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Thl to Th2 Cytokine Shifts in Nonobese Diabetic Mice:
Sometimes an Outcome, Rather Than the Cause, of Diabetes
Resistance Elicited by Immunostimulatiort

David V. Serreze?* Harold D. Chapman,* Cristina M. Post,* Ellis A. Johnson,*
Wilma L. Suarez-Pinzon," and Alex Rabinovitch'

Numerous immunostimulatory protocols inhibit the development of T cell-mediated autoimmune insulin-dependent diabetes
mellitus (IDDM) in the nonobese diabetic (NOD) mouse model. Many of these protocols, including treatment with the nonspecific
immunostimulatory agents CFA or bacillus Calmette-Guérin (BCG) vaccine, have been reported to mediate protection by skewing
the pattern of cytokines produced by pancreaticB-cell autoreactive T cells from a Thl (IFN+y) to a Th2 (IL-4 and IL-10) profile.
However, most of these studies have documented associations between such cytokine shifts and disease protection rather than a
cause/effect relationship. To partially address this issue we produced NOD mice genetically deficient in IFN-IL-4, or IL-10.
Elimination of any of these cytokines did not significantly alter the rate of spontaneous IDDM development. Additional experi-
ments using these mice confirmed that CFA- or BCG-elicited diabetes protection is associated with a decreased IyNe IL-4
mRNA ratio within T cell-infiltrated pancreatic islets, but this is a secondary consequence rather than the cause of disease
resistance. Unexpectedly, we also found that the ability of BCG and, to a lesser extent, CFA to inhibit IDDM development in
standard NOD mice is actually dependent upon the presence of the Th1l cytokine, IFM-Collectively, our studies demonstrate that
while Thl and Th2 cytokine shifts may occur amongB-cell autoreactive T cells of NOD mice protected from overt IDDM by
various immunomodulatory therapies, it cannot automatically be assumed that this is the cause of their disease resistancéhe
Journal of Immunology, 2001, 166: 1352-1359.
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diabetic (NOD) mouse model results from autoimmune de-vention. One frequently overlooked consideration that may com- 3

struction of pancreatig-cells mediated by both CD4and  plicate interpretation of these associational studies are reports that%
CD8" T cells (reviewed in Ref. 1). However, it has been widely Th1 are more prone than Th2 cells to activation-induced cell death Py
reported that the pathogenic activity Bfcell autoreactive CD4 (AICD) (6, 7). NOD APCs are characterized by a series of genet-
T cells in NOD mice can be inhibited if the predominant pattern ofically controlled T cell activation defects (8—12). The stimulation
cytokines they produce is shifted from a Thl (primarily IFNto  threshold required to induce T cell deletion by AICD is higher than
a Th2 (primarily IL-4 and IL-10) profile. These conclusions are that needed to trigger their immunological effector functions (13—
primarily based on reports that Th1 to Th2 cytokine shifts are ofterq5). Thus, the impaired stimulatory capacity of NOD APC could
observed among-cell-infiltrating T cells of NOD mice that are  preferentially inhibit their ability to induce AICD-mediated dele-
paradoxically protected from overt IDDM by many Ag-specific or tjon of autoreactive T cells without fully abrogating their ability to
nonspecific immunostimulation protocols (reviewed in Refs. 2‘4)-trigger immunological effector functions. Correcting an impaired
An explanation for such shifts may be provided by a report that abjjiy of APC to trigger AICD-mediated deletion g-cell auto-
high stimulation levels, CD4T cells can deviate from a Th1to & |oactive T cells might provide another explanation for how various
Th2 c_ytoklng prodgctlon profile (5?' . ) immunostimulatory agents inhibit IDDM development in NOD
. While the induction of IDDM resistance in NOD mice by many mice. Furthermore, if they are indeed characterized by differential
|mmu_nost|rr_1ulatory protocols has begn associated with Thl t_o Th%ensitivity to AICD, this deletional process might preferentially
cytokine shifts amongs-cell autoreactive T cells, such alterations sparep-cell autoreactive T cells, producing Th2 rather than Th1
cytokines. Such an “unmasking event” might be misinterpreted as
a Thl to Th2 deviation among-cell-infiltrating T cells of NOD

I nsulin-dependent diabetes mellitus (IDDMi) the nonobese  have not been demonstrated to be the true cause of disease pre=:
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(19). Adding additional confusion to the potentially pathogenic aldehyde fuchsin, and leukocytes were stained with a hematoxylin and
role of Th1 cells are reports that IDDM development in NOD mice eosin counterstain. Islets (at least 20/mouse) were individually scored as

; ; ; _ P ; _ follows: 0, no lesions; 1, peri-insular leukocytic aggregates, usually peri-
does not require IFNysignaling (20-22). Similarly, there is con ductal infiltrates; 2<25% islet destruction; 3>25% islet destruction; and

fusion regarding the potentially protective role of Th2 cytokines. " compiete islet destruction. An insulitis score for each mouse was ob-
Systemic administration of either IL-4 or IL-10 can inhibit IDDM tained by dividing the total score for each pancreas by the number of islets
development in NOD mice (23-25). However, IDDM develop- examined. Data are presented as the mean insulitis sc@&M for the
ment is respectively inhibited or accelerated in NOD mice trans ndicated experimental group.

genically expressing IL-4 or IL-10 in pancreafiecells (26, 27). _ ) - _

We reasoned that better insights into some of the uncertaintie§reatment of mice with nonspecific immunostimulatory agents
described apove coulld.be gained through analyses of N.OD stocksyur-week-old NOD, NOD.ILZ", NOD.IL10"", and NOD.IFNy™! fe-
made genetically deficient in IFN; IL-4, or IL-10. Thus, in the  male mice were injected in a hind foot pad with 1.0 mg of heat-killed BCG
current study we used such stocks to determine whether variougccine (C)Onnaught, Willgwsc:]ale, 3anada) OFPBdOJI]CFA (Sri]gma, Stb

; i - i+ Aouis, MO). Previous studies have demonstrated that it is the mycobacte-
cytoklnles_ assouatgd Wlthb-ll-hlk.a ndlgiE)ZMredsporllses play_ ar;\lgblggér-ial components of CFA or BCG that elicit IDDM-resistant NOD mice,
to!’y role in promoting or blocking ev_e opment in because no palliative effects are observed following IFA treatment (32, 33).
mice. These stocks were also used to determine whether treatmedéntrols consisted of females similarly injected with 50of saline. Four
with CFA or bacillus Calmette-Guérin (BCG) vaccine, two non- mice from each group were sacrificed at 8 wk of age for comparison of
specific immunostimulatory protocols proposed to block IDDM intraislet cytokine mRNA levels as described below. All other mice in each
development in standard NOD mice by eliciting Th1 to Th2 cy- group were monitored for IDDM and insulitis development.
tokine shifts amongB-cell autoreactive T cells (reviewed in Ref. o o .

2), actually do so. We report that in some cases Th1 to Th2 CytoQuantlta'[lon of intraislet Thl and Th2 cytokine mRNA levels
kine shifts amongs-cell autoreactive T cells of NOD mice ren- T cell-infiltrated pancreatic islets were isolated as previously described
dered IDDM resistant by immunostimulation are merely a second{34) and subsequently pooled from four NOD, Na@@™', or

. . . I B . .
ary outcome of protection actually mediated through differentNOD.IL10™" female mice that had been treated 4 wk earlier with BCG or
CFA. Pools of pancreatic islets were also isolated from two separate groups &

mechanisms. of four NOD, NOD.IL4™", or NOD.IL10"" female mice treated 4 wk

peo lUMOQ

. earlier with saline. Comparison of these separate samples from two inde- %
Materials and Methods pendent groups of saline-treated controls allowed for an assessment of =-
Mice potential intragroup variation. Levels of IFi-IL-4, IL-10, and cyclophi- .é*'

) o lin MRNA transcripts within the islets were assessed as previously de- =
NOD/Lt mice are maintained at The Jackson Laboratory (Bar Harbor, ME)scribed in radiolabeled semiquantitative RT-PCR assays (35). In addition,
by brother-sister mating. Currently, IDDM develops in 90% of female and TGF-8 mRNA levels were assessed using the primer pair 5'-TTGGTATC
63% of male NOD/Lt mice by 1 year of age. Stocks of NOD mice ho- CAGGGCTCTCC-3'and 5'-TGAGTGGCTGTCTTTTGACG-3". The in-  =:
mozygous folFN-v, IL4, or IL10alleles functionally disrupted by homol-  tensity of each radiolabeled signal was measured with a Fujix BAS imag- %

ogous recombination (28—30) were generated by our previously describeglg system (Fuji, Tokyo, Japan) and expressed as phosphor-stimulated Iu- 2
speed congenic approach (31). Using this approach, we produced sixiinescence units. Each cytokine signal was normalized as a percentage ofg
backcross generation (N7) male and female heterozygous carriers of thfie cyclophilin signal for the same sample. All samples compared were

IFN-y™" (formal designationlfng™'™ or IL4™" (formal designation  amplified in the same PCR run to avoid interassay variation.
[14'™m1Can alleles that were also fixed to homozygosity for genetic linkage

markers delineating all previously identified diabetes susceptibilitst) . . .

loci of NOD origin. Male and female heterozygous carriers of [tre0™" AICD rates among NOD CD4T cells functionally activated in
(official designation|10'™*<9" allele that were fixed to homozygosity for a Th1 or Th2 cytokine environment

these NOD-deriveddd loci became available at the N8 backcross gener- N . ) )

ation. The appropriate N7 or N8 progenitors were intercrossed to producBlOD CD4" T cells were purified from splenic leukocytes using a strepta-
lines of NOD mice homozygous for tHEN-y™", IL4™!" or IL10™" allele, vidin-conjugated magnetic bead system (Miltenyi Biotec, Auburn, CA) to
which were maintained by brother-sister matings. All mice were main-deplete CD8 T cells, macrophages/granulocytes, and B lymphocytes that
tained under specific pathogen-free conditions and allowed free access ftfd been prestained with biotinylated Abs directed against lineage-specific
food (National Institutes of Health diet 31A, Ralston Purina, Richmond, Markers. CD8 T cells and the macrophage/granulocyte populations were,

220z ‘v 1snbny uo 1senb Aq /6i0°

IN) and acidified drinking water. "respectively, depleted with the mAbs 53-6.72 and M1/70, while B lym-
] ) ) phocytes were removed with a goat polyclonal antiserum specific for
PCR typing of disrupted cytokine genes mouse Ig molecules (Sigma). The purified CD# cells were suspended

null . at a concentration of X 10°%ml in the previously described culture me-
Segregants homozygous or heterozygous fotfthey™" allele were iden-  4j;m (36). These were seeded into tissue culture dishes that had been

tified using a four-primer-based PCR assay. The four primers were: no, ; ; ; _
) . , precoated as previously described (37) with 3.128ml of the mAb 145
126, 5-AGAAGTAAGTGGAAGGGCCCAGAAG-3"; no. 127, 5'-AGG  5¢c1; (PharMingen, San Diego, CA) capable of activating T cells by bind-

GAAACTGGGAGAGGAGAAATAT-3"; no. 128, 5"-TCAGCGCAGGG  jng the CD3 component of the TCR. To drive the anti-CD3-stimulated
GCGCCCGG,TTC.TTT'?;. and no. 129, 5"ATC_GACAAGACCGGCTTC CD4" T cells into a Thl or Th2 mode, the medium was further supple-
CATCCGA-3'. Primer pairs 126 and 127 amplify a 220-bp product from anted with either 50 U/ml rat recombinant IFNsupplied by P. van de
the wild-typelFN-y allele, wh|Ie”the 128 and 129 primer pairs amplify a jeide, Rijswijk, The Netherlands) combined with 5:6/ml of the murine
375-bp product from the~N-y™" allele. Segregants homozygous or het- || 4 neytralizing mAb 11B11 (PharMingen), or 500 U/ml murine riL-4
erozygous for thdL4™" allele were identified using the previously de- (BioSource, Camarillo, CA) combined with 108g/ml of the murine
scribed three-primer-based PCR assay (32). Segregants homozygous |g}_ neutralizing mAb XMG1.2 (PharMingen). After incubation at 37°C
heterozygous for thi.10™" allele were also identified using a three-prim- for the indicated period of time, the proportion of CDZ cells that had

er-based assay. The three primers were: no. 86, 5’-GTGGGTGCAGTTA‘IE)een driven into a : : . . .
. , . poptotically mediated AICD upon anti-CD3 stimulation
TGTCTTCCCG-3'; no. 87, 5'-GCCTTCAGTATAAAAGGGGGACC-3'; hger Thi or Th2 cytokine conditions was assessed by FACS analysis

and no. 88, 5'-CCTGCGTGCAATCCATCTTG-3'. Primer pairs 86 and 87 (zacscan, Becton Dickinson, San Jose, CA). Apoptotic cells were iden-
amplify a 200-bp product from the wild-tyde10 allele,n\L/l\lllhlle the 86 and iieq py positive TUNEL staining using a fluorescein-based in situ cell
88 primer pairs amplify a 400-bp product from tHet 0™ allele. death detection kit (Roche, Indianapolis, IN). To determine the cytokine
Assessment of diabetes and insulitis development secretion profile Qf the surviving CD4T cells, they were washed free of
exogenous cytokines, resuspended at a concentration >of1%°/ml in
The indicated mice were monitored for development of glycosuria withmedium, and subsequently restimulated for 24 h in tissue culture dishes
Ames Diastix (supplied by Miles, Elkhart, IN). Glycosuric values=8 precoated with 3.12hg/ml of the CD3-specific mAb. Following this sec-
were considered diagnostic of diabetes onset. Pancreases from mice asdary stimulation, the culture supernatants were assessed with commer-
sessed for insulitis development were fixed in Bouin’s solution and sec<cially available ELISA kits for IFNy, IL-4, and IL-10 concentrations
tioned at three nonoverlapping levels. Granulgezklls were stained with ~ (PharMingen).
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FIGURE 1. IDDM development is not significantly modulated in NOD

mice made genetically deficient in IL-4 (A), IL-10 (B), or IFN(C). Het-

erozygous carriers of the inactivated cytokine genes that were also fixed to

homozygosity for markers of NOD alleles at all previously identified
loci were intercrossed at the N7 (I4 and IFN-y™") or N8 (L10™")

backcross generation. Data represent the rate of IDDM development in

female intercross progeny homozygous for thg™" 1L10™" andIFN-

vy alleles compared with those capable of producing these cytokines

(pooled null/+and +/+ segregants).

Results
Genetic ablation of IFNy, IL-4, or IL-10 does not alter IDDM
development in NOD mice

If Thl and Th2 cytokines, respectively, promote or inhibit IDDM

development, it might be expected that disease onset would be

accelerated in NOD mice made genetically deficient in IL-4 or
IL-10. Conversely, IDDM development could conceivably be im-
paired in NOD mice made genetically deficient in IFNTo ad-

dress these possibilities, heterozygous carriers of the inactivated
cytokine alleles that were also fixed to homozygosity for genetic

linkage markers delineating all previously identifiegttl loci of
NOD origin were identified at either the NILA™" andIFN-y™")

or N8 (IL10™") backcross generation and intercrossed. It was then
determined whether the rate or frequency of IDDM development

in female intercross progeny that were homozygous fotlt48"!",
IL10™" or IFN-y™" alleles differed from those segregants capable
of producing these cytokines (pooled nwlland+/+ genotypes).

h1/Th2 SHIFTS IN AUTOIMMUNE DIABETES PREVENTION

As reported by another group (20), there was only a slight retar-
dation in IDDM development in NOD.IFN™" females (Fig. 1C).
Collectively, these results demonstrated that the rate of IDDM de-
velopment in NOD mice cannot be prevented by solely eliminating
their naturally produced levels of the Th1l cytokine IFNor ac-
celerated by eliminating the Th2 cytokines IL-4 and IL-10.

Inhibition of IDDM in NOD mice by CFA or BCG treatment
does not require IL-4 or IL-10 induction

Given that theiB-cell autoreactive CD4 T cells normally fail to
produce significant levels of IL-4 or IL-10 (reviewed in Ref. 3 and
4), it is probably not surprising that IDDM development is not
enhanced in NOD females made genetically deficient in these Th2
cytokines. In contrast, there have been many reports that IDDM
can be inhibited in NOD mice if a normally absent Th2 response
is induced amongs-cell autoreactive CD4 T cells (reviewed in
Refs. 2—4). Such an up-regulation of Th2 cytokine production by
B-cell autoreactive CD# T cells has been proposed to be an es
sential component of IDDM suppression mediated by the nonspe-
cific immunostimulatory agents CFA and BCG (reviewed in Ref.
2). However, as shown in Fig. 2, treatment with either BCG or
CFA effectively inhibited IDDM development in NOD.4™" fe-
male mice (0 vs 70% in controls by 20 wk of age). Similarly, the

80] A) IL-4 deficient NOD females

B Control (n=10)
QO CFAtreated (n=11)
@ BCG treated (n=11)

60

407

207

10
8% B) IL-10 deficient NOD females
1 = control (n=8)
O CFA treated (n=8)

@ BCG treated (n=12)

60

407

Accumulative % [IDDM

10

7€) Standard NOD females

B Control (n=10)
O CFA treated (n=9)
1 @ BCG treated (n=10)

80
60
407

207

10
Weeks of Age

20

FIGURE 2. Inhibition of IDDM development in NOD mice by CFA or
BCG treatment does not require induction of the cytokines IL-4 and IL-10.
NOD.IL4™" (A), NOD.IL10"" (B), or standard NOD females (C) were

Similar to results reported by another group (38), we found NOnjected in a rear foot pad at 4 wk of age with CFA, BCG, or saline and

differences in the frequency or rate of IDDM development in IL-
4-deficient or intact NOD females (Fig. 1A). IDDM development
was also unaltered in IL-10-deficient NOD female mice (Fig).1

subsequently monitored for IDDM developmen.IDDM incidence sig-
nificantly less (p< 0.05, by Kaplan Meier life table analysis) than in
saline-treated controls.
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20

15 — 3
FIGURE 3. Intraislet TGF8 and IFN-y mRNA &
levels are, respectively, increased and decreased + 107 21
CFA- or BCG-protected NOD, NOD.I"%", and

[ saline-treated
IFN IL-4
LY 47 Bl CFA-treated
BCG-treated

NOD.IL10™" mice. RNA was isolated from pooled
pancreatic islets of four NOD, NOD.I'4', or
NOD.IL10™" female mice that had been treated 4 wk %5 N/A

earlier with CFA or BCG. RNA was also extracted o\o 0- _intact _|L_4nllll IL-10™" intact IL-4™ L-10muf
from pools of pancreatic islets isolated from two sep-~=
arate groups of four NOD, NOD.I4" or < IL-10
NOD.IL10™" female mice treated 4 wk earlier with = ' ]

saline. Samples were assessed for levels of 4#FN- &
IL-4, IL-10, TGF-8, and cyclophilin mRNA tran- g 99[ |
scripts in semiquantitative RT-PCR assays. CytokineS

of cyclophilin)

mRNA levels are depicted as percentages of cyclo%
philin mRNA for the same sample. s
O

o N/A
intact  IL-4™" jL-10™" intact  IL-4™" |L-10™"
extent of IDDM development by 20 wk of age in NQD1o™" in islets of IDDM-susceptible saline-treated NOD mice was much

females treated with BCG (16.7%) or CFA (0%) was significantly higher than that observed in CFA-protected N@DO™" mice. In
less than that in saline-treated controls (62.5%). As expected, BC@ontrast, intraislet IL-4 mRNA levels were not increased in either
or CFA treatment also effectively inhibited IDDM development in standard or IL-10-deficient NOD mice protected from IDDM by
standard NOD female mice (10—20% incidence in treated mice v8CG treatment. Intraislet levels of IL-10 mRNA were actually
90% in controls). These results indicated that neither IL-4 or IL-10reduced in both standard and IL-4-deficient NOD mice protected
induction by itself is required to mediate the IDDM-protective ef- from IDDM by either CFA or BCG treatment. Thus, the inhibition

fects of CFA or BCG treatment. of IDDM by CFA or BCG treatment is not associated with recip-
) ) rocal compensatory intraislet increases in IL-4 or IL-10 in NOD
Intraislet TGF# and IFN-y mRNA levels are respectively mice genetically deficient in either of these Th2 cytokines.
increased and decreased in CFA- or BCG-protected NOD, CFA- and BCG-induced IDDM resistance in NOD,
NOD.IL4™" and NOD.IL10"" mice NOD.IL4A™" and NOD.IL10“" mice was associated with de

The studies described above demonstrated that the mechanism B§eased intraislet levels of IFN-MRNA (Fig. 3). This may result
which CFA or BCG treatment inhibits IDDM development does from the fact that mMRNA levels for the cytokine TG&which can
not entail an absolute requirement for IL-4 or IL-10 induction. suppress |IFNy production (40) were increased in NOD,
However, it is possible that following CFA or BCG treatment, NOD.IL4™", and NOD.IL10“" mice protected from IDDM by
B-cell autoreactive CD4 T cells unable to produce one of these either CFA or BCG treatment. However, arguing against a TGF-
Th2 cytokines instead up-regulate production of the other in a3-mediated suppression of IF§production as being the mech-
reciprocal compensatory fashion that is then responsible for th@nism by which CFA or BCG treatment inhibits IDDM develop-
inhibition of IDDM development. This possibility was addressed ment is the observation that NOD mice genetically deficient in
by semiquantitative RT-PCR analyses of cytokine mRNA levels inlFN-y remain disease susceptible (see Fig. 1).
pancreatic islets from control and CFA- or BCG-treated NOD, o .
NOD.IL4A™" and NOD.IL10"" mice. It should be noted that the Insulitis is significantly decreased in CFA protected NOD,
quantities of RNA that can be isolated from islets of individual NOD.IL4™", and NOD.IL10"" mice
mice is not sufficient to conduct RT-PCR analyses. Thus, to controThe data described above indicate that while intraislet Thl to Th2
for intragroup variation, RNA was extracted from the pooled isletscytokine shifts are associated with CFA- and BCG-mediated
of four mice in each treatment group. The validity and reproduc-IDDM protection in NOD mice, such deviations are unlikely to
ibility of this approach are illustrated by the fact that closely represent an obligatory mechanism by which these agents inhibit
matched cytokine mRNA levels were found in pools of pancreaticdisease. Hence, we also examined whether CFA or BCG treatment
islets isolated from two independent groups of saline-treated NODiight actually inhibit IDDM development by inducing the dele-
NOD.IL4™", and NOD.IL10"" female control mice (Fig.)3 tion, perhaps through AICD, of a significant fraction gfcell

As previously reported by others (35, 39), pancreatic islets fromautoreactive T cells either before or after they have entered the
standard NOD mice rendered IDDM resistant by CFA treatmentpancreatic islets. If quantitative decreases in numberg-oéll
were characterized by higher IL-4 mRNA levels than saline-autoreactive T cells accounted for the induction of IDDM resis-
treated controls (Fig. 3). CFA-treated NODLO™" mice were tance by CFA or BCG treatment, then protected mice should be
also characterized by slightly higher intraislet IL-4 mMRNA levels characterized by lower insulitis levels than saline-treated controls.
than observed in controls. This latter result is unlikely to be ofHence, insulitis levels were compared among all CFA-, BCG-, and
pathogenic significance, because the level of IL-4 mRNA detectedaline-treated mice depicted in Fig. 2 that remained free of overt
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IDDM at 20 wk of age. Only one saline-treated standard NOD 80
female remained free of overt IDDM at 20 wk of age. Thus, we
also examined insulitis levels in two other 20-wk-old NOD fe-
males from our research colony that had not yet developed overt @ BCG treated (n=11)
IDDM. As shown in Table I, the mean insulitis score in these three 60 1
NOD control females (3.56 0.36) was significantly higher than
that observed in the CFA-treated group (1:830.62). Similarly,
significantly lower levels of insulitis were observed in NQ"™"

and NOD.IL10™" mice protected from IDDM by CFA treatment
than in saline-treated controls. Hence, these evaluations of insulitis
development indicate that CFA treatment most likely inhibits
IDDM development in standard and Th2 cytokine-deficient NOD
mice by inducing quantitative decreases in numbers of pathogenic 27
T cells. In contrast, there were no significant differences in mean
insulitis scores between saline- and BCG-treated NOD,
NOD.IL4™" and NOD.IL10"" mice remaining free of overt

IDDM at 20 wk of age (data not shown). These collective data o : i X
indicate that the mechanisms by which the nonspecific immunos- 0 1o 20 30
timulatory agents CFA and BCG inhibit IDDM development in Weeks of Age

NOD mice are not completely identical. However, neither of theFIGURE 4. The mechanism by which BCG and, to a lesser extent, CFA
mechanisms involved is abso|ute|y dependent upon induction ofreatment inhibits IDDM development in NOD mice requires the presence

[l Control (n=14)

(O CFA treated (n=183)

40

Accumulative % IDDM

IL-4 or IL-10, or inhibition of IFN-y. of IFN-y. Female NOD.IFNy™!' mice were injected in a rear foot pad at

4 wk of age with CFA, BCG, or saline and subsequently monitored for
Inhibition of IDDM by BCG or CFA treatment is IFN- IDDM development:, Marginal statistical difference ( 0.06, by Kaplan
dependent Meier life table analysis) from saline-treated controls.

For the reasons described above, we considered it unlikely that . o

CFA or BCG treatment inhibits IDDM development in standard TCR+st|muIat|on induces lower levels of AICD among NOD

NOD mice as well those genetically deficient in IL-4 or IL-10 by CP4" T cells producing Th2 than Th1 cytokines

diminishing production of the Th1 cytokine IFM4n pancreatic ~ While unlikely to represent the mechanism of protection, the ques-
islets. However, to more rigorously test this question, we detertion remained as to why Th1 to Th2 cytokine shifts are observed
mined whether CFA or BCG treatment inhibited IDDM develop-

ment in NOD.IFN+™" mice. It was reasoned that if either treat 50
ment inhibits IDDM in standard or Th2 cytokine-deficient NOD CD4 T cell stimulatory conditions
mice by reducing intraislet levels of IFN-then these protocols ] Anti-CD3, IFN, anti-IL4 (Th1)
should also exert highly protective effects in the NOD.IFN! B Ant-CD3, IL4, anti-IFN (Th2)
stock. However, BCG treatment failed to inhibit IDDM develop-
ment in NOD.IFNs™" mice (Fig. 4. Thus, the mechanism by
which BCG treatment inhibits IDDM development in NOD mice
actually requires the presence of IRN-which heretofore was
thought to contribute exclusively to pathogenic processes. Inter-
estingly, CFA treatment also inhibited IDDM development much
less effectively in NOD.IFNy™! females (Fig. 4) than in standard
NOD mice or those genetically deficient in IL-4 or IL-10 (see Fig.
2). This indicated that the mechanism by which CFA treatment
blocks IDDM in NOD mice also operates most efficiently under
conditions where IFNy can be produced. Hence, while there are
some differences, there is also overlap in the mechanisms by whic
CFA and BCG treatment inhibit IDDM development in
NOD mice.

% Apoptotic CD4 T cells

s

Table I. Insulitis is significantly decreased in CFA protected NOD,
NOD.IL4™", and NOD.IL10"" micé

MIS = SEM in Saline- MIS = SEM in CFA-
Strain Treated Controls Treated Group

20

T T —1

3

NOD 356+ 0.36 (n=3)° 1.83*0.62(n=8) Days in Culture

NOD.IL4™"  3.65+ 0.36 (n= 2) 1.40= 0.34 (n = 10) FIGURE 5. TCR stimulation induces lower levels of AICD among

NOD.IL10™"  3.67+ 0.47 (n= 2) 159+ 0.68(n=7) NOD CD4" T cells producing Th2 than Thl cytokines. Purified NOD

a Females from the indicated strains were treated with saline or CFA at 4 wk ofCD4" T cells were stimulated through the TCR with anti-CD3 in the pres
age. Mean insulitis scores (MIS) in mice remaining free of overt IDDM at 20 wk of ence of the indicated cytokine/Ab combinations designed to induce a Thl
%%, Value based on one salineweated coniol remaining free of IDDM through 207" 2112 FESPOnse. At the indicated time points, flow cytometric techniques
wk of age plus two additional age-matched IDDM-free NOD females identified in the were used to quantify by TUNEL stalnlpg the proportion of NOD CDR
research colony. cells that underwent apoptotically mediated AICD under each culture con-

¢ Significantly less p < 0.05, Student’s test) than controls. dition. Similar results were obtained in two other experiments.
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in islets of standard NOD mice that have been made IDDM resisiFN-y were produced by NOD CD4T cells initially activated
tant by CFA treatment. In nonautoimmune strains it has been rednder Th2 rather than Th1l conditions. This might be explained by
ported that Th2 are less prone than Th1 cells to AICD (6, 7). Thishe fact that NOD CDZ T cells are predisposed to Thl responses
suggested the possibility that CD4T cells producing Thl cyto  (reviewed in Refs. 3 and 4) and a report that ongoing Th1l re-
kines may indeed be important contributors to autoimmune IDDMsponses can actually be enhanced by IL-4 (41). However, resis-
in NOD mice, but they are more easily deleted by AICD pathwaystance to AICD did correlate with NOD CD4T cells acquiring an
triggered by CFA treatment than those producing Th2 cytokinesenhanced ability to produce the Th2 cytokines IL-4 (Fi@) 6
Thus, we determined whether AICD rates varied in NOD CO4  and/or IL-10 (Fig. 6C). If there are similar disparities in apoptotic
cells that underwent TCR-mediated stimulation under conditionsensitivity in vivo, then islet-infiltrating CD4 T cells that are
designed to promote either a Thl or a Th2 response. It should bgroducing Th2 cytokines might be preferentially protected from
noted that we used anti-IL-4 in conjunction with IFl¥ather than  the deletional events that inhibit IDDM development in CFA-
IL-12, to elicit Thl responses, because this combination wouldreated NOD mice. Such a difference in T cell death rates could
result in the maximal cosuppression of Th2 activity. At all time result in an unmasking process that has a secondary appearance of
points, lower levels of apoptosis were observed among NODbeing a Thl to Th2 cytokine shift.
CD4* T cells that had undergone anti-CD3 stimulation under Th2
vs Thl cytokine conditions (Fig. 5). Discussion

Surviving CD4" T cells underwent secondary anti-CD3 stimu Many Ag-specific and nonspecific immunostimulatory protocols
lation to determine their cytokine production profiles. As shown inthat inhibit IDDM development in NOD mice have been reported
Fig. 6A, these analyses demonstrated that production levels of the do so by eliciting a Thl to Th2 cytokine shift amoiggcell
Thl cytokine IFN« did not correlate with the ability of NOD autoreactive T cells (reviewed in Refs. 2—4). However, most of
CD4" T cells to undergo AICD. Interestingly, higher levels of these studies have documented associative rather than causativ
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links between such Thl to Th2 cytokine shifts and the induction ofin NOD mice (42, 43). One way that TGBhas been proposed to
IDDM resistance. In this study, which used two newly developedinhibit IDDM development in NOD mice is by inducing a change
stocks of NOD mice that are genetically deficient in IL-4 or IL-10, in the type of APC presenting-cell Ags to autoreactive CD4T
we found that while the induction of IDDM resistance by CFA and cells from B lymphocytes to a myeloid population (44).
BCG treatment is associated with intraislet Thl to Th2 cytokine While not representing the mechanism of action elicited by
shifts, this is a secondary outcome rather than the cause of diseagseatment with the nonspecific immunostimulatory agents CFA
resistance. Hence, while Thl and Th2 cytokine shifts may be oband BCG, other protocols that inhibit IDDM development in NOD
served amongB-cell autoreactive T cells of NOD mice protected mice may well do so by eliciting Th1 to Th2 cytokine shifts within
from overt IDDM by various immunomodulatory therapies, it can- B-cell autoreactive T cell populations. For example, one therapy
not automatically be assumed that this is the cause of diseastailing immunization with peptides derived from the candidate
resistance. B-cell autoantigen glutamic acid decarboxylase inhibits the devel-
Rather than resulting from a Th1l to Th2 cytokine shift, our dataopment of IDDM in standard NOD mice, but not in the same
indicate that the induction of IDDM resistance by CFA treatmentNOD.IL4™" stock used in the current study (32). Collectively,
most likely results from quantitative decreases in levels of isletthese past studies coupled with our current findings indicate that
infiltrating T cells. Interestingly, while containing fewer T cells, while some immunomodulatory protocols do indeed block IDDM
islets from CFA-protected NOD and NOD.IL mice were  development in NOD mice through an enhancement of Th2 cyto-
characterized by higher IL-4 mRNA levels than those from saline-kine production bys-cell autoreactive T cells, in some cases such
treated controls. This suggested that the process that underlies thecytokine shift is a consequence rather than the cause of protec-
deletion ofB-cell autoreactive T cells in CFA-treated NOD mice tion. Hence, great care should be taken in interpreting the patho-

might preferentially spare those producing Th2 cytokines. Indeedlogical significance of any Thl to Th2 cytokine shifts that may o
as previously observed in nonautoimmune prone strains (6, 7), weccur among islet-infiltrating T cells of NOD mice protected from %
found that NOD CD4 T cells producing Th2 cytokines are pref the development of overt IDDM by various immunomodulatory %
erentially protected from apoptotically mediated AICD. As a re- protocols. Furthermore, the alternative interpretation that Thl to &
sult, the enhanced Th2 cytokine levels observed in pancreatic islefh2 cytokine shifts amongs-cell autoreactive T cells of NOD %
of NOD mice rendered IDDM resistant by CFA treatment mostmice made IDDM resistant by immunostimulation can be an out- g
likely represent a secondary unmasking event that is not the causm®mme rather than the cause of protection may also be applicable tos

of disease protection. other autoimmune diseases.
While also not dependent upon Th2 cytokine induction, BCG
treatment appears to block IDDM development in NOD miceACknOWIedgmentS

through a mechanism that only partially overlaps that elicited bywe thank Holly Savage for excellent animal care assistance, and Darryl ‘=:
CFA treatment. This conclusion is partially based on the findingGlubrecht for help with the RT-PCR assays.
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