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Functional and Genetic Analysis of Two CD8 T Cell Subsets
Defined by the Level of CD45RC Expression in the Rat1

Emmanuel Xystrakis,2* Pierre Cavailles,2* Anne S. Dejean,* Bastien Cautain,3*
Céline Colacios,* Dominique Lagrange,* Marie-Jose van de Gaar,† Isabelle Bernard,*
Daniel Gonzalez-Dunia,* Jan Damoiseaux,† Gilbert J. Fournié,* and Abdelhadi Saoudi4*

Differential cytokine production by T cells plays an important role in the outcome of the immune response. We show that the level
of CD45RC expression differentiates rat CD8 T cells in two subpopulations, CD45RChigh and CD45RClow, that have different
cytokine profiles and functions. Upon in vitro stimulation, in an Ag-presenting cell-independent system, CD45RChigh CD8 T cells
produce IL-2 and IFN-� while CD45RClow CD8 T cells produce IL-4, IL-10, and IL-13. In vitro, these subsets also exhibit different
cytotoxic and suppressive functions. The CD45RChigh/CD45RClow CD8 T cell ratio was determined in Lewis (LEW) and Brown-
Norway (BN) rats. These two rat strains differ with respect to the Th1/Th2 polarization of their immune responses and to their
susceptibility to develop distinct immune diseases. The CD45RChigh/CD45RClow CD8 T cell ratio is higher in LEW than in BN
rats, and this difference is dependent on hemopoietic cells. Linkage analysis in a F2(LEW � BN) intercross identified two quan-
titative trait loci on chromosomes 9 and 20 controlling the CD45RChigh/CD45RClow CD8 T cell ratio. This genetic control was
confirmed in congenic rats. The region on chromosome 9 was narrowed down to a 1.2-cM interval that was found to also control
the IgE response in a model of Th2-mediated disorder. Identification of genes that control the CD45RChigh/CD45RClow CD8 T cell
subsets in these regions could be of great interest for the understanding of the pathophysiology of immune-mediated diseases. The
Journal of Immunology, 2004, 173: 3140–3147.

A ntibodies recognizing different isoforms of the leukocyte
common Ag CD45 have revealed a phenotypic and func-
tional heterogeneity in mature T cells. In the rat, the

mAb MRC-OX22 binds to the high m.w. isoform CD45RC and
defines two subpopulations of CD4 T cells with different cytokine
profiles and functions (1–3). Polyclonal activation of the
CD45RChigh and CD45RClow CD4 T cell subsets in vitro showed
that the CD45RChigh CD4 T cells synthesize predominantly IL-2
and IFN-�, whereas CD45RClow CD4 T cells synthesize IL-4, IL-
10, and IL-13 (2, 4). Functional analysis of CD45RChigh and
CD45RClow CD4 T cells has demonstrated that important regula-

tory interactions occur between these subsets in vivo (3, 5). Re-
cently, we showed that the balance between CD45RChigh and
CD45RClow CD4 T cells in rats is intrinsic to bone marrow-de-
rived cells and that it is genetically controlled by regions on chro-
mosomes (c) 9, 10, and 20 (4). These regions have been implicated
in the susceptibility to various immune-mediated disorders (4, 6)
indicating that the CD45RChigh/CD45RClow ratio may contribute
to susceptibility to immune-mediated diseases.

CD8 T cells play important roles, either as effector or regulatory
T cells, in autoimmune diseases (7, 8), allergy (9), organ trans-
plantation (10, 11), protection of the host against infectious dis-
eases (12, 13), and cancer (14, 15). Recently, we showed that the
difference in susceptibility between Lewis (LEW)5 and Brown-
Norway (BN) rats to develop, respectively, type 1- and type 2-me-
diated immune disorders is associated with a qualitative difference
in their CD8 T cell compartment (6, 16). BN CD8 T cells produce
little IFN-� and IL-2, but express high levels of IL-4, when com-
pared with LEW CD8 T cells. It is known that CD8 T cells have
the potential to produce a wide array of cytokines and distinct
subsets of CD8 T cells have been described in mice (17, 18), rats
(19), and humans (20). However, the level of CD45RC expression
has never been addressed as a marker for functionally distinct CD8
T cell subsets.

In the present study, we demonstrate for the first time that
CD45RC expression distinguishes two CD8 T cell subsets in the
rat: CDR45RChigh and CD45RClow. Upon in vitro stimulation in
an APC-independent system, CD45RChigh CD8 T cells produce
mainly IL-2 and IFN-�, while the CD45RClow CD8 T cells pro-
duce only IL-4, IL-10, and IL-13. We also show that CD45RClow
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and CD45RChigh CD8 T cells exhibit different cytotoxic and reg-
ulatory functions in vitro. Furthermore, we demonstrate that the
balance between CD45RChigh and CD45RClow CD8 T cells is
mainly determined by bone marrow-derived cells and is geneti-
cally controlled by two regions on chromosomes 9 (c9) and 20
(c20). Interestingly, the same region on c9 also appeared to regu-
late Th2-mediated disorder.

Materials and Methods
Animals

Male LEW and BN rats were obtained from Centre d’Elevage R. Janvier
(Le Genest St. Isle, France) or from the Central Animal Facility of Uni-
versity Maastricht. (LEW � BN)F1 rats were obtained from Centre
d’Elevage R. Janvier and were intercrossed to obtain 104 (LEW � BN)F2

rats. For the generation of bone marrow chimeras, male (LEW � BN)F1

rats were obtained from Charles River Laboratories (Someren, The Neth-
erlands). The MHC-congenic BN.1L and LEW.1N rats were obtained by
the cross-intercross-backcross method and were backcrossed 20 times (un-
published observation, Dr. H. J. Hedrich, Medizinische Hochschule, Han-
nover, Germany). They were originally purchased from the Zentralinstitut
für Versuchstierzucht (ZFV; Hannover, Germany) and used as a breeding
nucleus in Maastricht since 1994. The genetic maps of these congenic lines
were constructed using 16 polymorphic markers covering the chromosome
c20 with a mean average spacing of �3 cM between markers. One hundred
sixty markers covering �99% of the other autosomal chromosomes with
an average spacing of �10 cM were used to control the genetic background
of the congenic lines. In the BN.1L line the marker D4Wox19 showed a
homozygous LEW genotype, defining a highest possible LEW interval of
23.3 cM on c4; in the LEW.1N line, D16Wox10 and D18Mit3 showed BN
genotypes defining highest possible BN intervals of 3.4 cM on c16 and of
18.6 cM on c18, respectively. The BN congenic lines for LEW chromo-
some 9 were made in our own animal facilities (see below). To study the
Th2 response in these congenic lines, rats were injected s.c. with aurothio-
propanol sulfonate (Atps; Allochrysine; Laboratory Solvay Pharma,
Suresnes, France), and their sera were tested for IgE production on day 7
after three injections of Atps (20 mg/kg body weight) as described (21).
Rats were 8–10 wk of age at the start of the experiment. Breeding and
experimental procedures were conducted in accordance with European
guidelines.

Antibodies

The mAbs used for flow cytometry and for purification of T cell subpopu-
lations were as follows: W3/25 (anti-rat CD4), OX6 (anti-rat MHC class
II), OX8 (anti-rat CD8), OX12 (anti-rat � L chain), OX21 (anti-human C3b
inactivator), OX22 (anti-rat CD45RC), OX39 (anti-rat CD25), OX40,
OX85 (anti-rat L selectin), R73 (anti-rat TCR��), V65 (anti-rat TCR��),
JJ319 (anti-rat CD28), 341 (anti-rat CD8��), and 3.2.3 (anti-rat NKR-P1).
The Abs used for cytokine neutralization were 2G7 (which recognizes both
active and latent forms of TGF�1, TGF�2, and TGF�3) mAb and rabbit
anti-rat IL-10 (kindly provided by Dr. J. Khalif, Pasteur Institut, Lille,
France). The hybridomas OX6, OX7, OX8, OX12, OX21, OX22, OX39,
OX40, OX85, and W3/25 were kindly provided by Dr. D. Mason (Medical
Research Council Cellular Immunology Unit, Oxford, U.K.) and the hy-
bridomas JJ319, V65, and R73 by Dr. T. Hünig (Virology and Immunology
Institute, Würzburg, Germany). The conjugated mouse anti-rat mAbs used
for flow cytometry, FITC-conjugated OX8, OX22, and R73 mAbs, and
biotinylated W3/25, OX6, OX8, OX18, OX39, OX40, OX85, and JJ319
mAbs were prepared in our own laboratory according to standard proto-
cols. PE-conjugated R73, 341, and OX39 are commercially available (BD
Pharmingen, San Diego, CA). The biotinylated mAb 42-3-7 (RT1-An hap-
lotype) and 163-7F3 (RT1-Al haplotype) were kindly provided by Dr. H.
W. Kunz (Department of Pathology, University of Pittsburgh,
Pittsburgh, PA).

Flow cytometry

Heparinized blood was collected via the retro-orbital vein plexus. The
erythrocytes were lysed with NH4Cl buffer (0.155 M NH4Cl, 0.01 M
KHCO3, 0.1 mM EDTA, pH 7.4), and the cells were washed twice and
resuspended in PBS-BSA. Single cell suspensions were cell surface-la-
beled, and three-color immunofluorescence analysis was conducted.
Briefly, cells (5 � 105/sample) were centrifuged in a 96-well microtiter
plate (236 � g, 3 min, 4°C) and resuspended in PBS-BSA containing 10
mM NaN3 and a mixture of FITC-labeled, PE-labeled, and biotinylated
mAbs. The biotin-conjugated mAb were stained in a second step with
streptavidin-CyChrome (BD Pharmingen). Data were collected on a XL

Coulter (Coultronics, Margency, France) or a FACSCalibur (BD Bio-
sciences, San Jose, CA) cytometer using the CellQuest software package
(BD Biosciences) for analysis.

Isolation of CD45RC T cell subsets

Rat CD8 T cells were negatively selected from lymph node and spleen cells
using anti-mouse IgG magnetic microbeads (Dynal, Oslo, Norway).
Briefly, cells were washed and incubated 30 min on ice with a mixture of
the following mAbs: OX6, W3/25, OX12, 3.2.3, and V65. After washing
and incubating with anti-mouse IgG-coupled microbeads under agitation,
CD8 T cells were purified by magnetic depletion. The purity of the neg-
atively selected cells was controlled by flow cytometric analysis using
triple staining with OX8-FITC, R73-PE, and biotinylated W3/25 as well as
by using rabbit-anti-mouse IgG-FITC. The CD45RChigh and CD45RClow

CD8 T cell subpopulations were obtained by positive and negative selec-
tion using magnetic beads (AutoMacs; Miltenyi Biotec, Bergisch Glad-
bach, Germany). Purified CD8 T cells were incubated with OX22-FITC
and R73-PE mAbs and selected using anti-FITC and anti-PE magnetic
beads (AutoMacs; Miltenyi Biotec). Purity of sorted populations was al-
ways �95%.

T cell stimulation and analysis of T cell proliferation

The culture medium was RPMI 1640 (Invitrogen Life Technologies, Cergy
Pontoise, France) containing 10% FCS, 1% sodium pyruvate, 1% nones-
sential amino acids, 1% L-glutamine, 1% penicillin-streptomycin, and 2 �
10�5 M 2-ME. For proliferation and cytokine profile studies, purified LEW
CD45RC CD8 T cell subsets were polyclonally stimulated using anti-TCR
and anti-CD28 mAbs or specifically stimulated with alloantigens in a
mixed leukocyte reaction (MLR). For polyclonal activation, 2.5 � 105 T
cells were incubated with plate-bound anti-TCR mAb and soluble anti-
CD28 mAb as already described (22). For MLR, stimulation was per-
formed by incubating fractionated CD45RC CD8 T cell subsets (3 � 105

cells/well) with 1.5 � 105 T cell-depleted and -irradiated (2500 rad)
splenocytes from semiallogeneic (LEW � BN)F1 rats in the presence of rat
IL-2 (10 U/ml). In coculture experiments, LEW CD8 CD45RChigh T cells
(3 � 105 cells/well) were stimulated with semiallogeneic T cell-depleted
and irradiated F1 spleen cells (1.5 � 105 cells/well) and variable numbers
of LEW CD8 CD45RClow or CD8 CD45RChigh T cells. Proliferation was
measured by [3H]thymidine uptake during the last 18 h of a 48 h (anti-
TCR � anti-CD28) or a 96 h (for MLR) culture period. Results were
expressed as mean cpm of triplicate cultures.

Cytokine analysis

At various times throughout the culture (36 and 60 h for anti-TCR stim-
ulation, 72, 96, and 120 h for MLR) supernatants were removed and stored
at �20°C for cytokine determination; cells were harvested and RNA pu-
rified for analysis of lymphokine gene expression by RT-PCR. We mea-
sured IFN-�, IL-2, and IL-10 production in the supernatant by specific
ELISA as described (16). Transcript levels of IL-4, IL-13, and hypoxan-
thine phosphoribosyltransferase (HPRT) were quantified using real-time
quantitative PCR and SYBR green DNA Dye (ABI Prism 5700;
PerkinElmer/Applied Biosystems, Foster City, CA) as described (16). Re-
sults were expressed as the intrasample ratio of IL-4 to HPRT mRNA copy
numbers.

In vitro cytotoxic responses

Fractionated LEW CD45RChigh and CD45RClow CD8 T cells were differ-
entiated into effector cells by in vitro stimulation with allogeneic BN APC
and exogenous rat IL-2 (10 U/ml) for a period of 4 days. The target cells
were BN myelocytic leukemia (BNML) cells (23). Target cells were la-
beled with 0.1 mCi of 51Cr at 37°C for 2 h, washed three times with
medium, and incubated with effector cells at various E:T ratios in a final
volume of 200 �l/well. After 6 h of incubation, 50 �l of supernatant was
collected and radioactivity was counted in a gamma counter. Percentages
of specific 51Cr release were calculated according to the formula: 100 �
(test release � spontaneous release)/(maximal release � spontaneous re-
lease), where test release, spontaneous release, and maximal release were,
respectively, release in the presence of effector cells, in the presence of
medium alone, and in the presence of 10% bleach.

Radiation bone marrow chimeras

Rats were given 10.2 Gy total body irradiation using a Philips MU15F/
225kV Röntgen irradiation machine (Hamburg, Germany) 1 day before
bone marrow transplantation. Recipient rats were given 108 viable nucle-
ated bone marrow cells i.v. At 10 wk postengraftment, the peripheral blood
of the animals was analyzed for the origin of the T cells by using the
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RT1-A haplotype-specific mAb. At 12 and 14 wk postengraftment, the
peripheral blood of the animals was analyzed for the expression of
CD45RC within the CD8 T cells of donor origin. At week 14, spleen and
lymph nodes were also included in the analysis.

Genotypic and linkage analyses, development of BN.LEWc9
congenic lines

Genotypic analyses and linkage maps were performed as previously de-
scribed (21). Linkage analysis was performed with the MAPMAKER/QTL
1.1 computer program (Whitehead Institute, Cambridge, MA) (24). The
initial genome screen was performed using 119 polymorphic microsatellite
markers covering �99% of the rat genetic map with an average spacing of
�14 cM between markers. Thereafter, additional markers on c9 and c20
were used to refine the quantitative trait loci (QTLs) found on these chro-
mosomes. Congenic lines were developed by successive backcrosses on the
BN genetic background as described (25) and subsequently maintained by
brother-sister mating.

ELISA for quantitation of serum IgE concentrations

LEW, BN, and BN.LEWc9 rats were injected with Atps and bled once a
week and their sera were frozen at �20°C. The total serum IgE concen-
tration was measured by specific ELISA as described (21).

Statistical analysis

The analysis of the differences between groups of rats made according to
their genotypes was performed using the Kruskall-Wallis H test and was
subsequently confirmed by the Mann-Whitney test.

Results
CD8 T cells can be divided into two subsets according to their
level of CD45RC expression

In the present study, we show for the first time that CD8 T cells can
be divided into two cell subsets according to the level of CD45RC
expression. As shown in Fig. 1A, the analysis of peripheral blood
CD8 T cells in LEW rats revealed that 20 � 3% express low levels
of CD45RC (CD45RClow) while 80 � 3% express high levels of

CD45RC (CD45RChigh). Similar results were obtained in lymph
node and spleen CD8 T cells (data not shown). These cell subsets
can be highly purified (�95%) from lymph node and spleen cells
by magnetic beads as described in Materials and Methods (Fig.
1B). Phenotypical analysis of CD45RChigh and CD45RClow CD8 T
cells from naive LEW rats, using several activation markers
(CD28, L-selectin, OX40, MHC class I and II, and CD25), re-
vealed that both subsets had similar expression levels of these
molecules (data not shown).

CD45RC CD8 T cell subsets exhibit different cytokine profiles
and functions

First, we showed that LEW CD45RC CD8 T cell subsets produce
different cytokine profiles, upon in vitro activation using bound
anti-TCR and soluble anti-CD28 mAbs (Fig. 2). Indeed, although
both populations proliferated equally well, the CD45RChigh CD8 T
cells produced predominantly IL-2 and IFN-�, while the
CD45RClow CD8 T cells produced IL-10 and expressed IL-4 and
IL-13 mRNA. Second, we assessed the cytotoxic capacity of LEW
CD45RChigh and CD45RClow CD8 T cell subsets after allogeneic
stimulation, using irradiated T cell-depleted BN spleen cells as
sources of alloantigens and exogenous rat IL-2. As shown in Fig.
3A, only CD45RChigh CD8 T cells were cytotoxic against BNML
target cells. Finally, we evaluated, in coculture experiments, a pos-
sible interregulation between CD45RClow and CD45RChigh CD8 T
cell subsets after allogeneic stimulation. As shown in Fig. 3B, the
LEW CD8 CD45RClow population inhibited, in a dose-dependent
fashion, the proliferation and IFN-� production of LEW CD8
CD45RChigh T cells stimulated with semiallogeneic T cell-de-
pleted spleen cells. In three independent experiments, a significant
suppression was observed at a suppressor-responder ratio of 1:1
(the inhibition was 37 � 22% for the proliferative response and
51 � 24% for IFN-� production). We also demonstrated that this
suppression was not dependent on the production of IL-10 or

FIGURE 1. The level of CD45RC expression distinguishes CD8 T cells
into two subsets. A, Peripheral blood leukocytes from naive LEW rats were
incubated with anti-TCR�� (R73-PE), anti-CD4 (W3/25-biot), or anti-
CD8 (OX8-biot) and anti-CD45RC (OX22-FITC) mAbs and analyzed by
flow cytometry, as indicated in Materials and Methods. The results repre-
sent histograms of CD45RC expression on gated CD4 (top panel) and CD8
(bottom panel) T cells. The values on the top of each histogram represent
the mean of the percent of the CD45RClow T cell subset of four individual
rats. B, To purify CD8 T cells, spleen and lymph node cells from naive
LEW rats were depleted of CD4� and TCR�� T cells, B cells, monocytes,
and NK cells using a standard technique of negative selection as described
in Materials and Methods. The obtained purified CD8 T cells were further
fractionated by magnetic beads on the basis of expression of CD45RC
using FITC-conjugated OX22. The values represent the purity of each cell
population.

FIGURE 2. CD45RChigh and CD45RClow CD8 T cells produce distinct
cytokine profiles. The purified CD45RClow (Œ) and CD45RChigh (‚) CD8
T cells from LEW rats were stimulated with plate bound anti-TCR sup-
plemented (0.02, 0.2 �g/ml) or not with soluble anti-CD28 mAbs. In A,
proliferation was assessed with an 18 h [3H]thymidine pulse added after
48 h of stimulation and results were expressed as cpm. Tissue culture
supernatants collected 36 and 60 h after stimulation with anti-TCR and
anti-CD28 were assayed for IL-2 (B), IFN-� (C), and IL-10 (D) protein
using capture ELISA. In E and F, the figures show, respectively, the IL-4
and IL-13 mRNA expression following stimulation for 36 h using quanti-
tative RT-PCR. Results are expressed as the mean cytokine-HPRT ratio.
Stimulation with anti-TCR only did not induce the production of these
cytokines. The data shown are representative of three independent
experiments.
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TGF-� because the neutralization of these cytokines did not affect
the suppression mediated by the CD45RClow CD8 T cells (data not
shown). In contrast, in these coculture experiments, the
CD45RChigh CD8 T cell subset did not suppress IL-10 production
by the CD45RClow CD8 T cells (data not shown). Together, these
data demonstrate that freshly isolated CD45RC CD8 T cell subsets
exhibit different cytokine profiles and functions.

LEW and BN rats exhibit different CD45RChigh-CD45RClow

ratios within the CD8 T cell compartment

Recently, we showed that the CD8 T cell compartment plays a
dominant role in the difference of cytokine production by LEW
and BN T cells (6, 16). Because CD45RC CD8 T cell subsets
produce different cytokines, we compared the CD45RC expression
profiles of LEW and BN CD8 T cells. Fig. 4A shows that while
LEW CD8 T cells have a preponderance of the CD45RChigh subset
(CD45RChigh/CD45RClow ratio: 4.0 � 0.7), BN CD8 T cells con-
tain an equal number of CD45RChigh and CD45RClow T cells
(CD45RChigh/CD45RClow ratio: 0.9 � 0.1). (LEW � BN)F1 rats
exhibited an intermediate phenotype (Fig. 4A) resulting in a
CD45RChigh/CD45RClow ratio of 2.4 � 0.3. As for LEW CD45RC
CD8 T cell subsets, BN CD45RChigh CD8 T cells produced mainly
IL-2 and IFN-�, while BN CD45RClow CD8 T cells produced
IL-10 and expressed IL-4 and IL-13 mRNA (data not shown).

The distinct CD45RChigh/CD45RClow ratio between LEW and
BN rats is mainly determined by the origin of hemopoietic cells

To examine whether the distinct CD45RChigh/CD45RClow ratio
within the CD8 T cell compartment between LEW and BN rats is

intrinsic to hemopoietic cells or is determined in the periphery, we
generated bone marrow chimeras. We first analyzed the state of T
cell chimerism using anti-TCR mAb and anti-MHC class I haplo-
type-specific mAbs and showed that the chimerism in F1 recipients
of BN and LEW bone marrow cells was 75.2 � 2.4% and 87.0 �
5.9%, respectively, while the chimerism of BN and LEW recipi-
ents of F1 bone marrow cells was 96.3 � 1.6% and 92.3 � 1.7%,
respectively. The analysis of CD45RC expression by donor-type
peripheral blood CD8 T cells revealed that the difference in the
CD45RChigh/CD45RClow CD8 T cell ratio between LEW and BN
rats is dependent on the origin of hemopoietic cells. Indeed, F1

recipients of BN and LEW bone marrow cells exhibited a signif-
icant difference ( p � 0.006) in the CD45RChigh/CD45RClow ratio
(Fig. 4B) while the ratios in BN and LEW recipients of F1 bone
marrow cells were not significantly different (Fig. 4C). Similar
results were obtained when lymph node and spleen cells were an-
alyzed in these bone marrow chimeras (data not shown). Alto-
gether, these data demonstrate that the balance between
CD45RChigh and CD45RClow CD8 T cell subsets is mainly deter-
mined by the origin of the bone marrow-derived cells.

Localization of two regions on chromosomes 9 and 20 that
control the CD45RChigh/CD45RClow CD8 T cell ratio in LEW
and BN rats

The genome wide search conducted with 119 markers in the
(LEW � BN)F2 rats identified two QTLs associated with the ex-
pression of the CD45RC marker on peripheral CD8 T cells on top
of the acrocentric c9 between D9Wox24 and D9Wox21 and on top

FIGURE 3. CD45RChigh and CD45RClow CD8 T cells exhibit distinct
functions. A, Purified LEW CD8 CD45RC subsets were differentiated into
effector cells by in vitro stimulation with allogeneic BN splenocytes for 4
days in the presence of exogenous rat IL-2. These effector cells were tested
for their ability to kill Cr-labeled BNML cells as described in Materials
and Methods. B, Purified LEW CD45RChigh and CD45RClow CD8 T cells
(3 � 105 cells/well) were stimulated in vitro in MLR using irradiated T
cell-depleted allogeneic (LEW � BN)F1 spleen cells as stimulators (1.5 �
105 cells/well) in the presence of exogenous rat IL-2 (10 U/ml). In cocul-
ture experiments, LEW CD45RChigh CD8 T cells were stimulated as before
in the presence of variable numbers of LEW CD45RClow CD8 T cells. The
proliferation was assessed with an 18 h [3H]thymidine pulse added after
96 h of culture. Tissue culture supernatants collected 96 h after stimulation
were assayed for IFN-� protein levels using capture ELISA. The data
shown represent the quantification made in triplicate cultures and are rep-
resentative of three independent experiments.

FIGURE 4. LEW and BN rats exhibit a distinct CD45RChigh/CD45RClow

ratio that is mainly determined by the origin of the hemopoietic cells. In A,
peripheral blood leukocytes from naive LEW, BN, and (LEW � BN)F1 rats
were incubated with anti-TCR�� (R73-PE), anti-CD8 (OX8-biot), and anti-
CD45RC (OX22-FITC) mAbs and analyzed by flow cytometry as indicated in
Materials and Methods. The results represent histograms of CD45RC expres-
sion on gated CD8 T cells. The value on the top of each histogram represents
the mean (�SD) of CD45RC CD8 T cell subpopulations of four rats per
group. In B and C, peripheral blood leukocytes from (LEW � BN)F1 recip-
ients of BN (BN3 F1) or LEW (LEW3 F1) bone marrow (B) and LEW
(F1 3 LEW) and BN (F1 3 BN) recipients of (LEW � BN)F1 bone
marrow (C) were incubated with a combination of anti-CD45RC (OX22-
FITC), anti-CD8�� (341-PE), and anti-donor type MHC class I (42-3-7-
biot or 163-7F3-biot) mAbs and analyzed by flow cytometry 14 wk posten-
graftment. The results represent the CD45RChigh/CD45RClow ratios
determined within CD8 T cells of donor origin. The data are represented as
the mean CD45RChigh/CD45RClow T cell ratio of five to six animals of
each combination. F, The results of individual rats.
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of the short arm of c20 between D20UW1 and D20Rat31. To
confirm and refine the localization of these regions, linkage studies
were performed with additional markers on c9 (total number 17)
and c20 (total number 11). As shown in Table I, significant linkage
was found for both QTLs. Together, these two QTLs account for
�40% of the variance of the percentage of the CD8 CD45RClow

population. The size of the QTLs, as defined by the two-logarithm
of odd ration (lod) support intervals, are, respectively, 13.1 cM on
c9 and 12 cM on c20 (not shown). Fig. 5 shows the percentage of
CD8 CD45RClow T cells according to the genotypes of the marker
located at the peaks of the QTLs. For the two QTLs, the BN ge-
notype was associated with a high percentage of CD8 CD45RClow

T cells. However, the mode of gene action appears different for the
two QTL (Table I and Fig. 5). For the QTL found on c9, the mode
of inheritance was defined as recessive BN (Fig. 5A); on c20 it was
defined as additive (Fig. 5B).

The gene or group of genes controlling the
CD45RChigh/CD45RClow CD8 T cell ratio on chromosome 20 is
localized within an �8.4 cM interval

Because the QTL found on the short arm of c20 included the MHC
region, available BN and LEW lines congenic for the MHC region
of the other strain (named, respectively, BN.1L and LEW.1N)
were used to confirm and further refine its localization. The genetic
map of these congenic lines is shown in Table II. The
CD45RChigh/CD45RClow T cell ratio of these congenic lines and a
schematic representation of the genotypes are shown in Fig. 6. The
CD45RChigh/CD45RClow CD8 T cell ratios were similar in the BN
parental strain and in its BN.1L congenic line thus indicating that
the gene(s) that control(s) the trait is not located in the chromo-
somal segments of the MHC region from LEW origin introgressed
into the BN genetic background. Therefore, the region telomeric to
the D20Rat41 marker can be excluded from the QTL. By contrast,
the CD45RChigh/CD45RClow CD8 T cell ratio observed in the
LEW.1N rats is significantly decreased ( p � 0.001) compared
with the ratio observed in the LEW parental strain. This observa-
tion not only confirms the presence in the QTL of a gene or a group
of genes that controls this trait, but also allows its localization to
be refined to a segment of at most 8.4 cM, with D20Rat41/
D20Rat2 and D20Rat31/D20Got13 as telomeric and centromeric
boundaries, respectively.

The gene or group of genes controlling the
CD45RChigh/CD45RClow CD8 T cell ratio on chromosome 9 is
localized within an �1.2 cM interval that also controls the IgE
response in a model of Th2-mediated disorder

Three lines of the BN rats, congenic for short segments of the
centromeric end of c9 from LEW origin (BN.LEWc9-B, -E, and -F
lines), were developed and investigated. The results concerning the
CD45RChigh/CD45RClow CD8 T cell ratio and the genotypes of
the congenic lines are shown in Fig. 7. In two of the three congenic
lines (BN.LEWc9-B and -F), the chromosomal region of LEW
origin introgressed into the BN genomic background was respon-
sible for a significant increase in the CD45RChigh/CD45RClow

ratio, compared with the BN parental strain ( p � 0.001). By con-
trast, the T cell subset ratio of the BN.LEWc9-E congenic line was
identical to that of the parental BN strain. This result allows the
upper part of c9 between D9Wow24 and D9Got200 to be excluded
from the locus. Thus, the genetic maps of the BN.LEWc9 congenic
lines indicate that a gene or a group of genes localized within an
�1.2 cM centromeric interval on c9, between D9Got200 and
D9Got8, controls the CD45RChigh/CD45RClow CD8 T cell ratio.
We also analyzed in these congenic lines the IgE response after
Atps treatment and showed a striking relationship between the IgE
response and the CD45RC CD8 T cell subset ratio. Indeed, the two
BN.LEWc9 congenic lines (B and F) that show an increase in the
CD45RChigh/CD45RClow CD8 T cell ratio also show a dramatic
decrease in the IgE response to Atps compared with the results
obtained in the parental BN strain or in the BN.LEWc9-E line that
shows a T cell subset ratio identical to that of the BN strain
(mean � SD: BN.LEWc9-B, 154 � 58 �g/ml, n � 7;
BN.LEWc9-F, 151 � 64 �g/ml, n � 11; BN, 1022 � 320 �g/ml,
n � 6; BN.LEWc9-E, 1033 � 191 �g/ml, n � 10).

Discussion
In this study, we show that the level of CD45RC expression dis-
tinguishes two subpopulations of rat CD8 T cells that produce
different types of cytokines and exhibit different functions. We
showed also that the proportion of these cell subsets is different in
two rats strains that are known to be entirely different with respect

Table I. QTLs for CD45RC expression on CD8� T cells in (LEW �
BN)F2 ratsa

Chromosome Modelb Peak Lodc % Varianced Markerse

9 Free 4.3 17.5 D9Got8
Recessive
BN

3.8 15.6 D9Got8

20 Free 5.7 22.5 D20Rat41
Additive 5.3 20.9 D20Rat41

a QTLs controlling the percentage of the CD45RClow CD8 T cell population were
investigated using MAPMAKER software (40) on data collected on the progeny of
104 (LEW � BN)F2 hybrids rats.

b Results are given for two modes of inheritance: the “free” mode in which no
model of gene action was specified, and the mode chosen according to statistical
analysis for the marker at the peak of the QTL. The differences of phenotype values
in the recessive mode were: nn � nl � ll, and in the additive mode: nn � nl � ll (nn:
homozygous BN; nl: heterozygous BN/LEW; ll homozygous LEW).

c Peak lod thresholds for significant linkage were � 4.3, 3.4, and 3.3 for, respec-
tively, free, dominant or recessive, and additive (41).

d Percentage of the genetic variance explained by the QTL.
e Markers at the peak lod scores.

FIGURE 5. Percentage of CD8 CD45RClow T cells according to the
genotypes of 104 (LEW � BN)F2 hybrids rats for the microsatellite marker
located at the peak of QTLs found on chromosomes 9 and 20. A, D9Got8;
B, D20Rat41. Location of markers on the genetic map of the rat can be seen
in Figs. 6 (c20) and 7 (c9). ll: Rats with a homozygous LEW genotype (n �
24 and 26 for D9Got8 and D20Rat41, respectively); nl: rats with a het-
erozygous LEW/BN genotype (n � 55 and 54 for D9Got8 and D20Rat41,
respectively); nn: rats with a homozygous BN genotype (n � 25 and 24 for
D9Got8 and D20Rat41, respectively). Symbols represent the mean values
and vertical bars indicate the SEM. The statistical significance of differ-
ences found between groups is indicated above horizontal lines (Mann and
Whitney test).
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to the polarization of their immune responses as well as in their
susceptibility to develop distinct autoimmune diseases (6). BN rats
that are highly susceptible to type 2 cytokine-mediated immuno-
logical disorders exhibit a high proportion of CD4R5RClow CD8 T
cells. In contrast, LEW rats that are highly susceptible to devel-
oping type 1 cytokine-mediated autoimmune diseases have a pre-
ponderance of the CD45RChigh CD8 T cells. Interestingly, we
have preliminary evidence that the expression of CD45RC can also
be used to distinguish human peripheral blood CD8 T cells, but not
mouse CD8 T cells, into two subsets and that their proportion is
variable from one individual to another (our unpublished data).
Using bone marrow chimeras, we show that the different
CD45RChigh/CD45RClow CD8 T cell ratio between LEW and BN
rats strains is mainly determined by the origin of hemopoietic cells.

Furthermore, a genome wide search for QTL in a F2 intercross
between LEW and BN rats identified two regions in chromosomes
9 and 20 that could control the balance between the CD45RChigh

and CD45RClow CD8 T cells. The involvement of these regions
was confirmed by analyzing the CD45RChigh/CD45RClow CD8 T
cell ratio in rats congenic for segments of either c9 or c20. The
same region on c9 also appeared to regulate IgE responses after
Atps treatment.

T cell heterogeneity may reflect different lineages or merely
different stages of a linear differentiation pathway (26). Naive, ef-
fector, and memory T cells represent different stages in a linear
developmental pathway and can be clearly distinguished by func-
tional assays and also by cell surface markers (27, 28). It has been
previously proposed that CD45 isoforms are able to distinguish
naive and memory T cells. However, more recently, it has become
clear that discrimination between naive and memory states based
only on CD45 isoform expression, including CD45RC, is insuffi-
cient. Indeed, with time, memory T cells may revert to the expres-
sion of CD45 isoforms that previously defined naive cells (27, 29,
30). In this study, we can exclude that this marker defines activated

FIGURE 6. Studies of BN and LEW lines congenic for the MHC region
of the other strain refine the localization of the genetic control of the
CD45RChigh/CD45RClow CD8 T cell ratio on chromosome 20 to an inter-
val of 8.4 cM including part of the centromeric MHC region. The upper
portion of the figure shows individual values of the CD45RChigh/
CD45RClow CD8 T cell ratio in congenic lines, and in the BN and LEW
strains. BN.1L, Line of BN rat congenic for the MHC region from LEW
strain; LEW.1N, line of LEW rat congenic for the MHC region from BN
strain. The lower portion represents schematically the genetic map of the
rats with, on the left, the boundary markers, and on the right, the cumu-
lative genetic distances in centiMorgans (cM, Kosambi units) that are
drawn to scale. The white and black colors indicate, respectively, the LEW
and BN genotypes. The gray color indicates ambiguous genotypes (either
BN or LEW), due to crossover breakpoints between markers. Note that the
six markers shown on the figure are located on the p12 region of the short
arm of the c20.

FIGURE 7. A 1.2-cM centromeric interval on chromosome 9 controls
the CD45RChigh/CD45RClow CD8 T cell ratio. The upper portion of the
figure shows individual values of the CD45RChigh/CD45RClow CD8 T cell
ratio in BN.LEWc9-B, -F, and -E congenic lines, and in the BN and LEW
strains. The lower portion represents schematically the genetic map of the
rats with, on the left, the boundary markers, and, on the right, the cumu-
lative genetic distances in centiMorgans (cM, Kosambi units) that are
drawn to scale. The white, black, and gray colors indicate, respectively, the
LEW, BN, and undetermined genotypes as indicated in Fig. 6. Note that c9
is an acrocentric chromosome.

Table II. Genetic maps of BN and LEW lines congenic for the MHC of the other strain

Microsatellite Markersa

D20Rat21 D20Wox5 D20UW1 D20Wox3 D20Rat41 D20Mgh5 D20Rat2 D20Rat31 D20Got13 D20Got14 MouseD10Mit5b D20Rat54 D20Mit1 D20Mgh1

CentiMorgansc 0.2 1.2 0.1 0.0 2.9 0.2 1.6 4.6 1.8 20.3 3.8 7.7 1.0
BN.1Ld nne lle ll ll ll nn nn nn nn nn nn nn nn nn
LEW.1Nd nn nn nn nn nn nn nn nn ll ll ll ll ll ll
QTLf � � � � � � � � � � � � � �

a The markers are ordered from the telomeric end of the short arm of c20 to the telomeric end of the long arm of c20. The centromere is located between D20Got14 and
mouseD10Mit5.

b This marker has been initially described on the chromosomal region of mouse c10 syntenic to rat c20.
c Distances in centiMorgans (Kosambi units) between two adjacent markers. The map has been constructed using data collected on the progeny of the 205 (LEW � BN)F2

hybrid rats investigated in a previous study (21).
d BN.1L: Line of BN rat congenic for the MHC region from LEW strain; LEW.1N: line of LEW rat congenic for the MHC region from BN strain.
e Genotypes; nn: BN; ll: LEW. The markers that belong to the introgressed segments are indicated in bold.
f Localization of the QTL. Plus and minus indicate that the marker is included or is not included, respectively, in the locus, as deduced from results shown in Fig. 6.
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effector cells. Indeed, both CD45RC CD8 T cell subsets have a
morphology of small resting lymphocytes and do not express ac-
tivation markers. In addition, we show that CD45RC CD8 T cell
subsets produce distinct effector cytokines, indicating that these
subsets may represent divergent developmental pathways.

Upon in vitro stimulation and depending on cytokines present
during primary stimulation, naive CD8 T cells can differentiate
into two subsets, Tc1 and Tc2, secreting different cytokine patterns
(17, 18). Tc1 cells, are defined as CD8 T cells that secrete IFN-�,
but not IL-4, IL-5, or IL-10; Tc2 cells are CD8 T cells that secrete
IL-4, IL-5, and IL-10, but not IFN-�. There is substantial evidence
that these CD8 T cell subsets also exist in vivo and that the po-
larized pattern of secreted cytokines may influence the nature of
the resulting immune responses (13, 20, 31–35). According to the
cytokine profile observed in CD45RC CD8 T cell subsets, the
CD45RClow cells are Tc2-like, while the CD45RChigh cells are
Tc1-like. These results indicate that the level of CD45RC expres-
sion may be used as a phenotypic marker for Tc1 and Tc2 cells to
study and monitor in vivo CD8 T cell-mediated immune responses.
This is supported by our findings showing that 1) animals prone to
develop type 2 immune responses exhibit a high proportion of
Tc2-like cells as compared with animals that preferentially de-
velop type 1 responses; 2) CD8 T cells play a dominant role in the
difference between these two rat strains to produce type 1 and type
2 cytokines (16); and 3) the difference in the proportion of these
CD8 T cells subsets is genetically controlled by the same regions
that have been described to be involved in several immunopatho-
logical manifestations (6, 36).

The recent release of an annotated draft of the whole rat genome
sequence (http://www.ensembl.com) allowed a better knowledge
of the QTLs that control the CD45RChigh/low subsets of CD8 T
lymphocytes. The QTL found in an 8.4-cM interval that covers
9.22 megabases of the p12 region on the short arm of c20 shows
conserved synteny with parts of the human chromosome regions
6p21.31, 21q22.3, and 22q11.23 and of mouse c17 and c10. The
centromeric portion of the QTL belongs to the centromeric region
of the MHC. Studies in humans and rodents have established that
the chromosomal region that includes the MHC genes plays a ma-
jor role in controlling susceptibility to a wide range of diseases
including autoimmune and allergic diseases (37, 38). Because the
identified QTL contains probably �180 genes, the identification of
candidate genes requires further genetic dissection to narrow down
the locus. The centromeric portion of the chromosomal region
identified on c9 is homologous to regions of mouse chromosome
17 and of human chromosome 19. However, it is not yet possible
to establish precisely the physical map of the QTL on c9 by com-
parative genomics because we have found that its physical map, as
published in the data banks, is not correct.

A previous study conducted in F2 rats issued from a LEW � BN
cross pointed to the presence of QTLs on c9, c10, and c20 that
control the CD45RC expression in CD4 T lymphocytes (4), but the
levels of significance for the presence of these loci were lower than
those found in the present study. The QTLs found on c10 and c20
were only suggestive for linkage. However, taken together, this
previous study and the present study strongly suggest that the
QTLs identified on c9 and c20 are central to the CD45RChigh/
CD45RClow balance in both CD4 and CD8 T cells, and as such
may contribute to the orientation of immune responses along dif-
ferent pathways. The role of the MHC region has been widely
studied in several models of immune diseases in the BN and LEW
rats (6). The locus found on c20 that includes part of the MHC
region overlaps with Eae1 and Aiid1 (Atps-induced immunologi-
cal disorder, formerly named Atps1) loci that control, respectively,
the susceptibility to experimental autoimmune encephalomyelitis

(EAE) (39) and to immunological disorders triggered by Atps.
EAE is an experimental model of multiple sclerosis to which LEW
and DA rats are susceptible and the BN rat is resistant (36). By
contrast, the BN rats are susceptible and the LEW rats are resistant
to the Th2-mediated disorders triggered by Atps. Interestingly, the
locus found on c9 overlaps with Eae4 and Aiid3, two loci that also
control, respectively, the susceptibility of DA rats to EAE (36) and
of BN rats to the Atps-triggered disease (21). In the present study,
we have found a striking relationship between the CD8 T cell
subset ratios and the IgE response to Atps according to the geno-
types of the three studied BN.LEWc9 congenic lines. Both traits
were found to be under the control of one gene or set of genes
located in a 1.2-cM interval. However, one cannot exclude that
both traits are under separate genetic control. Alternatively, a sin-
gle gene or set of genes that controls the balance between the two
CD8 T cell and therefore the balance between Th1 and Th2 cyto-
kines could indirectly exert some control on the Th1 or Th2 type
of the immune response. In other words, allelic variants of genes
at the identified chromosomal regions on c9 and c20 that control
the expression on CD45RC on T cells could be implicated in the
control of T cell polarization. Such genes could have pleiotropic
effects, influencing the clustering of immune dysfunction in the
BN/LEW models of immune-mediated diseases. This hypothesis
fits with the observation that BN rats are prone to develop Th2-
mediated diseases but resistant to the development of EAE, while
the LEW rats are prone to develop Th1-mediated autoimmune dis-
eases but are resistant to immunological disorders induced by gold
salts (6).

In conclusion, our work shows that the level of CD45RC ex-
pression on rat CD8 T cells discriminates two cell subsets that
produce different types of cytokines and exert different functions in
vitro. Because CD8 T cells play an important role in several patho-
logical manifestations including infectious diseases, cancer, auto-
immune diseases, and allergic manifestations, the functional anal-
ysis of the CD45RC CD8 T cell subsets in these pathological
manifestations is of great interest. A better understanding of the
origin, regulation, and function of these CD8 T cell subsets may be
important for the development of optimal immune intervention
strategies.
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