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ABSTRACT: Type 1 diabetes (T1D) in the nonobese diabetic (NOD) mouse can
be delayed by administration of insulin or specific insulin peptides. To better
understand how insulin treatment delays diabetes development, NOD mice
treated with an insulin peptide (B9-23) were compared with age-matched NOD
and NOD congenic mice for gene expression changes in spleen using cDNA mi-
croarray. Fifty genes were identified that were significantly altered by B9-23
treatment. Thirty-three of these genes are downregulated by the treatment
while they are upregulated during the natural disease progression in NOD
from immature (3—4 weeks) to mature (10 weeks) stages. Taken together, our
data suggest that the B9-23 treatment, like the protective genes in NOD congen-
ic strains, reduces pro-inflammatory activation of lymphocytes that normally
occurs in NOD mice. Furthermore, our studies discovered two genes (Irf4 and
Tral) with increased expression in B9-23-treated mice that promote the Th2
response, providing a molecular basis for the B9-23—protective therapy.
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INTRODUCTION

Type 1 diabetes (T1D) arises from complex interactions between susceptibility
genes and the environment, resulting in cellular and molecular changes. Extensive
studies in the nonobese diabetic (NOD) mouse and human patients have shown that
T cells, B cells, macrophages, and dendritic cells are implicated in the disease pro-
cess.! 0 Despite increased understanding of the disease, the underlying molecular
mechanisms that lead to the development of T1D remain elusive. High throughput
microarray technologies allowing simultaneous analysis of the expression of tens of
thousands of genes have fundamentally changed how investigators can study the
mechanism of disease. Our previous studies have used microarray technology to ex-
tensively profile splenic gene expression of NOD mice at different ages. Analysis of
longitudinal expression profiles from NOD splenic cells helped establish a key tran-
sition (checkpoint) from immature to mature phenotype around 4-5 weeks of age.”
This checkpoint includes many lymphocyte-specific genes involved in antigen
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presentation, antibody production, and cell proliferation, indicating an increase in
immune activation which is consistent with an ongoing autoimmune response. A
comparison of age-matched mice from NOD congenic strains protected from the
development of diabetes, demonstrated that increased gene expression associated
with disease progression in NOD was halted or reduced by protective genes present
in the congenic NOD. This is consistent with the reduced autoimmunity in the con-
genic NOD that have almost no incidence of diabetes.

To further characterize the molecular mechanisms of disease development and
protective therapy, we investigated the changes in splenic gene expression after
immunization with insulin B chain peptide. Immunization with insulin, inactive
insulin, or a peptide from the B chain of insulin (B9-23) have all been able to prevent
or delay the onset of type 1 diabetes (T1D) in the NOD mouse model 810 The pro-
tective effect is maintained despite the route of administration—whether oral, intra-
nasal, intravenous, or subcutaneous.! =14 Many possible mechanisms of action have
been proposed including induction of tolerance to insulin, restoration of defective T
cell function, and alteration of lymphocyte function by signaling through the insulin
receptor.&10 However, the most popular theory is that insulin treatment induces Th2
cells which correct the imbalance in the immune system that promotes autoimmuni-
ty.211.14.15 Our microarray results are consistent with these observations and identi-
fied two upregulated genes that may be responsible for the shift from a Thl to Th2
immune response in B9-23—treated mice.

STUDY CONCEPT AND DESIGN

A NOD subtractive splenic cDNA library previously created in our lab was arrayed
onto poly-L-lysine—coated glass microscope slides to produce our mouse array 1
(MARI) slides using methods previously described.” The overall goal of this study
was to profile splenic gene expression of NOD mice treated with a peptide from the
insulin B chain (B9-23) versus age-matched controls. Twenty-three NOD mice at 3.5
weeks of age were immunized with human recombinant insulin B chain, amino acids
9-23 (B9-23) diluted in isophane insulin diluent and mixed with incomplete Freund’s
adjuvant (IFA). Immunizations were subcutaneously administered in the inguinal, ax-
illary, and dorsal neck regions. A booster set of injections was given 3 weeks later.
Four, eight, and eleven mice were sacrificed 4, 11, and 21 days post booster injection,
respectively. Splenic RNA was isolated from these mice along with 19 age-matched
untreated controls. Total RNA (10 pg) from each sample was indirectly labeled with
Cy5. A common reference RNA created from a pool of 10 NOD and 10 C57BL/6 mice
was indirectly labeled with Cy3. Hybridizations using the MARI slides were per-
formed in which each sample (Cy5) was combined with the common reference (Cy3)
for the 16-h hybridization. Slides were then washed, scanned, and analyzed.

INSULIN B9-23 TREATMENT DOWNREGULATES
INFLAMMATORY ACTIVATION

The expression levels of all 23 B9-23—treated NOD mice were compared with
four other groups of mice, including 19 age-matched NOD mice with mature pheno-
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type (8—-10 weeks), 34 immature NOD (3—-4 weeks), 23 mature and 34 immature
NOD congenic mice (NOD.B10 H?b and NOD.Idd3/Idd10, diabetes incidence
<1%). The comparison between B9-23—treated mice and age-matched (mature)
NOD revealed 50 differentially expressed genes that had a P value <0.008 (TABLE
1). Among these 50 genes, 33 were downregulated by B9-23 treatment. These 33
genes were upregulated in mature NOD mice compared to immature NOD mice dur-
ing a key transition point for disease progression (TABLE 1). Interestingly, most of
these genes were not upregulated in the NOD congenic mice from immature to ma-
ture ages. These results suggest that both protective genes and insulin immunization
can halt the upregulation of gene expression associated with disease progression
that normally occurs in the NOD mice. The similarity between expression profiles
for mice protected by B9-23 treatment and protective genes in the congenic mice
is extraordinary.

The genes downregulated by the B9-23 treatment belong to several interesting
functional groups, including antigen processing and presentation, cell proliferation,
signal transduction, and transcription/translation. Several genes involved in lympho-
cyte development and function are also downregulated. For example, IgkV28, Igj,
and Igh-6 are decreased in the B9-23—treated NOD, indicating a decrease in B cell
activation. Vcam1 known to be involved in autoimmunity through the regulation of
lymphocyte migration!® is also downregulated. The expression of a new member of
the CD2 family (Ly108)!7 is decreased by B9-23 treatment. This gene, also known
as NTB-A, is believed to be involved in T cell co-stimulation, and its engagement
predominantly leads to development of Thl rather then Th2 cells.!® Several genes
involved in inflammation are downregulated by B9-23 treatment. The first is
S100a8, a gene upregulated during the inflammation process.'® Another gene,
Hifla, plays an important role in macrophages during inflammatory cell recruit-
ment.20 The reduced expression of multiple genes involved in inflammation and lym-
phocyte activation indicates B9-23 treatment prevents or reduces pro-inflammatory
activation. This complements our previous expression profiling data that suggested an
activation in NOD lymphocytes during normal disease progression (from immature
to mature phenotype).’

B9-23 TREATMENT UPREGULATES GENES RESPONSIBLE FOR
THE TH2 RESPONSE

B9-23 treatment also increased the expression of 17 genes (TABLE 1). While some
of the genes upregulated by the treatment may be nonspecific and irrelevant to the
protection against T1D, the increased expression of two lymphocyte-specific genes,
Irf4 and Tral, may provide novel insight into the molecular mechanism associated
with protection conferred by insulin B9-23 treatment. Previous investigations have
demonstrated that B9-23 treatment induces a shift from Th1 to Th2 profile for both
the lymphocytes isolated from the lesion?!:?2 and the spleen.?>2* However, the
molecular mechanism responsible for the cytokine profile shift is unknown. These
two upregulated genes in B9-23—treated NOD mice may explain the Th2 profile
observed in treated mice.

Interferon regulatory factor 4 (Irf4) was decreased threefold during the natural
progression of autoimmunity in NOD mice as shown by our microarray analysis and



ANNALS NEW YORK ACADEMY OF SCIENCES

178

WLI0JOST
100 91 SN 4! SN 4! SN 01 2000 90 ewwes O ‘7 osejeydsoyd urerord  Sywdg
L9 131 Apoquiue
90-487°8 0T SN 'l SN 'l SN Tl 800°0 90 [euopoouowr £q peynuapr uesnue /9N
uonexajrjoxd 2D
LO-AT> 6€ SN 1o LodAl> 8T LOEI> 1T 2000 90 oWOSOWOIYd X ‘ eIoq ‘ulsowiy)  xpqswif,
SN 'l SN 60 SN 'l €0°0 90 100°0 S0 8V urajord Surpuiq wnded 001S  8LO0IS
jrungns
80000 €T  TO000 81 SN 60 SN 60 2000 70 eyde ‘T 1010e] o[qronput erxodAy e[JIH
uonewwejuy
£0°0 81 00 61 9000 1'c SN Tl #00°0 L0 801 uadnue a1ks0yduwik] 801471
700000 81 SN €1 2000 A SN Il 70000 90 [ 9[NO2[OW UOISAYPE [[2D JB[NOSEA  JUIBOA
LOAT>  T¢€ 2000 v'1  LOFI> ST LOA9T 0T 9000 90 9 ureys KAeay urnqo[sounurw 9-u3]
LOHT>  tY £00°0 9T  LOHI>  §€  LOHAI> LT 900°0 90 urerd Sututof urnqo[Sounurwr (31
(8TA) 8T 2Iqetrea
LO-AT> 9% 10°0 v'1 LOFT> L€ LO-A> LT L000 90 ureyo eddey urnqofSounwut g ANS]
uonounj pue juawdo[oaap Lkodoydwi
eydpe ‘y ueSnue
L0000 €1 SN 'l SN 'l SN 60 60000 L0 I ssepo ‘g Anpiquedwodolsly  ey-gH
LOFIT'C 8T €0°0 1 LodEr> §T O T0000 ST €00°0 90 D uneisko €150
10000  ¥C SN 01 SN 01 SN 60 2000 70 8 urejoxd yooys jeay gedsy
uonejuasaid pue Furssaoord uasnuy
juounean) €7-69 Aq pare[n3ar-umo(
onjea-d  oner  onfea-d  oner  onea-d  oner  onea-d  oner  onfea-d  onel QweN
AONWYJONW  JONWYNODUW!  JONWY/NOJW  JONWYET-64 dONW/€Z-64

I qON PAIBIN—-CT-69 PUB ‘QON 2MUdSU0d ‘(qQON Ul sddueyd uoissaadxd duds) 1 JI19dV.L



179

ECKENRODE et al.: PATHWAYS ALTERED BY INSULIN B-23

LOHI>  0¢ SN 'l LodElrT 0T 9000 vl €000 S0 ¢171 ureloxd [ewosoqur T1dy
LO-ET> T SN T1 900000 91 SN 'l TO00DD0 S0 1¢71 urejoxd [ewosoqrr 1e1dy
LO-FI> 6T SN 0T 900000 TT €00 A 70000 S0 01 urejoxd rewosoqrr orrdy
LO-AET6 ST SN 'l 900000 91 700 €1 L000 S0 LS uratoad [ewosoqtr Lsdy
70000 61 SN 01 70000 S'1 SN 01 6000 S0 €7 urajoxd [ewosoqr erdy
€00000 0T SN 'l 7000 Sl SN 01 100°0 S0 6S urajoxd [ewosoqu gsdy
LOFT> 67T SN T1 o L0™I> 61 7000 91 7000°0 S0 ¢z urjoxd rewosoqur  ¢7TdY
LO-FT> 6T SN 't L0FI> 1T 70000 L1 €000 90 9§ urajoxd [ewrosoqrr 9sdy
9000000  +'T SN 'l 9000°0 LT 80000 I €000 90 97T urajoid [ewosoqLr 9z1dy
LO-AETT  +C SN 'l L00000 9T 0000 ¥'I L00°0 90 1771 utetord ewosoqur 714y
Aqrurey
8000°0 €T SN 7'l SN 7'l SN €1 ¥00°0 90 2ua500U0 SV Jequidll ‘[ gV Y 1qey
90-499'C LT SN 0T 90dLT 1T 100°0 91 S00°0 90 681 oua3 passordxa susd)  6RIXAL
LO-ATY'E ST SN Tl 8000°0 91 100°0 S'1 9000 90 (errydosox) 1 oYI[-pur[ga[osnur [UqN
14/7V ursjoxd
100000 1T SN 60 SN 01 SN 'l £000°0 S0 -09[ONUOQLI JEI[ONU $N0AUdF01Y  [qgediuy
¢ opndadAjod
LO-FT> T€ SN 't LodI>  Te £000°0 S'1 1000°0 S0 xoq (dsy-e[y-nip-dsy) avada sxpd
dod£jod eydre xordwoo
LO-AT> 87T SN 0T  90-dI't LT  #00000 ST £000°0 S0 pajerdosse-apndod£jod yuooseu BOEN]
uone[suen juondrosuer],
7 urajoxd
90-dIT'C  6¢ SN 'l L0FT9 97T $000°0 81 900°0 S0 punoq 103dadar 1019e] Y1moI3 791D

uonjonpsuer) [eudig

onfea-d  oner  onea-d  onel  onfea-d  oner  onfea-d  onel  onea-d  onel QueN

JONWY/JONW  dONWYNODUW!I  dONW/NODW doNwyez-64 AONW/€T-64

I (JON PILIN-CT-6d PUC ‘QON 21udduod ‘qQON urI sagueyd uoissaxdxa auany (panunuod) ' JI4V.L



ANNALS NEW YORK ACADEMY OF SCIENCES

180

200 90 SN 80 SN 60 SN €1 00000 T 1 urajoxd roSuyy Surr AL
Sojowoy
90-9¥6'¢ €0 200 91 SN 60 SN 60 T00°0 L' [ swoIpu£s ye[pnd-Aysueuriog IsdH
aseuagAxoouow
SN L0 SN 70 SN Tl SN 1'c ¥00°0 e Suneprure-p duro[S[Apndad wed
uone[suen) suonduosuer],
G yungns
SN 'l SN 80 00 7' 700 Sl 2000 7' ‘xo1dwod ¢/g urjord pajefar unoe godry
Krmow 112D
1-¢ urajoxd
LO-AT> S0 SN 'l L00000 90 £€00°0 80 800°0 Sl Sunperaul-e(6T G194 109 [ediug
700000 S0 SN 60  LOEI> SO SN 80 800°0 91 ¢ urxopairxorod TxXpId
sisojdody
SN 'l SN Lo SN Tl 100°0 61 100°0 8T aseuny aursoik) uooyds 4
10000 90 SN 01 SN TI 700000 9T  S0000 ST 9643 ussnue uonoafor sown) TeiL
#00000 €0 100°0 70 SN 90 SN T 2000 Tt # 10308y AI10)R[NTAI UOISYIAIUI 1251

uonouny pue juewdo[aaap ajkooydwh
juounean) ¢z-69q Aq parendar-dn
(31qn10s) AVN

600000 I'c SN 01 2000°0 I'c 10°0 vl 8000 L0 ‘] oseudSoIpAyap arefewt CION

LO-HIS'TT 97 SN 60 LO-HEC 8’1 SN 'l 6000°0 ¥0 ewwes ‘¢ ursoKwodon cudf,

suoroUNJ [[29 [BULION

LO-9S 6'C SN 'l 10000°0 0c 00 LA 100°0 S0 6§ urejoad [ewrosoqu stsdy
onfea-d  oner  onfea-d  onel  onea-d  oner  onfea-d  oner  onfea-d  onel QweN

JONWY/JONW  dONWYNODWI  dONWYNODW dAONWYeT-64 AONW/€T-64

MW (JON P18I-€T-64 PUt ‘@ON 21udduod ‘qON uI sadueyd uoissaadxa suan (panunuod) 'y 19V.L



181

ECKENRODE et al.: PATHWAYS ALTERED BY INSULIN B-23

(M $—¢) AON 21Ud5u0d axmjewwtl NODW! ‘(M 01
—8) (ION d1uaSu0d dINJEW :NODW ‘(SYM $—1) AON dImewt }qONW! ‘(s34 0[-8) QON d1mew :}qONW (M 0-8) QON PAIeaN—¢g-64g UINSUL :¢Z-66

100000 90 SN 01 90-H6 90 SN 01 70000 L'T  wiojosteyeq ‘T osejeydsoyd urjord  qoyddg
€00000 S0 SN 01 #0000 S0 SN 01 €00°0 81 v unoydod£(3 ed£p
800000  +°0 SN ¥’ 600000 SO €00 L0 L00°0 8T aseyjufs proe dlulnAd[ourwe Se[y
S00000 S0 SN 4! SN 60 SN 01 9000 61 [ eydpe urgoads Jeuds
SN 60 SN 60 SN 80  S0HS'S 81 2000 07C uogowdy  uwey
L0000 90 SN 'l €0°0 L0 SN €1 L0000 1'C | utiodenbe 1dby
mcoﬁoﬁ:d :uo —mEHOZ
70000 90 SN 01 #000°0 L0 SN 01 $00°0 81 ¢ untodur ¢rdug
SN 60 SN S0 SN 80 SN LT 2000 0T g/ dseiojsuen[A[els qLiers
onjea-d  oner  onfea-d  oner  onea-d  oner  anea-d  oner  onfea-d  onel QweN

AONW/ONW JONWINODW! JONWI/NODW AONWY/ET-64 AONW/€T-6d
W (ON PAILIN-€T-64 PUe ‘QON 21u93u0d ‘qON Ul Sddueyd uoissaxdxa auds) (panunuod) ‘1 194V.L




182 ANNALS NEW YORK ACADEMY OF SCIENCES

RT-PCR confirmation.” In contrast, the expression of the gene was increased 4.2-
fold in the combined group of B9-23-treated NOD mice compared to the age-
matched NOD controls (TABLE 1). Further analysis of the longitudinal expression
data for the B9-23—treated NOD mice demonstrates a continuous increase in Irf4 ex-
pression after the booster immunization (days 4, 11, and 21) (FIG. 1). The expression
of Irf4 was increased 2.4-, 3.9-, and 5.2-fold after 4, 11, and 21 days post immuni-
zation, respectively. This gradual increase provides additional support for the valid-
ity of our expression data. The increase in Irf4 expression is mirrored to a lesser
extent in the protective NOD congenic mice supporting the direct role of Irf4 in the
protective phenotype. Irf4 is a lymphoid-specific transcription factor expressed in B
cells and T cells.2>-26 Several recent studies have shown that the expression of Irf4

irf4
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FIGURE 1. Gene expression levels of the two genes (Irf4 and Tral) involved in the
Th2 response induced by B9-23 treatment. The x-axis consists of two categories of mice in-
dicated by the two solid bars—the untreated mice and the NOD treated with insulin B9-23.
The untreated category contains four groups: imCon, immature congenic NOD (3—4 weeks);
imNOD, immature NOD (1-4 weeks); mCON, mature congenic NOD (8-10 weeks); and
mNOD, mature NOD (8-10 weeks). The B9-23—treated NOD is broken down into three
groups: D4, D11, and D21. This indicates the mice that were sacrificed 4, 11, and 21 days
after the booster injection. The y-axis indicates the relative level of gene expression of each
group of mice; the expression for NOD was artificially set to 1. The specific gene is indicat-
ed at the top of each graph.
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is important for T cell differentiation. In fact, Irf4~'~ mice have an impairment in the
production of Th2 cells.?” It is likely that increased expression of Irf4 may explain
the increased production of Th2 cytokines in B9-23—treated mice.

Tumor rejection antigen gp96 (Tral) is upregulated 2.5-fold in the combined
group of B9-23—treated NOD compared to untreated NOD (TABLE 1). The expres-
sion level of Tral is lower in the mature NOD mice with extensive autoimmunity
than in all other groups of mice analyzed in the study (FIG. 1), suggesting that the
reduced level of Tral is associated with autoimmunity. Similar to Irf4, B9-23 treat-
ment gradually increases Tral expression post booster injection (FIG. 1). Tral is a
member of the heat-shock family of proteins and is upregulated by a number of fac-
tors including stress signals. The introduction of B9-23 in the presence of IFA may
act as a stress signal that induces B cells to express the protein gp96 on their cell sur-
face. This protein acts as a costimulatory molecule that preferentially stimulates a
Th2 response in the engaged T cells.?8

CONCLUSION

Our expression profiling has shown that insulin B9-23 immunization may prevent
diabetes in the NOD mice by preventing pro-inflammatory activation of lympho-
cytes that normally occurs during the natural progression of the disease in NOD
mice. The decreased expression of these genes may serve as biomarkers for the
effectiveness of therapeutic regimens or other interventions. Our studies also discov-
ered two genes that may explain the shift from a Th1 response in the untreated NOD
mice to the Th2 response observed in the insulin B9-23—treated mice. Such immune
deviation is believed to be the immunological mechanism associated with the pro-
tection conferred by insulin immunization. The discovery of the genes that promote
a protective Th2 response may suggest novel ways for preventing the disease.
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