that could lead to the onset of autoimmune 
diabetes. Thus, feeding autoantigen can cause autoimmunity, which suggests that 
caution should be used when applying this approach to the treatment of human auto- 
immune diseases. 

Feeding antigen can cause an  antigen-spe- 
cific reduct~on in Inany types irnrnune 
responses, incluiiing ant~hocly procluction; 
iielayecl type hypersensitiv~ty; T cell prolif- 
eration; and recently, the  generation of cy- 
totoxic T lymphocytes (CTLs) (1-5). This 
approach has been examinecl as a potential 
treatment for autoirnmune diseases and has 
been reported to be benef~cial in some cases 
(6-7). In  contrast to the reported tc~lerc~ge- 
n i c ~ t y  of the  oral route, we f ~ ~ u n c l  that feeel- 
I I I ~  C57B1/6 (A6) mice 20 mg of ovalhumln 
( O V A )  resultecl in the generation of C T L  
responxs (Fig. 1A).  Not  all mice respond- 
eii, hut, based on several experirnents out- 
lined below (Fig. 2),  14 out of 22 mice 
proiiuceii OVA-specific CTLs when fed 20 
mg of O V A  ancl analyzed 14 days later. O t  
16 unfed mice, only 1 mouse responded ancl 
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this response was just ahove hackgrounii. 
OVA-specific cytotox~city induceel hy feeel- 
ing was mediated hy C D 8 +  T cells (Fig. 
lR) ,  anii these cells expressed ap T cell 
receptors(TCRs) (Fig. 1C) .  

W h e n  mice were fed 20 mg c ~ f  O V A  ancl 
then challenged \\.it11 an  ~mmunogenic form 
of O V A ,  t h e ~ r  C T L  responses were reiiuced 
relative to those of unfed controls (Fig. 1 D). 
T h e  irnmunogenlc form of O V A  cc~nsisted 
of irraiiiateii A6 spleen cells intracytc~plas- 
rnically loaiieii with O V A  hy osmotic shock 
(OVA-loacled spleen cells) (8). A t  present, 
it is unclear why feecling O V A  recluced the 
C T L  response induceii by OVA-loaded 
spleen cells but o n  its own \\.as able to 
iniiuce OVA-specific CTLs. T h e  relatively 
weak C T L  responses incluced hy feeding 
alone (Fig. l A ) ,  however, \\.ere approxl- 
mately equivalent to the  reduceel C T L  re- 
sponses seen in mice that \\ere feel O V A  
ancl then pr~rned hy OVA-loaiieii spleen 
cells (Fig. l n ) .  Thus, feecl~ng appears to 
prevent the induction of the  stronger re- 
sponses induced by OVA-loaded spleen 

cells but does Itself incluce a \veak C T L  
response. This may be related to the  CD4 T 
cell iiependence of the OVA-loacled spleen 
cell response (9) anii the apparent cleletion 
of CD4- T cells after feeding (10).  

T o  analyze the  kinetics of oral incluctic~n 
of CTLs, R6 mice feel 20 mg of O V A  were 
examined a t  various tlrne points (Fig. 2A).  
CTLs \\.ere most reliahly detected in the 
spleen on iiay 14 but were st111 present 3 
months after feeding. T o  examine the  effect 
of antigen iiose, mice were feii dlfkrent 
iioses of O V A  anii then testeel 14 Jays later 
for the iniiuction of CTLs (Fig. 2A). This 
iniiicated that the relatively large dose of 60 
mg of O V A  was the most effective iiose for 
iniiucing CTLs. T o  further understanel the 
rnechan~srn of oral C T L  induction, we ex- 
arnlneii this response for its depenclence o n  
CD4- T cells (Fig. 2C) .  No response \vas 
seen in the absence of C D 4 +  T cells, \vhich 
lndlcates a requirement for this T cell sub- 
set. T o  cleterm~ne \vhether CTLs were gen- 
erated as a result of the iiegraiiat~on 
\\.hole protein by cligestive enzymes into an- 
tigenic peptide iieterminants, mice were feel 
a large dose of pepticle antigen and then 
exarnined for C T L  i d u c t i o n  (Fig. I D ) .  Pep- 
tiiie feeiiing iiid not lncluce a C T L  response, 
\v111c11 suggests that processing of whole pro- 
tein by host antigen-presenting cells may he 
necessary for prirn~ng to occur. 

T h e  above results raised the question of 
whether oral aclministration of antigen coulii 
incluce autoreactive CTLs capable of causing 
autoimmune elisease. T o  test this, transgenic 
mice expressing O V A  under the control of 
the rat insul~n promoter \\.ere generate'] 
(RIP-OVA mice). O V A  expression cc~ulcl 
not be iiirectly iietecteii in the islet p cells of 
the pancreas of these mice when they were 
analyzecl hy irnm~~nohistocl~ernistry. O V A  
expression was iiernonstratecl incl~rectly, 
ho\vever, \\.hen RIP-OVA rnice were crossed 
to a seconii transgenic line of rnlce (OT-I 
mice) that produce class I-restricted OVA-  
speclfic CD8- T cells that express Vcy2- and 
Vp5+ transgenes ( 1  1).  Douhle transgenic 

<I etes asso- mice sho\vecl an  early onset of i i i  b 
ciated \vith islet infiltration (Fig. 3). T h e  
incluctic~n of diahetes irnplieii that the P cells 
expressed O V A .  T h e  reason why CD8+ T 
cells iiestroyed p cells In this moclel but 
ignored them in others (12-15) IS uncler 
invest~gation. 

Initial experirnents revealeii that feeding 
O V A  to RIP-OVA mice iiid not result in 
diabetes (16).  Thus, a bone marro\v chime- 
ra rnoclel \\.as useii. RIP-OVA mice \\.ere 
lethally irradiated and their bone marro\v 
was then reconstituteii with a 1: 4 mixture 
of bone marro\v from OT-I transgenic mice 
anii Thy-1.1 congenic A6 mice. T h e  lo\\ 
ratio of OT-I to R6 cells \vas required he- 
cause of the  efficient selection of the trans- 
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Fig. 1. Tine effect of oral 
administrailon of OVA on 
ihe CTL response. (A) 
Feed~ng OVA Induces 
CTLs. Four B6 mice were 
fed 20 mg of whole OVA in 
0.5 mi of phosphate-buff- 
ered sal~ne (PBS) by ntu- 
bat~on under g h t  anes- 
thesla (3). After 14 days, 
spleen cells were restimu- 
lated In vltro and then as- 
sessed for the generat~on 
of OVA-specif~c CTLs 
(27). Each lhne represents 
an lndlvldual mouse. Lysls 
of the OVA-express~ng 
EL4 transfectant E.G7 1s 
shown. Lysls of EL4 cells 
\,was less than 8O0 for tile 
strongest response and 
less than 596 for all otiner 
responses. (6) OVA-spe- 
c~flc CTLs Induced by 

Effectorltarget 

feed~ng are CD8+. CTLs aP TCR Effectorltarget 
generated as In (A) were 
treated with CD8-spec~fic monoclonal antlbody (mAb) (squares). CD4-specif~c inAb (circles), or medum alone 
[trangles), and then exposed to rabblt complement. These cells were then assessed for OVA-specflc lysls of 
E.G7 targets. Lys~s of EL4 targets was less than 5% [C) CD8+ cells Induced by feed~ng OVA express the up 

TCR. Untreated effector cells used in (B) were analyzed by flow cytometry (12) for tine expression of CD8 and 
the up TCR. Samples were gated on CD8 ' cells and up expression is shov~n (sod Ine). The antbodles used 
were CD8-spec~fc phycoerthr~n (PE)-conjugated inAb 53.6.7 (Pharmngen), mouse up TCR-spec~f~c b~ot~n- 
ylated mAb H57.597.1 [Pharmngen), and Trcoor-conjugated avidin (Caltag). Dashed line ndcates no cup 
TCR-specific mAb [D) Feeding OVA reduced the CTL response induced by conventional priming. B6 mce 
were fed eitiner 0.5 ml of PBS alone (open symbols) or 20 mg of whole OVA (closed symbols). To assess 
tolerance status, mce were prlmed 7 days later by intravenous injecton of 25 x 10" 5 grays OVA-oaded B6 
spleen cells (8). After a further 7 days, spleen cells were restimulated in vitro and then assessed for OVA- 
speciflc cytotoxicity with tine use of E.G7 targets. Lyss of EL4 cells was less than 595 at all effector:target 
ratios 

genic cells. This generated RIP-OVA chi- 
Illeras that produced large numbers of OT-I 
C D 8 +  T cells (Fig. 4 A )  I-iut rarely hecame 
il~ahetic ( 1  c~nt  of 60 mice follo\ved for 10 
~veeks after bone marrow reconstitution de- 
veloped ciial~etes). W h e n  ;~naly:eJ for islet 
infiltration, hoivever, f o ~ ~ r  out of eight chi- 
meric RIP-OVA lnice shoived nlilii islet 
infiltration, with ;I tlleall of 2200 of islets 
~nfiltrateil 15 to 21 weeks after reconstitu- 
tion. These chimeras provided a moilel for 
stuiiying the effect of oral administration of 
autoantigen, hecause h ~ u n a n s  that are likely 
to  he ca~lciic?ates for such treatment woulc? 
he those charactel.ized as " h ~ g h  r~sk"  ~ n d i -  
vlJuals, who are a, yet nond~ahet ic  hut are 
most 11kely ~ ~ ~ l d e r g o i ~ l g  chrc~nic ~ s l e t  ~nf i l -  
tratlon and Jamage (171, as seen 111 the 
RIP-OVA chimeras. T h e  predonlinal~ce of 
CD&+ T cells in the ~ n s u l ~ t ~ s  lesions of 
newly diagnosed insulin-iiependent diahe- 
tes mellitus patients (18) also supports the 
use of the RIP-OVA illoilel where autore- 
active C138- T cells are involved. 

T o  exanline the induction c~f autolmmu- 
nity, c h ~ m e r ~ c  RIP-OVA llllce were feii 60 
111g of O V A  o r  the control antigeli hovine 
serum a l l l~~min  (BSA) or were left nnfeJ, anii 
then were testeil f i~ r  glucosuria (Fig. 4R). 
Fourteen Jays after feeding OVA,  8 out of 18 
chimerlc RIP-OVA nlice, but none of 8 
chimeric A6 controls, l~ecame diahetlc. All 
13 RSA-feLi and 9 unfed RIP-OVA chimeras 
re~llail~ed ni>rmoglycemic. Histolc~gical ex- 
amination of the pancreas 7 days atter feed- 

Fig. 2. Analysis of tile Iknetics and dose response 
for the induct~on of CTLs by feeding OVA (A) Kinet- 
ICS of the i~ iduct io~i  of CTLs by feeding OVA. In 

1000 
several experiments. B6 mice ?yere fed 20 mg of 
OVA and then assessed at dfferent time i n te~a l s  for A A M 

A the ~nduct~on of OVA-scecif~c CTLs ~n their spleens 100 M 

A AA as ~n Flg. 1A. Eacti point represents a11 individual M 

mouse. Lytic c~n~ts were calculated by determining 
2 0 ' t i t ;  

A 

the minimum number of effectors reqc~red to gen- <20 fff i ff 
erate 1096 OVA-specif~c lys~s (in this case, back- n 7 .? 4 6 7 8 1 0 1 4 2 8 9 2  

1708 SCIENCE LOL. 274 6 11EChh'lBER 19\16 

- - -  
ground nonspecific ysls of EL4 targets was sub- CD4- CD4- CD4+ CD4+ 
tracted from tliat of the OVA-expressng E G7 tar- 2 

Time (days) OVA unfed OVA unfed 

gets) and then divdng th~s  into the total number of 'g 
effectors generated from each responder spleen 2 1 0 , 0 0 0 ~  
As a gu~de to the values represented by lytic units. 3 
the two mice respondng in Fig. 1A were calculated 

1000: as 20 and 180 lytic unts, respect!~ely. Twenty lytc 
c~nits was the miniinc~m detectable response. Non- 
responders are represented by points below the n e  100: 
drawn at 20 ytic un~ts. (6) Dose response for the 

20: nducton of OVA-spec~flc CTLs by feedng. In sev- 
era experiments, B6 mice were fed different doses 
of OVA, and 14 days later thelr spleens were as- 0 1 5 10 20 40 60 80 
sessed for the ndclcton of OVA-specfc CTLs as n 

1 : A : ly:;E 10pg 100pg 60 mg PBS 

Fig. 1A. (C) Oral ~nducton of CTLs 1s dependent on Oral dose of OVA (mg) peptide protein 
CD4- T cells B6 mlce were thymectomzed at 6 to 
8 weeks, and then some [nice were depleted of CD4 + T cells by two nject~ons of 100 ~l of GKI 5 asc~tes. 4 days apart. Two to three ?veel<s later, mlce ?yere 
fed 60 mg of OVA prote~n In 0.5 ml of PBS or were left unfed, and 14 to 23 days later, the CTL responses of these Ince were assessed as In Fig. 1A. These 
data represent tile combnation of two Independent experiments. It I S  not known why one unfed mouse responded to OVA, (D) Feedng peptde does not 
Induce CTLs. B6 mlce were fed 0.5 ml of PBS alone or containing 10 or 100 k g  of OVA,,, ;,?,, peptde or 60 mg of OVA prote~n Foirrteen days later, the~r 
spleens were removed and cultured In v~tro to st~tiiulate CTL product~on as descr~bed in Fig 1A. 
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M 

A A AA 
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ing revealed that feeding OVA,  hut not 
BSA, spec~fically inducecl l~lfl l tratio~l in 
RIP-OVA ch~meras and that some of the 
infiltrating cells were CD8+ T cells (1 6 ) .  

Although sollle ellcouragqg results have 
heen obtained \vlth the use of oral ileliverv of 
autoantigen for the treatment of a ~ ~ t o i r n m ~ u ~ ~ e  
iliseaaes ( 2 ,  6 ,  7) ,  our results iniiicate that 
diabetes may be less amenable to this ap- 
p~x'ach. 111 apparent contraat to our finilings, 
iee~iinp insulin has been sho~vn to delav the 
onset and decrease the i~lcicte~lce of ciiabetes 
in no~lohese ii~ahetic (NOD) llllce (7, 19, 
2 G ) .  In the case of insulin. ho\vever. it IS not 
l<nonn \vhether there is a class I-restricteil 
epitope, ao it is unclear whether feecling t h ~ s  
antlgen coulil influe~lce the CL)8+ T cell 
response. In one report, feed~ng i n s ~ ~ l l ~ l  to 
N O D  mice induced CDSf T cells that en- 
hanced the ilisease after ailoptive transfer 
(19),  \vh~ch suggests the existence of a class 
I-restricted epltope anil supports our claim 

Time (days) 

Fig. 3. RIP-OVA mice become spontaneously 
diabetic when crossed to the OT-I transgenic 
line RIP-OVA mice on a B6 background were 
crossed to OT-I mice on a smiar  background, 
and offspring were analyzed for gucosuria. Mice 
were considered diabetic if urine glucose levels 
were 2 1  5 mM Data include RIP-OVA mice (dot- 
ted line; n = 28), OT-I mice (small-dashed line; n 
= 1 0), RIP-OVA x OT-I mice (solid line; n = 9), 
and negative ittermates (large-dashed line; n = 

26). Five RIP-OVA x OT-I mice between the 
ages of 5 and 68 days were examined for islet 
infiltration. Histological staining with hematoxyin 
and eosin showed that islets in all five mice were 
heavily infiltrated, with an average of 82% of 
islets being infiltrated. Gomari's aldehyde fuch- 
sin stain revealed that few p cells remained in the 
infiltrated islets. Spontaneous diabetes in double 
transgenic mice did not appear to be due to 
exogenous pathogenic bacteria or viruses be- 
cause animals housed in germ-free conditions 
showed similar diabetes onset (16). RIP-OVA 
mice were generated with OVAcDNA driven by the 
rat insulin promoter by inseriion of the complete 
OVA cDNA into the unique Hind I site of the 
pBlueRlP vector (22). Vector sequences were ex- 
cised by digestion with Apa I and Not . DNA was 
microinjected into pronuclei of B6 feriiized eggs as 
described (23). 

that feecling antigen can activate autoaggres- 
slve CTLs. The ~ n d u c t ~ o n  of autoimmune di- 
abetes by feeding suggests that caution sl~oulii 

 IF^: OVA BSA Nil I OVA I 
I ~enotvpe: RIP-OVA 1 8 6  1 

Fig. 4. Oral administration of OVA induces dia- 
betes in chimeric RIP-OVA mice. (A) OVA-spe- 
cific CD8 + T cells were detected in the blood of 
chimeric RIP-OVA mice. Blood cells from chi- 
meric RIP-OVA mice and their negat~ve itter- 
mates, both of which were reconstituted with a 
1 : 4  ratio of T cell-depleted OT-I and Thy-1 . I  
congenic B6 bone marrow, were analyzed for 
the expression of Thy-1.2, CD8, and Vc,2 by flow 
cytometry. T h y - 1 . 2 + C D 8  cells and Thy- 
1.2 +CD8 + V C x 2  cells represent radioresistant 
host cells. Vcr2 expression by Thy-1.2+CD8+ 
cells is shown in the right panels. Mice were left 
undisturbed for 9 weeks before analysis by flow 
cytometry (12). (B) RIP-OVA chimeras and simi- 
larly treated negative ittermates were fed 60 mg 
of OVA or 60 mg of BSA or were left unfed (Nil). 
Diabetes was assessed by gucosuria on day 14 
after feeding. Chimeric RIP-OVA mice and chi- 
meric negative ittermate controls were generat- 
ed by reconstitution of lethally irradated (9 grays) 
mice with a mixture of 5 x l o 6  bone marrow 
cells from Thy-1 .I congenic B6 mice and 1.25 X 

10" bone marrow cells from Rag-I-deficient 
OT-I mice (Thy-1.2 I ) .  All mice were injected in- 
traperitonealy with I 0 0  ml of 724 ascites (Thy- 
I-specific) 1 day after bone marrow reconstitu- 
tion to eliminate radioresistant host T cells. Mice 
were fed 9 weeks after reconstitution. No in- 
crease in diabetes incidence was observed after 
14 days. In a separate experiment, gucosuria on 
day 14 was confirmed by blood glucose deter- 
mination (16). Priming chimeric RIP-OVA mice with 
a nonspecific stimulus such as complete Freund's 
adjuvant did not result in diabetes (16). 

he applied mhen attempting oral ailministra- 
tion of antoantigen to treat human diseases 
that nlay he affected by cytotoxic T cells. 
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