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Summary

The LEW.1AR1-iddm rat is an animal model of human type 1 diabetes
(T1D), which arose through a spontaneous mutation within the major histo-
compatibility complex (MHC)-congenic background strain LEW.1AR1. The
LEW.1AR1-iddm rat is characterized by two phenotypes: diabetes develop-
ment with a diabetes incidence of 60% and a variable T cell frequency in
peripheral blood. In this study the immune cell repertoire of LEW.1AR1-
iddm rats was analysed over time from days 30 to 90 of life and compared to
the background strain LEW.1AR1 and the LEW rat strain as well as the
LEW.1WR1 rat strain. The LEW.1AR1-iddm rats are characterized by a high
variability of CD3+, CD4+ and CD8+ T cell frequencies in peripheral blood
over time, and the frequency is unique for each animal. The variability
within the frequencies resulted in changes of the CD4+ : CD8+ T cell ratio.
The other three rat strains studied were characterized by a stable but never-
theless strain-specific T cell frequency resulting in a specific CD4+ : CD8+ T
cell ratio. The frequency of natural killer (NK) cells and B cells in
LEW.1AR1-iddm rats was increased, with a higher variability compared to
the other strains. Only monocytes showed no differences in frequency and
variability between all strains studied. These variabilities of immune cell fre-
quencies in the LEW.1AR1-iddm rats might lead to imbalances between
autoreactive and regulatory T cells in peripheral blood as a prerequisite for
diabetes development.
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Introduction

The LEW.1AR1-iddm rat is a model for human type 1 dia-
betes (T1D), which arose through a spontaneous mutation
in the LEW.1AR1 strain [1]. This model shows apoptotic β
cell death, induced by proinflammatory cytokines released
from infiltrating immune cells in the pancreatic islets [2,3].
The autoimmune nature of the diabetic syndrome has been
proved by adoptive transfer experiments [4,5].

The diabetic syndrome of the LEW.1AR1-iddm rat follows
an autosomal recessive mode of inheritance, with a diabetes
incidence of about 60% within the colony [2]. Three diabetes
susceptibility regions have been discovered by linkage analy-
sis using two back-cross populations with the Brown Norway
(BN) and with the PAR (Paris) strain [6,7]. Iddm8 and Iddm9
are mapped on RNO1 and Iddm1 is mapped on RNO20 con-
taining the major histocompatibility complex (MHC) region.

The MHC is generally accepted as the diabetes predisposing
locus in humans and animals. In rats, the MHC class II RT1-
B/Du haplotype is permitting autoimmune diabetes. The
mutation of the LEW.1AR1-iddm rat leading to diabetes
manifestation has been mapped within the Iddm8 region on
RNO1 [6,7].

In addition to autoimmune diabetes, the LEW.1AR1-
iddm rats manifest a second phenotype, which has been
described as a ‘variable CD3+ T cell frequency’ and could
also be mapped within the Iddm8 region [8]. Thus, the
mutation in the Iddm8 region does not only confer suscep-
tibility to diabetes but also to the variable CD3+ T cell fre-
quency in peripheral blood. The background strain
LEW.1AR1 is diabetes-resistant and shows a stable T cell
frequency.

The MHC-II RT1-B/Du haplotype is indispensible for
diabetes development in rats, as also documented for the
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other rat models of T1D, the BioBreeding diabetes-prone
(BBdp) rat and the Komeda rat [9,10]. The LEW.1AR1
(RT1-Aa, RT1-B/Du, RT1-Cu) strain and LEW.1WR1 (RT1-
Au, RT1-B/Du, RT1-Ca) strain express also the MHC-II RT1-
B/Du haplotype. Interestingly, only the LEW.1WR1 strain
develops diabetes spontaneously, with a very low incidence
of 2% [11]. Conversely, the original LEW (RT1-Al, RT1-B/
Dl, RT1-Cl) strain cannot develop diabetes because of the
missing RT1-B/Du haplotype.

Therefore, these congenic LEW strains, LEW, LEW.1AR1
and LEW.1WR1 rats, were chosen to compare the frequen-
cies of immune cell subpopulations in peripheral blood to
those in LEW.1AR1-iddm rats. The identification of possi-
ble differences in the immune cell population in peripheral
blood may indicate changes in the immune cell system
leading to diabetes development.

The aim of this study was (i) to analyse the frequency of
T cells and other immune cells in the peripheral blood of
LEW.1AR1-iddm rats from days 30 to 90 of life and (ii) to
compare the findings with the background strain
LEW.1AR1 as well as the LEW.1WR1 and the LEW strains.

Materials and methods

Animals

Rats were bred under specific pathogen-free (SPF) condi-
tions and housed thereafter under standard conditions in
the Central Animal Facility of Hannover Medical School
[8]. They were serologically negative for specific viruses
[1,12]. All strains were submitted regularly to genetic moni-
toring in order to verify the authenticity of the strain
[13,14]. All experiments were conducted in accordance with
the principles of laboratory care approved by the local insti-
tutional Animal Care and Research Advisory Committee of
Hannover Medical School.

Six to 20 animals were analysed from the different rat
strains: LEW.1AR1-iddm, LEW.1AR1, LEW.1WR1 and LEW.
Blood was taken from all animals every fifth day, starting at
age 30 days until day 70, and thereafter every 10th day until
day 90 (n = 11 in total). Blood glucose concentrations were
measured three times a week until day 90 (Glucometer
EliteTM; Bayer, Leverkusen, Germany). The diabetes inci-
dence (blood glucose >10 mmol/l) was 60% with a manifes-
tation at day 62 ± 2 and an average blood glucose
concentration of 22·7 ± 2·4 mmol/l. Diabetic LEW.1AR1-
iddm rats were treated with LinplantTM insulin pellets
(LinShin Canada, Ontario, Canada). All animals were killed
at day 120 and pancreata were examined morphologically.

Morphology

Pancreas tissue specimens were fixed in 4% paraformalde-
hyde in 0·15 M phosphate-buffered saline, and paraffin-

embedded for histological analyses. Serial pancreas sections
were stained with the avidin–biotin complex (ABC) tech-
nique to identify the main infiltrating immune cells in the
islet infiltrate [15]. The following rat-specific primary anti-
bodies were used: insulin (5330-3369G), infiltrating CD68+

macrophages (ED1), CD4+ T cells (OX-35) and CD8+ T cells
(OX-8). Antibodies were from AbD Serotec (Düsseldorf,
Germany) and used in dilutions of between 1:200 and
1:800.

Flow cytometry

In order to determine the different immune cell
subpopulations in peripheral blood flow, cytometric analy-
ses were performed using the following labelled rat-specific
monoclonal antibodies: CD4 (OX-38) fluorescein
isothiocyanate (FITC), CD3 (G4·18) phycoerythrin (PE)
(Becton Dickinson, Heidelberg, Germany), CD8 (OX-8)
FITC, CD8 (OX-8) PE, CD45RA (OX-33) FITC, NKR (10/
78) FITC and CD68 (ED1) FITC (AbD Serotec). Blood was
prepared [8] and immune cell subpopulations were ana-
lysed in a flow cytometer (Becton Dickinson). For the intra-
cellular ED1 staining the immune cells were pretreated with
Leukoperm® (AbD Serotec), according to the manufactur-
er’s instructions. Data were analysed using Cellquest version
3·0·1 software.

Calculations of the analysed parameters

In a first analysis of the immune cell composition of
peripheral blood, a mean value for each immune cell
subpopulation was calculated for each animal from all
measurements over time (at days 30, 35, 40, 45, 50, 55, 60,
65, 70, 80 and 90; n = 11) performed between days 30 and
90. From these single mean values for each animal, a ‘total
mean value’ for each strain was calculated. The same proce-
dure was adopted to obtain the ‘total mean value’ for the
coefficient of variation (CV) for each strain.

In a second analysis, at each time-point (at days 30, 35,
40, 45, 50, 55, 60, 65, 70, 80 and 90) a mean value was calcu-
lated from all animals of each strain and for each immune
cell subpopulation.

In a third analysis each animal was followed-up from
days 30 to 90 to document possible individual variations
over time.

Statistical analyses

Mean values ± standard error of the mean (s.e.m.), analysis
of variance (anova) plus Tukey’s post-test and CV were
calculated using the GraphPad Prism version 5 software (La
Jolla, CA, USA).
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Results

Infiltration of pancreatic islets in LEW.1AR1-iddm rats
compared with other MHC congenic LEW strains

Only animals of the LEW.1AR1-iddm strain developed dia-
betes at day 62 ± 2 (Table 1). In diabetic rats, 60 days after
diabetes manifestation, only a few remaining islets with β
cells showed a moderate immune cell infiltration (Fig. 1a–
d). Immunohistochemistry documented an islet T cell infil-
tration with a predominance of CD8+ versus CD4+ T cells
(Fig. 1a,b). The other main infiltrating immune cells were
CD68+ macrophages (Fig. 1d). The pancreatic islets of all
normoglycaemic animals from the LEW.1AR1-iddm strain
(Fig. 1e), the LEW.1AR1 background strain (Fig. 1f), the
LEW.1WR1 (Fig. 1g) and the LEW strain (Fig. 1h) showed
well-preserved β cells (Fig. 1e–h) without immune cell
infiltration.

Immune cell frequency in peripheral blood of
LEW.1AR1-iddm rats compared with other MHC
congenic LEW strains

In a first step, the immune cell composition in peripheral
blood over time was compared between the inbred strains
LEW.1AR1-iddm, LEW.1AR1, LEW.1WR1 and LEW. There-
fore, a mean value for each immune cell subpopulation was
calculated for each animal from all measurements (at days
30, 35, 40, 45, 50, 55, 60, 65, 70, 80 and 90) performed. From
these single mean values for each animal, a total mean value
for each strain was calculated. The same procedure was
adopted to obtain the total mean value for the CV for each
strain.

The percentage of CD3+ T cells in peripheral blood in
diabetic and non-diabetic LEW.1AR1-iddm rats (diabetic:
51·9 ± 1·0%, non-diabetic: 51·8 ± 2·1%) was decreased sig-
nificantly compared to the other three rat strains (P < 0·001;
LEW.1AR1: 66·4 ± 0·7%; LEW.1WR1: 63·1 ± 1·0%; LEW:
67·4 ± 1·2%) [Fig. 2a(i)]. Additionally, the variability was
significantly higher in the diabetic and non-diabetic
LEW.1AR1-iddm rats (CV, diabetic: 15·4 ± 1·4%, non-
diabetic: 15·7 ± 1·1%) compared to the other rat strains
(P < 0·001; LEW.1AR1: 6·7 ± 0·8%; LEW.1WR1: 5·4 ± 0·5%;
LEW: 5·7 ± 0·7%) [Fig. 2b(i)].

In parallel to the reduced CD3+ T cell frequency the per-
centage of CD4+ T cells was also decreased significantly in
LEW.1AR1-iddm rats independent from the metabolic state
(diabetic LEW.1AR1-iddm rats: 32·7 ± 0·7%; non-diabetic
LEW.1AR1-iddm rats: 33·4 ± 1·5%) compared to the other
three rat strains (P < 0·001; LEW.1AR1: 43·4 ± 0·7%;
LEW.1WR1: 44·0 ± 0·9%; LEW: 49·9 ± 1·0%) [Fig. 2a(ii)].
Remarkably, the CD4+ T cell frequency in the LEW.1AR1
(P < 0·001) and the LEW.1WR1 strains (P < 0·01) was
reduced significantly compared to the LEW strain. As
shown for CD3+ T cells, the variation was significantly
higher in the LEW.1AR1-iddm rats (CV, diabetic:
20·3 ± 1·5%, non-diabetic: 19·9 ± 1·5%) compared to the
other rat strains (P < 0·001; LEW.1AR1: 8·3 ± 1·0%;
LEW.1WR1: 7·0 ± 0·7%; LEW: 6·6 ± 0·6%) [Fig. 2b(ii)].

The frequency of CD8+ T cells was decreased significantly
in LEW.1AR1-iddm rats (diabetic: 19·3 ± 0·4%, non-
diabetic: 18·7 ± 0·7%) only in comparison to the LEW.1AR1
background strain (P < 0·001; 22·2 ± 0·3%), but not to the
LEW.1WR1 and LEW strains [Fig. 2a(iii)]. The CD8+ T cells
in the LEW.1WR1 and LEW strains (LEW.1WR1:
18·8 ± 0·4%; LEW: 17·6 ± 0·2%) were also lower compared
to the LEW.1AR1 strain. Again, the variation was signifi-
cantly higher for CD8+ T cells in LEW.1AR1-iddm rats (CV,
diabetic: 19·4 ± 1·8%, non-diabetic: 21·0 ± 2·0%; P < 0·001
compared to LEW.1AR1: 10·0 ± 1·0%; LEW.1WR1:
8·9 ± 1·8%; LEW: 6·9 ± 0·6%) [Fig. 2b(iii)].

Due to the differences between the T cell subpopulations,
the CD4+ : CD8+ T cell ratio is strain-specific. The ratio in
the LEW.1AR1-iddm (diabetic: 1·7 ± 0·1, non-diabetic:
1·8 ± 0·1) and the LEW.1AR1 strain (2·0 ± 0·1) was signifi-
cantly lower than in the LEW.1WR1 strain (P < 0·001;
2·4 ± 0·1) and the LEW strain (P < 0·001; 2·8 ± 0·1)
[Fig. 2a(iv)]. The variation of the ratio was higher in
LEW.1AR1-iddm rats in comparison to the other strains
(CV, diabetic: 18·8 ± 1·1%, non-diabetic: 20·4 ± 2·2%,
P < 0·001; LEW.1AR1: 12·0 ± 1·0%; LEW.1WR1: 11·0 ±
1·8%; LEW: 8·0 ± 0·5%) [Fig. 2b(iv)].

In contrast to the T cell subpopulations the frequency of
NK cells in LEW.1AR1-iddm rats, independent from the
diabetic state (diabetic: 5·9 ± 0·4%, P < 0·001; non-diabetic:
4·7 ± 0·2%, P < 0·01) was increased significantly compared
to the other three rat strains (LEW.1AR1: 2·8 ± 0·1%;
LEW.1WR1: 2·7 ± 0·1%; LEW: 2·7 ± 0·1%) [Fig. 3a(i)].

Table 1. Rat strains used in the studies.

Rat strain MHC Number of animals (n) Diabetes incidence (%) Blood glucose (mmol/l)

LEW.1AR1 RT1 (AaB/DuC u) 10 0 5·6 ± 0·2

LEW.1AR1-iddm RT1 (AaB/DuC u) 20 60 (d) 22·7 ± 2·4

Onset (day 62 ± 2) (nd) 5·7 ± 0·2

LEW RT1 (AlB/DlC l) 6 0 5·2 ± 0·1

LEW.1WR1 RT1 (AuB/DuC a) 6 0 5·1 ± 0·1

(d): diabetic; (nd): non-diabetic; MHC = major histocompatibility complex.
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The variability was increased significantly in diabetic
LEW.1AR1-iddm rats compared to all other groups (CV,
diabetic LEW.1AR1-iddm: 70·3 ± 10·3%; P < 0·05 compared
to non-diabetic LEW.1AR1-iddm: 38·1 ± 3·0%; P < 0·001
compared to LEW.1AR1: 28·8 ± 3·4%, LEW.1WR1:
28·6 ± 1·7%; LEW: 27·9 ± 5·6%) [Fig. 3b(i)].

A tendency towards an increase of monocytes was
observed in the diabetic LEW.1AR1-iddm rats (diabetic
LEW.1AR1-iddm: 14·6 ± 0·5%; non-diabetic LEW.1AR1-
iddm: 13·6 ± 0·8%; LEW.1AR1: 12·3 ± 0·5%; LEW.1WR1:
10·9 ± 0·7%; LEW: 11·9 ± 0·9%) [Fig. 3a(ii)]. No differences

in variability [Fig. 3b(ii)] were detectable, although the
variability was relatively high in general.

The frequencies of B cells in LEW.1AR1-iddm rats, inde-
pendent from the health status (diabetic: 22·9 ± 0·6%, non-
diabetic: 24·9 ± 0·8%), and LEW.1WR1 rats (22·8 ± 0·5%),
were significantly higher than in the background strain
LEW.1AR1 (P < 0·001; 18·9 ± 0·4%) and the LEW strain
(P < 0·001; 18·8 ± 0·2%) [Fig. 3a(iii)]. A significant increase
in variability was detectable only within the diabetic
LEW.1AR1-iddm group (CV: 24·8 ± 2·0%) in comparison
to the LEW.1AR1 strain (P < 0·01; 15·8 ± 1·0%), the

Fig. 1. Pancreatic islets with β cells from

diabetic animals with immune cell infiltration

or from normoglycaemic animals without

immune cell infiltration. Immunostaining for

CD4+ (a), CD8+ T cells (b), insulin (c), and

CD68+ infiltrating macrophages (d) from the

diabetic LEW.1AR1-iddm rats (a-d) and

immunostaining for insulin (e–h) for

normoglycaemic LEW.1AR1-iddm rats (e), the

LEW.1AR1 (f), LEW.1WR1 (g) and LEW rats

(h). The immune cell composition comprised

CD8+ T cells and CD68+ macrophages with a

small number of CD4+ T cells after diabetes

manifestation. The remaining β cells after

diabetes manifestation as well as the β cells in

the absence of diabetes showed a moderate to

dense insulin immunostaining.

Diaminobenzidene (DAB)

immunohistochemistry with haematoxylin

counterstaining.
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LEW.1WR1 strain (P < 0·01; 15·6 ± 3·0%) and the LEW
strain (P < 0·01; 16·3 ± 1·6%) [Fig. 3b(iii)].

Time–course of the T cell frequency in peripheral
blood of the LEW.1AR1-iddm rats compared with
other MHC congenic LEW strains

Changes in the CD3+, CD4+ and CD8+ T cell frequencies
over time were determined in LEW.1AR1-iddm rats and
compared to all other rat strains in this study. Diabetic and

non-diabetic LEW.1AR1-iddm rats showed the lowest and
strongest non-linear course in all T cell frequencies over
time (Fig. 4a,b). The T cell frequencies for the LEW.1AR1
strain were more stable and higher than in LEW.1AR1-iddm
rats, with only a small decline of the CD3+ and CD4+ T cells
at day 60 (Fig. 4c). The higher CD3+ and CD4+ frequencies
showed a relatively stable course in the LEW.1WR1 and the
LEW strains with the exception of a small increase at day 65
in the LEW.1WR1 strain (Fig. 4d,e). The percentage of
CD8+ T cell frequency was around 20% in all rat strains.
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Fig. 2. T cell frequency in different rat strains.

A mean value for each T cell subpopulation was

calculated for each single animal from all

measurements (n = 11) performed. From these

single mean values for each animal, a ‘total

mean value’ for each strain was calculated

(column a) for (i) CD3+ T cells, (ii) CD4+ T

cells, (iii) CD8+ T cells and (iv) the CD4+ : CD8+

T cell ratio. The same procedure was adopted to

obtain the ‘total mean value’ for the coefficient

of variation (CV) for each strain (column b).

‘Total mean values’ were all expressed in % with

exception of the mean value of the CD4+ : CD8+

T cell ratio [a(iv)]. IDDM

(d) = LEW.1AR1-iddm diabetic, IDDM

(nd) = LEW.1AR1-iddm non-diabetic,

1AR1 = LEW.1AR1, 1WR1 = LEW.1WR1.

***P < 0·001 IDDM (d) and IDDM (nd) versus

1AR1, 1WR1 and LEW; ###P < 0·001 IDDM

(d), IDDM (nd), 1WR1 and LEW versus 1AR1;

+++P < 0·001 IDDM (d) and IDDM (nd) versus

1WR1 and LEW; §§§P < 0·001 1AR1 versus

LEW; §§P < 0·01 1WR1 versus LEW.
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In LEW.1AR1-iddm rats the CD4+ : CD8+ T cell ratio
changed over time due to the non-linear course of the CD4+

and CD8+ T cells, while the CD4+ : CD8+ T cell ratio in the
other strains was more stable (Supporting information,
Fig. S1).

Time–course of the NK cell, monocyte and B cell
frequencies in peripheral blood of the LEW.1AR1-iddm
rats compared to MHC congenic LEW strains

In addition to the T cell subpopulations the frequencies of
NK cells, monocytes and B cells were determined over time
in LEW.1AR1-iddm rats and compared to the other strains.
The NK cells increased over time in LEW.1AR1-iddm rats
(Fig. 5a,b), independent of the metabolic state, while the

NK cell frequency in the LEW.1AR1, the LEW.1WR1 and
the LEW strain was completely stable over time (Fig. 5c–e).
Although the B cell frequency was variable in all strains, the
highest variations occurred in diabetic and non-diabetic
LEW.1AR1-iddm rats. The frequency of monocytes was also
variable in all strains over time (Fig. 5a–e), but LEW.1AR1-
iddm rats showed a higher frequency of monocytes in the
early days of life (Fig. 5a,b).

Time–course of the individual T cell frequency in single
animals representative for each strain

The highest variations were found in the T cell
subpopulations. Therefore individual time courses for each
strain were studied. The frequencies of CD3+, CD4+ and
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Fig. 3. Immune cell frequency in different rat

strains. As explained in Fig. 2, a mean value for

each immune cell subpopulation was calculated

(column a) for (i) natural killer (NK) cells, (ii)

monocytes and (iii) B cells and coefficient of

variation (CV) for each strain (column b).

‘Total mean values’ were all expressed in %.

IDDM (d) = LEW.1AR1-iddm diabetic, IDDM

(nd) = LEW.1AR1-iddm non-diabetic,

1AR1 = LEW.1AR1, 1WR1 = LEW.1WR1.

***P < 0·001; **P < 0·01 IDDM (d) and IDDM

(nd) versus 1AR1, 1WR1 and LEW;

§§§P < 0·001 IDDM (d) and IDDM (nd) versus

1AR1 and LEW; +++P < 0·001 1AR1 versus

1WR1 and LEW; #P < 0·001 IDDM (d) versus

IDDM (nd).
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Fig. 4. T cell frequency in different rat strains

over time from days 30 to 90 of life. The CD3+

T cell frequency as well as the CD4+ and CD8+

T cell frequency was measured in the different

rat strains. For each time-point a mean

value ± standard error of the mean (s.e.m.) was

calculated for each group. Diabetic and

non-diabetic LEW.1AR1-iddm rats showed

strong variations in the T cell frequency over

the lifetime (a,b). The background strain

LEW.1AR1 showed only little variation in the T

cell frequency, with a strain-dependent decrease

of CD3+ and CD4+ T cells at day 60 of life (c).

The LEW and LEW.1WR1 strain showed only

slight variations in T cell frequency over time

(d,e). (d) = diabetic, (nd) = non-diabetic.
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strains over time from days 30 until 90 of life.

The frequency of natural killer (NK) cells as

well as the frequency of monocytes and B cells

was measured in the different rat strains. For

each time-point a mean value ± standard error

of the mean (s.e.m.) was calculated for each

group. Diabetic and non-diabetic

LEW.1AR1-iddm rats showed more changes in

the immune cell frequency over time (a,b) than

the other strains. (d) = diabetic,

(nd) = non-diabetic.
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CD8+ T cells in the LEW.1AR1-iddm rats showed a unique
time–course from days 30 to 90 (Fig. 6a,b), in contrast to a
uniform time–course for each single animal of all other
strains (Fig. 6c).

Besides heterogeneity, LEW.1AR1-iddm rats exhibited
two subtypes. In the first subtype, analogous time–courses
were recorded for all subsets of CD3+, CD4+ and CD8+ T
cells both in the diabetic and non-diabetic LEW.1AR1-iddm
rats (graphs for a representative animal in the first column
of Fig. 6a,b). In the other subtype, CD3+ and CD4+ T cell
frequencies followed an analogous time–course, whereas the
changes of the CD8+ T cells followed an independent time–
course (graphs for a representative animal each in the
second and third columns of Fig. 6a,b, respectively).

The T cell frequency in the LEW.1AR1 background strain
was more stable in comparison with the LEW.1AR1-iddm
strain during the observation period, with a drop of CD3+

and CD4+ T cells only at day 60 (graph for a representative
animal in the first column of Fig. 6c).

The stable course in the LEW.1WR1 strain exhibited only
a small peak at day 65, whereas in the LEW strain the time–
course in the T cell frequency was constant (graphs for a
representative animal each in the second and third column
of Fig. 6c).

Discussion

The present study presents for the first time, to our knowl-
edge, a longitudinal analysis of the immune cell frequencies
involved in T1D development. Our findings show clearly
that the course of the T cell frequency from days 30 to 90 of
life follows a strain-specific pattern, while a variable T cell
frequency is unique for the LEW.1AR1-iddm rat compared
to all other rat strains of this study. In addition, the fre-
quency of NK cells and B cells was variable only in the
LEW.1AR1-iddm rat. Differences in the monocyte fre-
quency could not be observed between all the strains due to
a generally high variability.
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Fig. 6. T cell frequency (CD3+, CD4+ and CD8+ T cells) was studied from days 30 to 90 of life for each single animal. In diabetic (a) and

non-diabetic (b) LEW.1AR1-iddm rats the T cell frequency was unique for each single rat of the LEW.1AR1-iddm strain independent of diabetes

development. In the LEW.1AR1 strain, the LEW.1WR1 strain and the LEW strain the T cell frequency was more stable over time compared to the

LEW.1AR1-iddm rats (c). In the background strain LEW.1AR1 all animals showed a strain-specific decrease of CD3+ and CD4+ T cells at day 60 of

life while the LEW.1WR1 and LEW rats showed only small changes in the T cell frequency over the lifetime (c). (d) = diabetic, (nd) = non-diabetic.
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The average frequency over time of the CD3+ T cells,
especially CD4+ T cells, was decreased significantly within
the LEW.1AR1-iddm strain compared with the LEW.1AR1,
LEW.1WR1 and LEW strains. These findings are in agree-
ment with our recently published results [8]. The variability
of the frequency of the CD3+, CD4+ and CD8+ T cells in
peripheral blood is obviously unique for the LEW.1AR1-
iddm strain. Neither its control strain LEW.1AR1 nor the
LEW.1WR1 and the LEW strains showed significant varia-
tions in T cell frequency. A stable T cell frequency could not
only be shown in the congenic strains with the LEW back-
ground, but also in the genetically different strains BN and
PAR [8]. The BBdp rat, another rat model of T1D, was char-
acterized by a severe reduction of peripheral T cells [16]. In
contrast to the mild reduction of T cells in LEW.1AR1-iddm
rats CD8+ T cells were more affected than CD4+ T cells in
the BBdp rats [16–18]. Reports about the Komeda rat
described changes of the regulation in T cell activation, but
nothing is known about the T cell frequency in peripheral
blood [19].

In humans, several studies provide evidence for changes
of the frequency of T cells in peripheral blood at the time of
diagnosis of T1D and during ongoing autoimmunity when
compared to healthy controls [20–22]. However, there is
still controversy about the T cell subpopulations that are
increased or decreased [23–28]. Interestingly, some of these
studies from patients with T1D reported a decrease of the
CD3+ and CD4+ T cells which was similar to that in the
LEW.1AR1-iddm rat [25–28].

As shown previously, changes in the different T cell fre-
quencies in the LEW.1AR1-iddm rat had a direct effect on
the CD4+ : CD8+ T cell ratio [8]. The strong variabilities led
to individual changes of the CD4+ : CD8+ T cell ratio over
time in each LEW.1AR1-iddm rat. Changes in the
CD4+ : CD8+ T cell ratio were also observed in human
studies on patients with T1D during the prediabetic and
diabetic period [25,26,28,29].

Regarding the immune cell repertoire, the average fre-
quency of the NK cells was increased significantly in both
non-diabetic and diabetic LEW.1AR1-iddm rats compared
to LEW.1AR1, LEW.1WR1 and LEW rats. Only diabetic
LEW.1AR1-iddm rats exhibited a significantly higher vari-
ability of the NK cell frequency. An increased number of
NK cells was also observed in acutely diabetic BBdp rats
[30]. Several studies on NK cells in diabetic patients
reported a decreased NK cell frequency at diabetes onset,
but also during disease progression [27,31,32]. Thus, a
dependence on diabetes duration seems not to exist. One
study considered that these abnormalities could be persis-
tent or genetically determined [33] but the opposite
finding, with an increase of NK cells at diabetes onset, has
also been reported [34]. During diabetes development in
the LEW.1AR1-iddm rat, NK cells were found in the
immune cell infiltrate with a frequency of <10% in
severely infiltrated islets along with a high number of

apoptotic ß cells [2]. Thus, NK cells are involved in the
process of ß cell destruction in the LEW.1AR1-iddm
rat [2].

In contrast to the reduction of the T cells, the average of
the B cell frequency over time was increased significantly in
peripheral blood of non-diabetic and diabetic LEW.1AR1-
iddm rats. The B cells were somewhat more increased and
showed a higher variability in the non-diabetic LEW.1AR1-
iddm rats than in the diabetic rats. The functional implica-
tions of the B cell increase in non-diabetic LEW.1AR1-iddm
rats compared to diabetic rats remain unknown. The same
pattern of an increased B cell frequency was evident in
LEW.1WR1 rats. Interestingly, in the BBdp rat, in spite of T
cell lymphopenia, the frequency of B cells in peripheral
blood as well as in the control rat strains was in a normal
range [16,35]. Monocytes were the only immune cell
subpopulation without differences between the rat strains
studied.

Although all strains in this study are inbred strains main-
tained under the same environmental conditions as
the LEW.1AR1-iddm rats, all analysed immune cell
subpopulations, with the exception of the monocytes
in peripheral blood, showed great abnormalities and
variability.

All immune cell types of the innate and adaptive immune
system might be involved in the pathogenesis of autoim-
mune diabetes [36–38]. This has been proposed for
monocytes/macrophages, T cells and B cells [39–42].
However, the interactions of these immune cell populations
during diabetes development remain unknown.

The LEW.1AR1-iddm rat arose through a spontaneous
mutation within the background strain LEW.1AR1. There-
fore, all diabetic and non-diabetic LEW.1AR1-iddm rats
carry the mutation leading to a variable immune cell fre-
quency in peripheral blood (100%), with only 60% of these
rats developing diabetes. This variability of the immune
cell frequencies might induce imbalances between
autoaggressive and regulatory T cell populations leading to
diabetes manifestation. The mutation of the LEW.1AR1-
iddm rat on RNO1 affected the frequencies of CD3+ T cells,
B cells and NK cells in peripheral blood in an opposite
fashion. The average number of CD3+ T cells, both CD4+

and CD8+ T cells, was decreased strongly in all LEW.1AR1-
iddm rats, both in diabetic and non-diabetic rats, while the
B cells and NK cells were slightly increased. Currently, it is
still unknown whether the changes in all immune cell
subpopulations are a direct result of the mutation or
whether some of the changes may also be indirect compen-
satory changes.

In the present study, immune cells from the innate and
adaptive immune system were analysed in peripheral blood
of LEW.1AR1-iddm rats. Our findings revealed changes of
all immune cell types except for monocytes. These altera-
tions of the immune cell frequencies might be a prerequisite
for the imbalance, especially between autoreactive and
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regulatory T cells, resulting in an autoimmune attack upon
the pancreatic ß cells.
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