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Mice homozygous for the viable motheaten (Hcph™*™) mutation are deficient
in SHP-1 protein-tyrosine phosphatase, resulting in severe systemic auto-
immunity and immune dysfunction. A high percentage of B-cells in viable
motheaten mice express the cell surface glycoprotein CD5, in contrast to wild
type mice that express CD5 on only a small percentage of B-cells. CD5™ B-cells
have been associated with autoantibody production. To determine the role of
CD5 in the development of the inflammatory disease in me®/me® mice, we
created a stock of CD5™" me”/me” mice. The longevity of CD5™" me®/me”
mice was increased 69% in comparison to me”/me” mice on a similar (B6;129)
background. The increased lifespan was associated with a marked reduction in
pulmonary inflammation. Flow cytometry analysis of spleen cells from CD5™*"
me®/me” mice at 9-12 weeks of age revealed significant decreases in percent-
ages of IgM/B220 double positive B-cells, Mac-1/Gr-1 double positive cells
and CD4* T-cells compared with me”/me” mice. CD5™" me”/me” mice also
had significantly lower serum IgM levels in comparison to me”/me” mice.
Study of CD5™" me”/me” mice may provide further insight into the role of
CD5 in cell signaling and may help explain the observed association of CD5"

mouse

B-cells with autoimmune disease.

© 2002 Elsevier Science Ltd

Introduction

Mice homozygous for either of the two recessive
allelic mutations in the hematopoietic cell phos-
phatase (Hcph) gene on Chromosome 6 are severely
immunodeficient, express high levels of serum
autoantibodies [1-4] and die at an early age from
inflammatory lesions in the lungs and elsewhere. The
Hcph gene encodes the Src homology region 2 (SH2)
domain-containing protein tyrosine phosphatase-1
(SHP-1) [5, 6], which is a negative regulator of signal-
ing through a number of hematopoietic growth factor
receptors [7-9]. The two mutant alleles of the Hcph
gene that arose spontaneously in C57BL/6] mice are
‘motheaten’, (Hcph™, abbreviated me) and ‘viable
motheaten” (Hcph™®, abbreviated me®). The me mu-
tation is due to a cytosine deletion that results in the
total absence of the SHP-1 protein due to creation of a
termination codon. Death of me/me mice occurs at
approximately 3 weeks of age. The me” mutation is a
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thymine to adenine transversion that results in cre-
ation of alternative splicing sites and an 80% to 90%
reduction in SHP-1 activity compared with wild type
mice. Homozygous me”/me” mice live to approxi-
mately 9 weeks of age and are thus the more com-
monly used model to study the consequences of
deficiency in SHP-1 protein tyrosine phosphatase [10].

In addition to autoimmunity and severe pulmonary
disease, me’/me’ mice have many additional cellular
abnormalities, including an increase in myelopoiesis
[1, 11] and multiple defects in lymphocyte develop-
ment and function [12-15]. A large percentage of
B-cells present in me®/me” mice express CD5 [16],
which is normally found only on T-cells and a small
percentage of B-cells in wild type mice.

CD5 (Ly-1) is a monomeric 67-kD membrane glyco-
protein expressed on all mature T-cells and on a
subset of B-cells, termed B-1a cells. Classified structur-
ally as a member of the scavenger receptor family,
CD5 consists of a cysteine rich extracellular region
and a cytoplasmic domain containing motifs compat-
ible with phosphorylation by tyrosine and serine/
threonine kinases. CD5 is part of the TCR complex. It
is expressed at low levels on immature, CD4"CD8"
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thymocytes and is upregulated in differentiated T-cells
[17]. Tyrosine residues within the CD5 cytoplasmic
region are phosphorylated upon TCR stimulation [18].
Recently, it has been reported that CD5 functions as a
negative regulator of signal transduction through the
TCR, affecting thymocyte differentiation as well as
mediating TCR signaling in mature cells [19-21]. CD5
has been found to be constitutively associated with
SHP-1 in Jurkat cells and normal phytohemagglutinin-
expanded T-lymphoblasts [22], indicating that the
negative regulatory role of CD5 in T-cells may be
mediated through SHP-1.

CD5 is associated with the B-cell receptor (BCR) on
B-1a cells [23]. In wild type adult mice, cells express-
ing CD5 constitute a significant percentage of the
B-cell population in the peritoneal and pleural cavi-
ties, while they are scarcely found in the splenic B-cell
pool [24]. Although the function of CD5 on B-cells is
poorly understood, B-1a cells, that express CD5, are
associated with production of natural autoantibodies
[25], specifically of the IgM isotype [26]. An increase in
the number of B-cells expressing CD5 is often associ-
ated with increased production of autoantibodies
(reviewed in Pers et al. [27]). In me/me and me®/me®
mice, virtually all of the B-lymphocytes, including the
splenic populations, express CD5 [28].

CD5 deletion in otherwise wild type mice does not
interfere with the ability of these mice to mount an
efficient immune response [24]. T-cells from CD5"!
mice are hyperreactive in response to TCR mediated
signals in vitro [19], but this increased reactivity has no
apparent detrimental effect on T-cell function in vivo.
Thus, mice lacking CD5 are healthy and have normal
distribution of lymphoid and myeloid cells. To explore
the effect that CD5 expression has on the inflam-
matory disease of viable motheaten mice, we crossed
129-Cd5"™1Cs" (CD5™") mice with C57BL/6]-me” mice
to create a stock of mice homozygous for the CD5
deletion and segregating for the viable motheaten
mutation. Comparison of the phenotypes of me®/me”
mice with or without CD5 revealed a marked role
of this molecule in the development of immuno-
pathologic changes in me”/me” mice.

Materials and Methods
Mice

All mice were raised at the Jackson Laboratory (Bar
Harbor, ME). 129-Cd5"<8" (CD5"") mice [24] were
first crossed with heterozygous C57BL/6]-+/me"
mice. Offspring were heterozygous for CD5™! and
were typed for the presence of the me” mutation. Mice
that were heterozygous for both the me” mutation and
CD5"" were intercrossed. Homozygous CD5™! mice
from these matings that were heterozygous for the me”
mutation were then intercrossed to create a (B6;129)-
CD5"" me” strain in which the CD5 null allele was
fixed to homozygosity and the mice were segregating
for the me” mutation. Concurrently, 129P3 /] wild type
mice were bred with C57BL/6-+ /me” mice in order to

produce me®/me” and +/? control mice on a matched
segregating background that expressed normal CD5
levels. Mice were typed for the CD5 null allele by
PCR, using primers for the inserted neomycin resist-
ance gene (neol3: 5-CTTGGGTGGAGAGGCTATTC-
3, neold: 5-AGGTGAGATGACAGGAGATC-3).
Determination of the genotype at the Hcph locus
(me”/me”, +/me” or +/+) was also conducted by PCR,
using primers flanking the viable motheaten mutation
(me’-F: 5-CGTGTCATCGTCATGACT-3, me’-R: 5'-
AGGAAGTTGGGGCTTTGCCGT-3"). Before electro-
phoresis, the amplification products were digested
with Rsal to distinguish among +/+, +/me” and me®/
me’ mice [29]. Mice were housed in conventional
pathogen-free animal facilities.

Histopathology

Groups of mice from 4-18 weeks of age were eutha-
nized by CO, asphyxiation. Tissues were fixed in
Fekete’s acid alcohol formalin, embedded in paraffin
and sectioned at 6 um. Slides were stained with
Mayer’s hematoxylin and eosin (H&E) and periodic
acid Schiff (PAS) for histological examination. Immu-
nohistochemistry was carried out on lung and kidney
sections using biotinylated rabbit anti-mouse Ig
(DAKO, Carpinteria, CA) for identification of immune
complexes. Non-specific staining was blocked on
deparaffinized sections with peroxidase blocking
reagent (DAKO). Tissues were then incubated in
primary antibody for 1h at room temperature in a
humidified chamber. After three 5 min washes in PBS,
tissues were incubated with avidin/horseradish-
peroxidase conjugate for 45min, followed by an
additional trio of 5 min washes in PBS. Tissues were
then incubated in diaminobenzidine (DAB) for 5 min
at room temperature and washed in tap water for
5-15min. Tissues were counterstained with hema-
toxylin, dehydrated in graded ethanol, cleared in
xylene and coverslipped with Permount (Fisher
Scientific, Pittsburgh, PA).

Flow cytometric analysis

Monoclonal antibodies, conjugated with phycoeryth-
rin, FITC or biotin, were used for characterization of
spleen cells from 9-12-week-old and 15-18-week-old
mice. Streptavidin-Red 6-70 was used as a secondary
fluorophore for biotinylated antibodies. The following
antibodies were obtained from PharMingen, Inc. (San
Diego, CA): anti-CD4, clone RM4-5; anti-pan granulo-
cyte (Gr-1), clone RB6-8C5 [30]; anti-Mac-1, clone
M1/70 [31]; anti-CD23, clone B3B4 [32, 33]; anti-CD43,
clone S7 [34-36] and anti-CD19, clone 1D3 [37-39].
Additional antibodies, as follows, were purified from
hybridoma cell lines as ascites; anti-CD3, clone 145-
2C11 [40]; anti-CDS8, clone 53-6.72 [41, 42]; anti-IgM,
clone R6-60.2; anti-B220, clone RA3-6B2 [43]; anti-pan
macrophage, clone F4/80; anti-MHC class I, clone
M1/42 [44]; anti-MHC class II, clone M5/114 [45];
anti-pan erythrocyte, clone Ter119 [46]; and anti-CD5,
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clone 53-7.3 [41, 42]. Single cell suspensions were
prepared from individual spleens by extrusion of cells
through Nytex 110 mesh bags (TETKO Inc., Elmsford,
NY) into cold HBSS containing 5% FBS and 0.1%
sodium azide. Erythrocytes were lysed in buffered
ammonium chloride, and leukocyte populations were
phenotyped as previously described [28] using a FAC-
SCalibur flow cytometer (Becton Dickinson, San Jose,
CA). B-1 B-cells were identified by labeling cells with
antibodies aﬁainst IgM, CD19 and CD43. Cells that
were IgMhlg , CD19", CD43" were considered B-1
B-cells [47, 48].

Ig levels

Levels of IgM, IgG1 and IgG3 in serum from 9-12-
week-old individual mice were assayed by ELISA as
previously described [28]. Plates were coated with
goat anti-mouse isotype specific antibody (Southern
Biotechnology Associates, Birmingham, AL). Alkaline
phosphatase labeled goat anti-mouse k-chain (South-
ern Biotech) was used as the detection antibody.
Isotype specific standards (PharMingen) were run
with each assay. Plates were developed with
p-nitrophenyl phosphate (Sigma Chemical Co., St
Louis, MO) and read with the EL 312e Bio-Kinetics
Reader (Bio-Tek Instruments, Winooski, VT). Ig levels
were determined from the standard curves.

Autoantibody determinations by ELISA

Circulating autoantibodies against histone proteins
were determined using a modification of a protocol
described by Amoura et al. [49]. In brief, individual
wells of 96 well microtiter plates were first coated
with 100 pl of 2 pg/ul calf thymus histone protein
(Type 1IS, Sigma) in PBS for 1h at 37°C. The wells
were then washed in an automated microplate washer
with PBS containing 0.25% Tween 20 (PBS/T20), and
then blocked with 200 pl PBS containing 1% BSA for
1 h at 37°C. The wells were washed, and 100 ul of each
serum dilution was added to the appropriate wells.
After incubation for one additional hour at 37°C, the
wells were washed three times, and then 100 ul of
a previously titered goat anti-mouse IgG (H+L)-
alkaline phosphatase conjugate was added to
each well. Following incubation at 37°C for 1h, the
plates were washed, and then 100pl substrate
(p-nitrophenyl phosphate, Sigma) dissolved at 1 mg/
ml in diethanolamine substrate buffer was added to
each well. The rate of substrate conversion to colored
product at 37°C was monitored at 405nm and
recorded as mOD/min. Autoantibodies against
double stranded DNA were detected according to a
modification of a protocol described by Zouali et al.
[50]. In brief, microtiter wells were coated with calf
thymus DNA at 10 pg/ml in TBS (10 mM Tris base,
150 mM NaCl, pH 7.4) for 2h at room temperature.
Following this incubation, the plates were washed
with PBS/T20 in an automated microplate washer,
and then processed as described above.

Hematology

Blood was collected from the retro-orbital sinus using
heparinized capillary tubes. Leukocytes and erythro-
cytes were counted using a model ZBI Coulter counter
(Hialeah, FL). Mean corpuscular volumes (MCVs)
were calculated from the packed red cell volumes and
total RBC counts as previously described [1]. Blood
smears were stained with Wright-Giemsa (Sigma) for
examination of cells for morphological abnormalities.
Reticulocytes were counted using the ADVIA 120
Hematology system (Bayer Corp, Tarrytown, NY).
Confirmation of reticulocyte percentages was con-
ducted manually following staining with New
Methylene Blue stain (Mallinckrodt Baker Inc.,
Phillipsburg, NJ). Equal amounts of blood and stain
were incubated together in a capillary tube for 15 min
and smears were prepared. The smears were then air
dried and coverslipped with Permount (Fisher).

Spleen cell lysates and immunoblotting

Spleens were dissected from mutant and control mice
at 5-8 weeks of age and at 12-15 weeks of age. Single
cell suspensions were prepared after lysis of red blood
cells following established procedures [51]. For
immunoblotting, the spleen cells were lysed at 4°C for
30 min in cold lysis buffer (20 mM Tris, pH 7.4; 1 mM
EDTA; 10% glycerol; 1% Triton X-100; 100 mM NaCl;
1ug of leupeptin per ml; 1pug of aprotinin per ml;
1 mM bezamidine and 5 mM of iodoacetic acid). Cell
lysates were clarified by centrifuging for 10 min at
10,000 g at 4°C. Protein levels were measures using the
DC Protein Assay (Bio-Rad, Hercules, CA). 20 ug
of each sample was resolved in a 12.5% SDS-PAGE
gel and transferred to a nitrocellulose membrane
(Schleicher & Schuell, Dassel, Germany). The mem-
branes were probed, as described previously [52],
with monoclonal antibody against phosphotyrosine
(4G10, Upstate Biotechnology Inc., Lake Placid, NY).
Specific antibody signals were detected using an
enhanced chemiluminescence kit (ECL, Amersham
Pharmacia Biotech, Uppsala, Sweden).

Bone marrow macrophage cultures

Bone marrow plugs from femurs and tibias were
harvested by extrusion with cold HBSS. Marrow plugs
were disrupted by passage through a 25 g needle. The
resulting single cell suspensions were washed 2x in
sterile HBSS (Sigma), counted with a model ZBI
Coulter counter and resuspended in complete media
(RPMI-1640 (Sigma) containing 2 mM Il-glutamine,
10% FCS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin). A total volume of 5ml medium containing
10° cells/ml was added to 25 cm? tissue culture flasks
with either 500 or 1,000 units/ml of recombinant
human (rHu) CSF-1 (Cetus) or recombinant murine
(rMu) GM-CSF (R&D Systems, Minneapolis, MN).
Cultures were incubated at 37°C in 5% ‘CO, for 24 h
to allow adherent cells to attach to the flask. The
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Figure 1. Cumulative percent survival of (B6;129)-me”/me”
and (B6;129)-CD5" me”/me’ mice as a function of age.
Thirty-five male or female mice from each genotype were
monitored from 3 weeks of age.

non-adherent cells were transferred to duplicate flasks
and cultured for 7 days with periodic changes of
media, maintaining the appropriate growth factor
concentrations. To recover adherent cells from flasks,
medium containing any non-adherent cells was
removed and transferred to 50 ml tubes. The remain-
ing adherent cells were washed 2x with 10 ml warm
HBSS, then incubated for 10 min with 10 ml 2 mM
EDTA/PBS at 37°C. Cultures were vigorously shaken
to detach all adherent cells. The adherent cells were
then combined with the non-adherent cells in 50 ml
tubes, washed 2x in HBSS and used for FACS analysis
as previously described. Preliminary FACS analysis of
adherent and non-adherent cells separately showed
that they had similar staining profiles. In subsequent
FACS analyses, adherent and non-adherent were com-
bined to increase the numbers of cells available for
analysis.

Statistics

All measures of variance are presented as SEM.
Student’s t tests were performed to determine signifi-
cance of difference of means. Significance was
assumed for P values <0.05.

Results
Longevity

Thirty-five (B6;129) CD5™ me”/me” mice and an
equal number of (B6;129) me”/me” mice were moni-
tored from 3 weeks of age (Figure 1). There was no
significant effect of gender on survival of these mice.
The mean lifespan of (B6;129)-CD5™!" me® /me® mice
(162+10 days) was significantly increased in compari-
son to (B6;129)-me’/me’ mice, which had a mean

lifespan of 89+8 days (P<0.0001). Our previous
studies have shown that C57BL6-me”/me” mice had a
mean lifespan of 61+2.4 days [1], indicating a signifi-
cant effect of strain background on lifespan of these
mice. All subsequent data compares me”/me” mice,
CD5"" me”/me” mice and wild type +/+ controls on
the (B6;129) segregating background.

Immunopathology

In order to determine the effect of the CD5 null allele
on the characteristic pathologic lesions of me”/me®
mice, total necropsies were performed on mutant
(CDS”“” me’/me” and me®/me’) and control (CD5”””
+/? and +/?) mice and all tissues were examined
histologically. Several striking differences were noted
in (B6;129) CD5™ me”/me” mice when compared to
(B6;129) me®/me® mice.

Development of pulmonary lesions was signifi-
cantly delayed in CD5" me”/me” mice in comparison
to me”/me” mice. At 9 weeks of age, this difference was
evident grossly at the time of necropsy. Lungs of
me®’/me® mice were mottled tan in color and firm,
while lungs of CD5™" me”/me” mice resembled the
lungs of wild type mice and were compliant and
evenly light pink in color. Histologically, the me®/me"
mice showed rapid increase in severity of acidophilic
macrophage pneumonia [53, 54]. Moderate disease
was evident by 4 weeks of age in me”/me” mice and
pneumonia was severe by 9 weeks. Pulmonary lesions
were minimal or absent in CD5™/ me®/me” mice at 4
weeks of age, and by 9 weeks of age, only mild
peribronchiolitis or pneumonitis was observed (Fig-
ure 2A). By 21 weeks of age, most CD5™ me®/me”
mice developed mild to moderate acidophilic macro-
phage pneumonia, while one CD5™" me”/me” mouse
necropsied at 43 weeks of age had only mild pulmon-
ary disease (data not shown).

Spleens in CD5™ me”/me” mice were markedly
enlarged. Spleen weight expressed as a ratio of spleen
to body weight (S:B"') was increased 42% in CD5™*"
me”/me” mice in comparison to me”/me” mice (P<0.05)
at 9 weeks of age. The S:B™" of me”/me” mice at 9
weeks of age was increased almost seven fold over a
control group of +/+ and +/? mice combined (data
not shown). The S:B** of both CD5" me?/me’ mice
and me”/me” mice increased with age from 5-18
weeks, while in +/? and CD5™# +/? mice, this ratio
did not change significantly with age. The spleens in
CD5"" me” /me” mice at 9 weeks of age had poorly
defined follicles and contained numerous multinucle-
ated giant cells with abundant cytoplasm. While the
splenic follicles of me”/me” mice were poorly deline-
ated, the spleens lacked the extensive granulomatous
lesions, consisting of multinucleated giant cells, found
in CD5™"" me”/me® mice (Figure 2B). With increasing
age, multinucleated giant cells in CD5™" me®/me”
mouse spleens became even more abundant, while the
relative number of these cells in spleens of me”/me®
mice increased only slightly.

The livers in CD5™/ me”/me” mice showed marked
extramedullary myelo- and erythropoiesis at 9 weeks
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of age. In contrast, the livers in me”/me” mice exhib-
ited only mild extramedullary hematopoiesis (EMH),
mostly myeloid in nature (Figure 2C). By 16 weeks of
age, EMH in livers of CD5™" me? /me® mice had

increased considerably, while EMH in livers of me”/
me” mice remained mild to moderate (data not
shown).

CD5"" me”/me” mice did not develop hyperplasia
of the non-glandular stomach, a feature commonly
seen in me®/me” mice at 9 weeks of age. Inflammation
of the glandular stomach was observed in both
CD5™" me®/me® mice and me®/me” mice (data not
shown). Renal glomeruli of CD5™" me”/me” mice
were enlarged and increased in cellularity at 9 weeks
of age, indicating a mild membranoproliferative
glomerulonephritis. The me”/me® mice showed
glomerulonephritis, but the condition was less
severe (data not shown). Immune complexes were
detected in the glomeruli of both CD5™" me°/me” and
me”/me” kidneys by PAS staining and by immuno-
histochemistry using anti-mouse Ig (data not shown).
Blood urea nitrogen (BUN) levels were not signifi-
cantly elevated in either CD5" me”/me” or me®/me’
mice ranging from 6 to 12 weeks of age (data not
shown).

Flow cytometry analyses of cell populations

The observed splenomegaly in CD5™ me”/me’ and

me”/me” mice was accompanied by a significant
increase in total numbers of nucleated cells in the
spleen in comparison to CD5™" +/? and +/? mice,
respectively (P<0.05), as expected. Average numbers
of nucleated splenocytes in CD5™ me’/me’ were
increased in comparison to me”/me” mice, but the data
lacked statistical significance. An elevation in the
number of splenic myeloid cells contributes to the
splenomegaly observed in me”/me” mice. While an
increase in ratio of spleen weig)ht to body weight
(SBYY) was observed in CD5"™" me’/me” mice in
comparison to me’/me® mice, the reduction in pul-
monary inflammation observed in CD5™ me®/me”
mice suggested a general decrease in myeloid cells
numbers. To determine the proportions of cell popu-
lations present in the spleens of CD5"“" me”/me” mice,
flow cytometric analysis was performed.

Figure 2. Photomicrographs of tissue sections from 62-64-
day-old (B6;129) mice, genotypes as labeled. A. Lung shows
severe eosinophilic macrophage pneumonia in me®/me®
mice, in contrast to minor peribronchiolar aggregation of
lymphocytes in CD5"“" me”/me” mice and normal appear-
ance in +/me” control mice. B. Spleens of me”/me’ and
CD5™" me”/me” mice have poorly defined lymphoid fol-
licles that are markedly depleted of lymphoid cells. Spleens
of CD5™" me/me” mice contain many multinucleated
giant cells (arrows) that are not present in me®/me®
spleens. In +/me” mice, spleens reveal well developed
follicles. C. Livers of me”/me” mice exhibit mild extramed-
ullary hematopoiesis, mostly myeloid in nature. In contrast,
high levels of extramedullary myelo- and erythropoiesis
are evident in livers of CD5"" me”/me” mice. The +/me”
livers appear normal. All tissues were fixed in Fekete’s
acid alcohol formalin and stained with hematoxylin and
eosin.
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Table 1. Flow cytometry analyses of spleen cells from 9~12-week-old (B6;129) CD5™" me"/me" mice

. (B6;129) (B6;129) (B6;129) (B6;129)
Cell population me®/me°® CD5™" 1me® fme® +/? CD5"™1 4 /2
CD3(+) CDA4(+) 8.9+1.0 32+1.5% 16.1+1.8 17.5+3.5
CD3(+) CD8(+) 26+0.8 1.1+0.5 8.2+1.0 9.9+1.1
Mac-1(+) Gr-1(+) 40.2+3.0 14.2+2.5* 6.1+1.2 51+1.7
Mac-1(+) Gr-1(-) 212434 29.9+3.9 12.5+7.9 15.7+5.4
Mac-1(-) Gr-1(+) 47+15 1.1+0.4* 43+0.6 6.3+2.0
IgM(+) B220(+) 19.5+2.2 7.1+£2.7*% 56.1+5.2 52.4+52
"B-1 cellst (as % of total B-cells) 79.6+5.0 83.6+5.7 5.4+0.6 6.6+0.6
Ter119(+) 12.6+2.9 56.2+7.8* 22+1.1 2.2+0.8
Mean # of nucleated spleen cellsx 108 3.4+0.6 4.4+0.7 1.7+0.3 1.1+0.1

Data are expressed as a mean percent+SEM.

1n=6 for (B6;129) CD5™! me®/me; n=>5 for (B6;129) me*/me’; n=4 for (B6;129) CD5*/* +/? and (B6;129) +/?2.
*Indicates significant (P<0.05) difference in spleen cell populations between CD5"*" me“/me® and me®/me” mice.

B-1 cells were identified as IgM"#", CD19*, CD43".

Table 2. Peripheral blood analysis of 9-12-week-old CD5™" me"/me" mice

. (B6;129) (B6;129) (B6;129) (B6;129)
Cell population me®/me®  CD5™ me/me” +/? CD5™ 4 /?
Erythrocytes (x10° cells/ml) 7.0+0.6 6.4+0.4 9.3+0.8 9.7+0.7
Leukocytes (x10° cells/ml) 16.6+3.0 14.2+£2.0 75+0.8 9.1x14
Hematocrit (%) 44.0+2.8 39.4+1.4 50.3+1.5 51.5+0.7
Reticulocytes (as % of total red blood cells) 17.3+4.5 30.3+£5.2* 29+0.1 2.8+0.2

Data are expressed as stated+SEM.

n>3 for reticulocyte percentages; n>6 for all other assays.

*Indicates significant (P<0.05) difference in peripheral blood cell populations between CD5"“" me“/me” and

me®/me® mice.

Percentages of splenic Mac-1" Gr-1" monomyeloid
cells were significantly reduced in CD5" me®/me”
mice compared to me”/me” mice, as were percentages
of IgM™ B220" B-cells and CD3" CD4" T-cells (Table
1). However, CD5™" 1me” /me® mice had a significant
increase in percentages of splenic Ter119" erythrocyte
precursor cells compared to me”/me” mice, suggesting
that the augmented splenomegaly in CD5™ me”/me”
mice is a result of an increase in erythropoiesis.

To determine whether CD5 is necessary for devel-
opment of B-1 cells, percentages of these cells were
determined using antibodies against IgM, CD43 and
CD19. Percentages of IgM™* B220™ B-cells that had a
B-1 phenotype did not vary significantly between
CD5™" me”/me” mice and me®/me’ mice, indicating
that CD5 expression is not required for development
of the B-1 cell population.

Total nucleated cell numbers in the spleen did not
change significantly with age in CD5™" me®/me",
me® /me®, CD5™ +/2 or + /2 mice. The only significant
change in percentages of spleen cell populations in
CD5"™" me°/me” with age was a decrease in the
percentage of Mac-1" Gr-1" cells (P<0.05) in 15-18-
week-old mice in comparison to 9-12-week-old mice
(data not shown). In contrast, several significant dif-
ferences were seen when comparing spleens from

9-12-week-old me”/me” mice to spleens of 15-18-
week-old me’/me’ mice. Percentages of CD3" CD4"
T-cells, Mac-1*" Gr-1" cells and IgM™ B220" B-cells
were lower in 15-18-wk-old me”/me” mice when com-
pared to 9-12-wk-old me”/me” mice (P<0.05), while
the percentage of Ter119™ cells was increased (P<0.01)
(data not shown).

Peripheral blood analysis

Analysis of reticulocyte levels in peripheral blood
showed a significant increase in reticulocyte percent-
ages in CD5™" me”/me” mice when compared to
me”/me” mice (P<0.05) (Table 2). Reticulocyte percent-
ages of both me”/me” and CD5™" me®/me” mice were
significantly higher than in wild type controls
(P<0.05). In contrast, peripheral blood red cell num-
bers were significantly reduced in both CD5"" me”/
me” and me”/me” mice in comparison to wild type
(+/+ and +/?) controls at 9-12 weeks of age (P<0.05).
Although there was a significant increase in numbers
of Ter-119* splenic nucleated erythroid cells in CD5™
me”/me” mice in comparison to me”/me” mice (Table
1), there was not a correspondinlg increase in periph-
eral erythrocyte counts in CD5" me”/me” mice (Table
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2). Moreover, there were no significant differences in
peripheral erythrocyte or leukocyte counts between
CD5"" me’/me’ and me®/me” mice, although the
average erythrocyte and leukocyte numbers as well as
hematocrit percentages were slightly lower in CD5™/!
me”/me” mice in comparison to me”/me” mice. Hema-
tocrit percentages of me”/me” mice were lower on
average than those of wild type (+/+ and +/?) mice,
but the difference lacked statistical significance by a
small margin (P=0.055). Although the decrease in
hematocrit percentages of CD5™ me’/me” versus
me”/me” mice was also not statistically significant,
CD5™" me”/me® mice did have significantly lower
hematocrits than +/+ or +/? mice (P<0.0001). Eryth-
rocyte mean cell volumes (MCV) did not differ signifi-
cantly in any of the genotypes studied (data not
shown). Peripheral blood leukocyte numbers were
comparably increased in both CD5™" me”/me” mice
and me’/me’ mice compared to wild type controls.
The majority of these cells were monocytes and granu-
locytes (data not shown). There was no significant
difference in either leukocyte or erythrocyte numbers
in CD5™!" +/? mice versus wild type +/? mice.

Serum Ig levels

B-cells in me®/me” mice are hyperresponsive to stimu-
lation through the B-cell receptor (BCR) [55]. This
hyperreactivity to BCR mediated signals in the
absence of SHP-1 helps explain the otherwise counter-
intuitive observation that serum levels of IgM and IgG
in me®/me” mice are significantly higher than in wild
type mice, while their mature B-cell numbers are
reduced. Since CD5™" me”/me” mice have signifi-
cantly fewer B-cells than me”/me” mice, we assayed
serum Ig levels in CD5™" me”/me” and control mice
(Figure 3).

IgM levels were increased over 30 fold in me”/me®
mice when compared with wild type (+/+ and +/me”)
mice. In CD5™" me”/me” mice, IgM levels were 70%
lower than in me”/me” mice but still almost 10 fold
higher than in wild type (+/+ and +/me”) mice.
Although previous reports have indicated that serum
IgG1 levels in C57BL/6]-me”/me” mice are not signifi-
cantly elevated over normal while serum IgG3 levels
are significantly elevated in comparison with litter-
mate controls [28], we found the opposite in our
studies. IgG1 levels were 2.5 times higher in the serum
of me”/me” mice than in +/? littermates. These levels
were lower in CD5™! me”/me” mice than in me®/me"
mice, but the change was not statistically significant.
No significant variation was observed in IgG3 levels
between mutant and control mice.

It is interesting to note that levels of IgGl were
significantly reduced in CD5™" +/? mice in compari-
son to +/? mice with a functional CD5 gene. Produc-
tion of IgGl is T-cell dependent and CD5 expression
by T-cells may be required to induce class switching
or secretion of IgG1. Levels of IgM and IgG3 were
lower in CD5™" +/? compared with +/? mice, but the
differences were not statistically significant.
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Figure 3. Serum Ig levels. Levels of serum IgM are signifi-
cantly reduced in CD5" me”/me” mice in comparison to
me”/me” mice (p<0.05). Absence of CD5 did not result in a
significant reduction of IgG1 levels or IgG3 levels in CD5™"
me® /me” mice in comparison to me®/me” mice. CD5"" +/?
mice showed a consistent reduction in Ig levels in compari-
son to wild type (+/?) mice. However, the difference was
only statistically significant when comparing IgG1 levels of
CD5™"" +/? mice versus +/? mice with intact CD5.

Autoantibody assays

To assess the presence of autoantibodies in CD5™
me®/me’ and me”/me’ mice, serum levels of anti-
double stranded DNA (anti-dsDNA) and anti-histone
antibodies were assayed by ELISA. Levels of these
autoantibodies were elevated in the serum of both
CD5™" me® /me® and me®/me” mice, when compared
to wild type (+/+ and +/me”) controls (data not
shown). In contrast to Ig)M levels, that were signifi-
cantly reduced in CD5™" me”/me” mice when com-
pared to me”/me” mice, levels of both anti-dsDNA and
anti-histone antibodies did not vary significantly
between CD5™ me®/me® and me®/me® mice. Levels
of anti-histone and anti-dsDNA antibodies in CD5"“!
+/? mice showed no variation from +/+ and +/me°
controls (data not shown).

Anti-phosphotyrosine Western blotting

Variation in levels of tyrosine phosphorylation
between two experimental samples can indicate a
possible alteration in cell signaling. In order to explore
whether the pathological changes observed in CD5""
me”/me” mice compared with me”/me’ mice were
accompanied by a difference in tyrosine phosphoryl-
ation, we examined total splenic protein by anti-
phosphotyrosine western blotting (Figure 4). Spleen
cell lysates were analyzed from mice at 12-15 weeks of
age as well as from mice at 5-8 weeks (data from
younger mice not shown). In me®/me” mice at 12-15
weeks of age, there was an increase in tyrosine
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Figure 4. Characterization of tyrosine phosphorylation of
proteins in spleen cell lysates. Spleen cell lysates from
male C57BL/6J-CD5"" me®/me® and C57BL/6J-me’/me’
mice at 4 months of age were analyzed by SDS-PAGE/
immunoblotting with anti-phosphotyrosine antibody. The
positions of protein size markers (kDa) are indicated on the
left. Arrows indicate bands that exhibit enhanced tyrosine
phosphorylation in C57BL/6]-me”/me” mice in comparison
to C57BL/6]-CD5™" me” /me” mice.

phosphorylation of proteins in the range of 28-45 kd.
Highly phosphorylated proteins in this range were
not seen in CD5™" me”/me” mice of any age, nor were
they seen in younger me”/me” mice.

Bone marrow macrophage cultures

Further support of the hypothesis that CD5 on
macrophages plays a role in the development of the
macrophage pneumonia seen in me”/me” mice
required confirmation of the presence of CD5 directly
on macrophages. Takahashi ef al. [56] reported devel-
opment of CD5 expression on macrophages in cell
cultures grown with CSF-1 or GM-CSEF. To verify this,
we established cultures of bone marrow cells from
C57BL/6]-me’/me” mice as well as from C57BL/6]J-+/
? controls and from C57BL/6]-CD5"" mice. Cultures
were grown in the presence of either Rhu-CSF-1 or
Rmu-GM-CSF. Adherent and non-adherent cells from
cultures had similar cell surface marker expression
profiles and were pooled for analysis. Flow cytometric
analysis revealed that both C57BL/6]-+/? and C57BL/
6]-me°/me® bone marrow contained cells that
expressed CD5 after 7 days of culture with either 500
or 1000 units per ml of CSE-1 or GM-CSEF (Figure 5).
There was no difference in percentages of CD5" cells
with various amounts of cytokine, so results were
pooled. Table 3 shows the mean results of three
separate experiments. Following stimulation with
GM-CSE, >90% of bone marrow cells that expressed
CD5 were found to co-express Mac-1. Bone marrow
from CD5™" mice grown under similar conditions,
as expected, did not express CD5. Under all
conditions, Gr-1 was expressed on <1.3% of CD5"
cells, and <0.9% of CD5" cells expressed CD19 or
CDa3.
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Figure 5. Expression of CD5 on bone marrow cells grown in
culture for 7 days with 1,000 units per ml GM-CSF. Top
panel shows expression of CD5 on me”/me® cells, bottom
panels shows lack of CD5 expression on CD5"' cells. Dead
cells were gated out using propidium iodide exclusion. Live
cells were analyzed for CD5 expression. Numbers shown
are percentages of CD5™ cells.
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Discussion

This study focused on the role of CD5 in immun-
opathologic changes in me”/me” mice. Absence of CD5
expression in me”/me” mice resulted in significantly
increased lifespan and numerous phenotypic changes
in comparison to me’/me® mice with an intact CD5
gene. This increased longevity of CD5™! me”/me"
mice was associated with a marked delay in develop-
ment of pulmonary disease in these mice when
compared to me”/me” mice. The reduced levels of
macrophage infiltration in the lungs of CD5™" me”/
me” mice were associated with a significant decrease
in myeloid cell numbers in the spleen. Although the
reduced acidophilic macrophage pneumonia may be a
consequence of altered interactions of B- or T-cells
with myeloid cells due to the absence of CD5 on the
surface of the lymphocytes, mature B- and T-cells are
not necessary for the development of pulmonary
inflammation in viable motheaten mice [57]. Thus, the
absence of CD5 function alone in either B- or T-cells
would be unlikely to lead to such dramatic reduction
of lung lesions as well as reduced myeloid cell
populations in CD5™" me®/me” mice.

Recently, CD5 has been found to be constitutively
expressed on a population of macrophages in me”/me"
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Table 3. Flow cytometry analysis of bone marrow cultures

Cytokine CSF-1 GM-CSF

Genotype +/? me®/me® +/? me®/me°®
Percent of total cells that are CD5* 6.1+1.1 5.6+0.9 4.0+2.7 9.7+2.7
Percent of CD5™ cells that are Mac-1" 49.1+8.1 51.2+6.3 61.8+10.0 92.7+3.0*

Data are expressed as a mean percent+SEM.
n>5.

*Indicates significant (P<0.01) difference in percent of CD5" cells expressing Mac-1 between me“/me’ cultures
grown with GM-CSF and +/? cultures grown with GM-CSF as well as +/? and me‘/me® cultures grown with

CSF-1.

mice [11]. CD5" macrophages can be induced in the
peritoneal cavity of wild type mice by treatment with
high levels of GM-CSE. This cytokine is elevated in
peritoneal fluid of me”/me” mice [56], and myeloid
cells from me”/me” mice show enhanced signaling
through the GM-CSF receptor [7]. Our observation
that CD5™!" me®/me® mice have reduced numbers of
splenic myeloid cells and less severe myeloid cell
mediated pulmonary lesions compared with me”/me®
mice may indicate a role for CD5 in response of cells
to myeloid growth factors such as GM-CSF. We con-
firmed the development of CD5" macrophages in
cultures of bone marrow from both me”/me” and wild
type mice supplemented with either GM-CSF or
CSF-1, providing support for the hypothesis that CD5
expression is involved with development or activation
of macrophages through myeloid growth factor recep-
tors. Although bone marrow cells from CD5™ mice
grown in culture with GM-CSF or CSF-1 lacked CD5
expression, myeloid cell antigen (Mac-1 and Gr-1)
expression profiles on these bone marrow cells were
similar to cells from mice with an intact CD5 gene
(data not shown). Additionally, no quantifiable or
qualifiable differences were apparent in colony assays
of bone marrow cells from CD5™" me”/me” mice or
me”/me” mice grown in methylcellulose media with
either CSF-1 or GM-CSF (data not shown). This data
suggests that CD5 may play a role in later stages of
myelopoiesis.

For many years, the presence of a common progeni-
tor for B-cells and macrophages has been suggested
[58-61]. Reports of biphenotypic B/macrophage cells
have appeared in current literature [62-64] and CD5"
B-cells have been shown to develop macrophage char-
acteristics [65, 66], often in association with B-cell
malignancy [67, 68] (reviewed in Borrello and Phipps
[61]). It has been shown that treatment of wild type
mice with GM-CSF resulted not only in an increase in
numbers of CD5" macrophages, but also in an elev-
ation in numbers of CD5" hematopoietic progenitor
cells and CD5" B-cells [56], supporting the presence of
a common precursor for CD5" (B-la) B-cells and
CD5" macrophages. Lack of CD5 on biphenotypic
B/macrophage cells or on macrophages believed to
have evolved from B-1 B-cells may contribute to the
reduced severity of lung lesions seen in CD5™/
me”/me” mice in comparison to me’/me’ mice. CD5

expression may play a role in lineage commitment,
possibly through altering responses to growth factors
as suggested above.

There are three reported ligands for CD5 that are
expressed on B-cells. These ligands include CD?72,
CD5 ligand, and cell surface Ig. Interactions between
CD5 and these ligands are thought to play a role in
communication between T and B-cells. CD72 is
expressed constitutively on B-cells [69, 70], while CD5
ligand (CD5L, gp40-80) is expressed on activated B
lymphocytes in the spleen [71] and is constitutively
expressed on peritoneal B-cells and B lymphoma cell
lines [72]. Poposil et al. [73] suggested that CD5 can
also interact with certain sequences in the VH frame-
work of cell surface Igs. Ligation of T-cell surface CD5
to gp40-80 on B-cells has been implicated in the
stimulation of B-cell proliferation through the gp40-80
receptor [72].

Until recently, CD5 ligands were reported to be
present only on B-cells. However, several studies have
now provided evidence that CD5 ligands are present
on a variety of cell types in addition to B-cells,
indicating that the interaction of CD5 with its various
ligands may play a more diverse role in cellular
communication than is currently thought. Agostini et
al. reported the presence of CD72 on alveolar macro-
phages isolated from human sarcoidosis patients [74].
A recombinant soluble protein based on the human
CD5 extracellular region has been reported to bind to
a variety of cells of myeloid as well as lymphoid
origins [75], indicating the presence of a novel, wide-
spread CD5 ligand. Just as CD5" B-cells also express
CD?72, it is possible that a CD5 ligand is expressed on
certain monomyeloid cells and that it may play a role
in the activation of these cells through binding with
CD5. Alternatively, interaction of CD5 with an
unknown ligand could be involved in adhesion of
monomyeloid cells to other cell types. The extra-
cellular region of CD5 is closely homologous to that of
CD6 [76], a scavenger receptor family member
involved in cell-cell adhesion through its ligand,
CD166 (ALCAM) [77, 78]. Interactions of CD5 with
as yet unidentified ligands may be responsible for
accumulation of macrophages in the lungs of moth-
eaten mice due to dysregulated adhesion rather than
solely dysregulated proliferation of pulmonary
macrophages.
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Red cells and mature myeloid cells arise from a
common multipotential precursor, termed CFU-
GEMM based on the ability of these progenitor cells to
form granulocyte, erythroid, monocyte and mega-
karyocyte colonies in culture in response to the appro-
priate cytokines. CFU-GEMMs can differentiate into
either erythroid burst forming units (BFU-Es) in the
presence of erythropoietin (Epo), or into granulocyte/
macrophage colony forming units (CFU-GMs) in the
absence of Epo but in the presence of myeloid growth
factors such as GM-CSE. Spleens of me”/me” mice have
previously been reported to contain high numbers of
CFU-GM s in comparison to wild type mice, while the
frequency of CFU-GMs in the bone marrow is similar
in me”/me” and wild type mice [12]. SHP-1 is involved
in the negative regulation of Epo mediated signals
[79]. Both bone marrow and spleens of me”/me” mice
contain increased numbers of erythroid precursors
(CFU-Es) in comparison to wild type controls. CFU-Es
from me”/me” mice are hyperresponsive to Epo and a
subpopulation of me”/me” CFU-Es has lost their
dependence on exogenous Epo [12]. The increase in
red cell precursors with a corresponding decrease in
relative numbers of granulocytes in spleens of CD5™*
me”/me” mice versus me”/me” mice suggests the possi-
bility that CD5 plays a significant role in the myeloid
differentiation pathway in the absence of SHP-1. Dys-
regulated Epo signaling resulting from the absence of
SHP-1 accompanied by insufficient myeloid growth
factor mediated signals in the absence of CD5 could
potentially explain the apparent shift from myelo- to
erythropoiesis observed in CD5™" me”/me® mice in
comparison to me’/me” mice. The lack of CD5 may
cause changes in lineage commitment in the myeloid/
erythroid branch of cellular development as a result of
a reduced response to myeloid growth factors.

Although CD5 has been reported to be a negative
regulator of signaling through both the T-cell receptor
[19] and the B-cell receptor [80], earlier studies indi-
cated a costimulatory role for CD5 in TCR signal
transduction [81-83]. Recently, additional studies
have corroborated the reports of CD5 providing posi-
tive signals in both B- and T-cells, through a distinct
cascade of second messengers including acidic sphin-
gomyelinase and protein kinase C-{ [84]. Our finding
that proteins in the range of 28-45kd showed
increased phosphorylation on tyrosine residues in
spleens of older me’/me’ mice but not in CD5™"
me” /me” mice of the same age may provide additional
evidence of a significant role in signaling for CD5. In
the absence of the negative regulatory effects of
SHP-1, the signals conveyed through CD5 may result
in the phosphorylation of one or more novel signaling
molecules in the 28-45kd range. Identification of
these molecules could help further elucidate the re-
lationship between CD5 and SHP-1 and facilitate the
resolution of the pathways in which these molecules
interact.

Clear examination of the role of CD5 in the devel-
opment of viable motheaten pathological lesions is
problematic on the (B6;129) segregating background.
A polymorphic variation between 129 and C57BL/6]
linked to the CD20 (Ms4a2) gene, which maps near the

CD5 locus, has been shown to affect peritoneal B-1 cell
populations [85]. Although the phenotypic differences
observed in (B6;129)-CD5™" me®/me® mice in com-
parison to (B6;129)-me”/me” mice do not appear to be
related to reduced B-1 cell numbers alone, the effect of
strain specific polymorphisms is an important consid-
eration in analyzing any targeted mutation on a seg-
regating background. We have recently completed
backcrossing the CD5 mutation on to the C57BL/6]
background and have developed a colony of inbred
C57BL/6]-CD5™"" me” /me” mice. Spleen cell lysates
from C57BL/ 6]-CD5”“” me®/me’ and C57BL/6]J-me’/
me” mice were utilized in the o or anti-
phosphotyrosine western blots shown in Figure 4.
This experiment mirrored what was seen in extensive
western blotting studies using (B6;129)-CD5™ me”/
me” mice and (B6;129)-me”/me” mice. We are currently
in the process of expanding our colony of C57BL/6]J-
CD5™" me’/me” mice. With these mice, we will
re-examine the immunopathologic changes observed
in our previous studies using (B6;129) mice, as well as
continue our investigation into the signaling altera-
tions suggested by our reported western blotting
results. Confimation of the role of CD5 in immuno-
pathologic changes in me”/me” mice using inbred
C57BL/6]J-CD5™" me”/me’ mice will mitigate the
complications of variability associated with back-
ground modifying genes and polymorphic diversity.
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