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Background: A polymorphism in exon 4 (C77G) of CD45
that alters CD45 splicing has been associated with auto-
immune and infectious diseases in humans.
Objective: To investigate the effect of C77G in hepatitis C
virus (HCV) infected individuals and study the phenotype and
function of peripheral blood mononuclear cells (PBMC) from
healthy and hepatitis C infected C77G carriers.
Results: C77G individuals showed an increased proportion
of primed CD45RA and effector memory CD8 T cells and
more rapid activation of the lymphocyte specific protein
tyrosine kinase (Lck) following CD3 stimulation. Transgenic
mice with CD45 expression mimicking that in human C77G
variants had more activated/memory T cells, more rapid
proliferative responses, and activation of Lck.
Conclusions: Changes in CD45 isoform expression can alter
immune function in human C77G variants and CD45
transgenic mice. The C77G allele may influence the outcome
of HCV infection.

T
he leucocyte common (CD45) antigen is a transmem-
brane tyrosine phosphatase expressed on all nucleated
haemopoietic cells.1 2 CD45 is essential for efficient T and

B cell antigen receptor signal transduction, and Src family
kinases are its primary targets. Multiple CD45 isoforms are
generated by alternative splicing of exons 4 (A), 5 (B), and 6
(C) of the extracellular domain of the molecule. In man,
naive T lymphocytes express high molecular weight (MW)
isoforms containing the A exon (‘‘CD45RA’’ cells) but
following activation the low MW 180 kDa isoform is
expressed (‘‘CD45RO’’cells) and maintained on the majority
of primed (memory) cells.3 Although CD45 alternative
splicing is highly conserved among vertebrates4 the function
of different isoforms and the regulation of CD45 activity
remain unclear.

Mutations in CD45 leading to failure of CD45 expression
are a cause of severe combined immunodeficiency (SCID) in
humans.5 6 More recently single nucleotide polymorphisms
(SNPs) in CD45 that alter splicing have been described and
are associated with infectious and autoimmune diseases.7–12

The exon 4 C77G transversion is a point mutation in a splice
silencer region of the exon13 14 and individuals with C77G
cannot splice out exon 4 normally so that their activated/
memory lymphocytes co-express CD45RA and CD45RO
instead of CD45RO only. Although individuals heterozygous
for the C77G allele are relatively rare (allele frequency from
0% to 3.5% in Europe and North America),8 9 15 the C77G
variant is associated with multiple sclerosis in German7 and
Italian16 studies but not in Swedish and North American
cohorts.15 17 An increased frequency of C77G has been
found in HIV infection,8 autoimmune hepatitis,18 systemic

sclerosis,19 and Langerhans cell histiocytosis.11 No homozy-
gotes have been reported.

Several other rare CD45 polymorphisms have been
reported in Italy,20 and a new exon 4 (A54G) allele in
Ugandan Africans (allele frequency 1.3%) is present with
possibly increased frequency amongst HIV seropositive
individuals.10 In contrast, the exon 6 A138G polymorphism
is present at a high frequency (22.8%) in the Far East9 and
promotes splicing towards low MW CD45 isoforms, resulting
in an increased proportion of activated CD45RO cells and an
increase in interferon c (IFNc) producing T cells. The A138G
allele shows a protective effect in Graves’ disease and
hepatitis B virus infection.12

These studies indicate that CD45 is an immunomodulatory
gene and that altered CD45 isoform expression can have
profound effects on immune function, autoimmunity, and
viral infections. Here we investigated the effect of C77G in
HCV infected individuals and studied the phenotype and
function of peripheral blood mononuclear cells (PBMC) from
healthy and hepatitis C virus (HCV) infected C77G carriers.
We also constructed a CD45RABC/+ transgenic (Tg) mouse
model for C77G CD45 aberrant expression. Our results
suggest that changes in CD45 isoform expression can alter
immune function in human C77G carriers and CD45 Tg mice.

METHODS
Materials
DNA or serum samples from 775 white patients with
hepatitis C infection were obtained from the Trent Hepatitis
C Cohort Study21 (369 patients) and from the HENCORE
cohort (406 patients).22 23 In all, 616 patients were HCV RNA
positive (persistently infected) and the remaining 159 were
HCV RNA negative (resolvers). Among the 775 patients, 62%
were male and 38% female. Fibrosis (mild ,2 v severe .3)
and necroinflammation (mild ,5 v severe .5) were scored
using Ishak’s modification of the histology activity index.
Information about interferon response (responders v non-
responders) was available on subsets of patients from the
HENCORE cohort. None of the patients in the HENCORE
cohort was co-infected with HIV. There were no known HIV
infected patients in the Trent cohort, although not all of them
had been tested for HIV infection. As control we used 627
genomic DNA samples from healthy white British individuals
(obtained from local blood donor banks (446 samples) or
healthy donor volunteers (181 samples)), some of which
have been described previously.8 9

Functional and phenotypic analysis was undertaken on
cryopreserved PBMC from healthy C77G and control C77C
individuals obtained from blood donor banks. C77G and

Abbreviations: HCV, hepatitis C virus; HENCORE, Hepatitis C
European Network for Cooperative Research; Lck, lymphocyte specific
protein tyrosine kinase; PBMC, peripheral blood mononuclear cells;
SNP, single nucleotide polymorphism; TcR, T cell receptor
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C77C control hepatitis C PBMC samples were obtained from
the Trent cohort. Age matched C77G and controls samples
used in proliferative responses to mitogens and tetanus
toxoid were between 20 and 58 years of age. The relevant
local research ethics committees approved the collection of
DNA samples and blood samples for functional experiments.

C77G genotyping
The C77G mutation was detected using alkaline mediated
differential interaction (AMDI), which is based on the
alkaline mediated detection of amplification refractory
mutation system (ARMS)–polymerase chain reaction (PCR)
products of two separate reaction mixes.9 The HENCORE
samples were genotyped using the Sequenom Mass-ArrayH
MALDI-TOF primer extension assay,24 (http://www.seque-
nom.de/) under standard conditions. Primers for C77G were
P1: ACG TTG GAT GCT TTC AAG TGA CCC CTT ACC, P2: ACG
TTG GAT GGT TGT GGT CTC TGA GAA GTC and extension P:
CCA CTG CAT TCT CAC C. Sequenom and AMDI gave
identical C77G frequencies.

CD45RABC/+ transgenic mice
We have previously described mice expressing a CD45RABC
transgene on a CD452/2 background.25 We generated
CD45RABC/+ mice by breeding single isoform CD45RABC Tg
mice on a CD452/2 background with C57Bl/6 mice. The
presence of the CD45RABC transgene in the F1 crosses was
detected by PCR on tail genomic DNA, using forward 59-GAG
CTC AGA ATC AAA AGA GGA-39 and reverse 59-TAA TTC
ACA GTA ATG TTC CCA AAC ATG GC -39 primers generating
a 1000 base pair (bp) product. All mice were bred in the
specific-pathogen-free facilities of the Institute for Animal
Health, Compton, UK and used for experiments at six to eight
weeks of age unless otherwise stated. All experiments fully
complied with relevant Home Office guidelines and were
approved by the animal ethics committee of the Institute for
Animal Health.

Flow cytometric analysis
Surface phenotypic analysis was carried out on cryopreserved
PBMC from healthy C77G carriers and C77C controls: 26105

PBMC were stained with either allophycocyanine (APC)
conjugated CD4 (S3.3, Caltag, Silverstone, UK) or CD8-APC
(clone RPA/T8), along with fluorescein isothiocyanate (FITC)
conjugated CD45RA (clone HI100) and phycoerythrin (PE)
conjugated CD45R0 (clone UCHL1) monoclonal antibodies
(mAbs) in a single step at 4 C̊ for 20 minutes, and washed
with phosphate buffered saline (PBS) containing 0.2% bovine
serum albumin. The following reagents and antibodies were
also used to stain cell suspensions: CD11a-FITC (G43-25B),

CD28-FITC (CD28.2), CD62L-FITC (Dreg56), CD69-FITC,
CCR7 (2H4). Murine lymphocytes were stained with CD4-
FITC (GK1.5), CD8-PerCP(53-6.7), CD44-PE (IM7), and
CD122-PE (Tm-b1) all from BD Biosciences, Oxford, UK,
and CD62-L (Mel-14) from Caltag, Silvertone, UK.

Proliferative responses of human PBMC and murine
lymph node cells
Human PBMC were plated at 26105cells/well into 96-well
flat bottom plates and stimulated with anti-CD3 (clone
UCHT1-2a, at varying concentrations), PMA (50 ng/ml) and
ionomycin (0.5 mg/ml) or 5 mg/ml tetanus toxoid. Lymph
node cells of CD45+/+, CD45+/2, and CD45RABC/+ mice were
plated at 26105 cells/well into round bottom 96-well plates.
For TCR-CD3 cross linking, the plates were coated overnight
at 4 C̊ with varying concentrations (from 0 to 10 mg/well) of
anti-mouse CD3e (clone 145-2C11, BD Biosciences) in the
presence or absence of 2 mg/well of CD28 (clone 37.51, BD
Biosciences) and washed three times before incubation with
the T cells. Cells were harvested at various intervals (24 to
148 hours) after a 12 hour pulse with 1 mCi of [3H] thymidine
per well. Early activation was also assessed following CD3
stimulation by harvesting cells at one to five hours and
staining with CD69 antibody.

Western blot analysis
Human PBMC or murine lymph node cells were stimulated
with appropriate anti-CD3 antibodies at 2 mg/ml for varying
times. For total protein extraction, cell lysis (26106 cells/ml)
was undertaken in RIPA (radio-immunoprecipitation assay)
buffer (PBS, pH 7.4, 1% NP-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulphate (SDS),10 mM NaF, and
0.5 mM phenylmethanesulphonyl fluoride (PMSF)), con-
taining protease and phosphatase inhibitors (protease inhi-
bitor cocktail and phosphatase inhibitor cocktail 2; Sigma-
Aldrich, Poole, UK), on ice at 4 C̊ for 30 minutes. Insoluble
materials were removed by centrifugation (15 0006g for
10 minutes at 4 C̊) and the total protein concentration was
quantified by BCA protein assay (Pierce Biotechnology,
Rockford, Illinois, USA). Cell lysate proteins were analysed
by 10% SDS-PAGE (10 mg of total protein per lane),
transferred onto a nitrocellulose membrane, and immuno-
blotted using antibodies specific for lymphocyte specific
protein tyrosine kinase (Lck) (Upsate Biotechnology Inc,
New York, USA) or pY505Lck (Signalling Technologies,
Beverly, Massachusetts, USA). Immunoblotting with mono-
clonal anti-b-Actin antibody (Sigma) was used as a loading
control. Blots were developed using ECLTM donkey anti-
rabbit HRP linked F(ab9)2 fragment and ECLTM detection
reagents (Amersham Biosciences, Amersham, UK).

Table 1 Frequency of CD45 exon 4 C77G polymorphism in control and hepatitis C
infected individuals

Total
C77C (%) C77G (%)

p Value/
OR (95% CI)number F-exact

Healthy controls 627 626 (99.1) 11 (0.9) 0.035 2.1
HCV patients 775 747 (98.2) 28 (1.8) (1.0 to 4.5)

Chronic HCV 616 591 (98.0) 25 (2.0) NS NS
Resolved HCV 159 156 (99.1) 3 (0.9)

Fibrosis
Mild (,2) 294 286 (97.3) 8 (2.7) 0.01 4.1
Severe (.3) 67 60 (96.4) 7 (10.5) (1.3 to 13.3)

Necroinflammation
Mild (,5) 250 241 (96.4) 9 (3.6) NS NS
Severe (.5) 128 120 (93.7) 8 (6.3)

IFN response
Responders 164 160 (97.6) 4 (2.4) NS NS
Non-responders 45 42 (93.3) 3 (6.7)

CI, confidence interval; HCV, hepatitis C virus; IFN, interferon; OR, odds ratio.
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Statistical analysis
The distribution of genotype and allele frequencies was
analysed using standard x2 or Fisher exact tests, applying
SPSS v.12.0. A value of p,0.05 was considered significant.
The odds ratio (OR) was calculated to indicate the risk
associated and presented with 95% confidence intervals (CI).

RESULTS
Frequency of the C77G variant in hepatitis C
As we have previously shown an increased frequency of C77G
individuals among HIV patients, we analysed the frequency
of the C77G allele in a cohort of 775 white patients with HCV
infection and found 28 C77G heterozygotes (allele frequency,
1.8%)—twice as many as in the healthy UK control

population (0.9%, p = 0.035, OR = 2.1 (95% CI, 0.99 to 4.52))
(table 1). No G77G homozygotes were found in any group.
We next compared the frequency of C77G in patients with
chronic HCV infection (that is, HCV RNA positive) with
resolvers (anti-HCV positive, HCV RNA negative). We found
25 C77G heterozygotes among 616 chronic carriers (allele
frequency, 2.0%) compared with three of 159 in the resolver
group (allele frequency 0.9%), although this difference was
not significant. However, more patients carrying the G allele
presented with severe fibrosis (7 of 67) compared with those
with mild fibrosis (8 of 294), which was statistically
significant (p = 0.01: OR = 4.2 (95% CI, 1.3 to 13.3)).
Neither the severity of necroinflammation nor the response
to interferon treatment was affected by the presence of C77G.
Nevertheless these results show a significant effect of the
C77G allele on HCV incidence and the severity of the disease.

Phenotypic analysis of PBMC in C77G individuals
CD45RA and CD45R0 expression defines naı̈ve and memory
T cell subsets.3 The proportions of these subsets are altered in
C77G individuals, and more CD8 cells express high levels of
CD11a and less CD62L.11 Analysis of PBMC from 10 healthy
C77G heterozygotes and C77C controls samples showed an
increased proportion of single positive CD45RA+ T cells in
C77G individuals,11 more apparent among CD8 than CD4 cells
(mean of 78.2% single CD8+CD45RA+ cells compared with
44.3% in controls) (p = 0.001) (fig 1). Because of this, we
analysed the expression of CD11a, CD28, CD62L, and CCR7 in
the CD45RO+ and CD45RO2 subsets of CD8 cells. C77G
individuals have an increased proportion of CD282, CD62L2,
and CCR72, and more CD11hi cells, indicating an expansion
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Figure 1 Flow cytometric analysis of C77G variant individuals.
Peripheral blood mononuclear cells were stained with CD45RO-PE,
CD45RA-FITC, and either CD4 or CD8 allophycocyanin (APC)
antibodies before (A) and after (B) stimulation with phytohaemagglutinin
for 10 days. Analysis was carried out on CD4 or CD8 gated cells.
Normal expression is characterised by the loss of CD45RA and gain of
CD45RO expression upon activation. Variant C77G expression is
characterised by the absence of a single CD45RO+ population. Even
after stimulation for 10 days cells remained double CD45RA+/
CD45RO+.
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Figure 2 Expression of activation markers on CD8 cells from 10
healthy C77G and 10 C77C control individuals. Proportions of cells that
are CD11ahi, CD282, CD62L2, and CCR72 in the CD8+CD45RO2
(A) and CD8+CD45RO+ (B) cell subsets are shown. Although there is a
trend, none of the differences is statistically significant.
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of the highly differentiated primed CD8+CD45RA+ subset26

(fig 2A). There is also an increase in the proportion of effector
memory cells in the CD8+CD45RO+ subset (CD11ahi+,
CD282, CD62L2, and CCR72) (fig 2B).

Thus the most prominent effect in C77G individuals is an
increase in the proportion of single positive CD45RA+ primed
CD8 T cells.

Proliferative and signalling responses of PBMC in
C77G individuals
In order to determine whether the aberrant CD45 isoform
expression in C77G (and the presence of more activated
T cells) influences the function of PBMC, we analysed
proliferative responses and early phosphorylation events
following T cell receptor (TcR) stimulation. No differences
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Figure 3 Functional responses by peripheral blood mononuclear cells (PBMC) from C77G and control C77C individuals. (A) Mean and standard
errors of proliferative responses of 10 C77G and 10 control C77C individuals to 5 mg/ml of tetanus toxoid at various time points. Western blot analysis
of lymphocyte specific protein tyrosine kinase (Lck) and pY505Lck of healthy (B) and hepatitis C infected (C) PBMC stimulated with 2 mg/ml CD3 for the
times indicated. An equal amount of cell lysate protein (10 mg) was loaded on to each lane. The ratio of pLck to Lck at each time point is shown. Data
are representative of five healthy C77G, five healthy C77C, three hepatitis C infected C77G, and three hepatitis control C77C PBMC. (D) Kinetics of
CD69 appearance on gated CD4 and CD8 cells in two healthy C77C controls, two hepatitis C C77C, and two C77G patients.
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in the response of PBMC to CD3 or PMA (phorbol 12-
myristate 13-acetate) and ionomycin were seen between
C77G and controls (data not shown). As C77G individuals
lack the (classical) single positive memory
CD45RA2CD45RO+ cell subset, we analysed the responses
to tetanus toxoid. No differences between the C77G and
control groups were detected (fig 3A).

Although no differences in proliferative responses of PBMC
were detected, in agreement with previous studies,27 we
analysed early signalling events following CD3 stimulation.
The dominant role of CD45 is to dephosphorylate the inhibitory
tyrosine Y505 of Lck. As shown in fig 3B, pY505Lck in C77G
cells shows more rapid and greater dephosphorylation at 0.5
and 1.0 minute following CD3 stimulation (ratio of pLck/Lck
0.54 and 0.66 in C77G v 1.0 and 0.92 in control cells), suggesting
increased CD45 phosphatase activity in C77G cells compared
with C77C controls. However, this rapid activation of Lck was
not seen in three C77G and three C77C control hepatitis C
patients (fig 3C), probably because of the well known global
immunosuppressive effect of hepatitis C.28 Reduced expression
of the early activation marker CD69 following CD3 stimulation
of PBMC from hepatitis C C77G and C77C patients compared
with healthy controls supports this interpretation (fig 3D).

Thus the only functional difference we have detected to
date between C77G and C77C individuals is the more rapid
dephosphorylation of pY505Lck in healthy C77G subjects.

CD45RABC/+ Tg mice as a model for the human C77G
variant
C77G individuals cannot splice out the fourth (A) exon, and
their lymphocytes always co-express exon-A-containing
CD45 isoforms. We therefore constructed mice with one
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splicable wild type CD45 allele and a non-splicing CD45RABC
Tg. In these CD45RABC/+ mice all lymphocytes express
CD45RABC together with the CD45 isoforms generated by
alternative splicing from the wild type allele, mimicking the
pattern of expression in C77G heterozygotes.

Total CD45 expression on CD4 and CD8 lymphocytes is
very similar in CD45+/+ and CD45RABC/+ mice, and these mice
have similar numbers of T cells and an identical CD4 to CD8
ratio to CD45+/+ mice (fig 4A). As expected, the CD45RABC/+

mice expressed more A exon, particularly on CD4 cells. The
effect on CD4 cells is presumably more pronounced because
wild type CD4 cells express very low levels of CD45 RA.
However, as there are more highly differentiated T cells
among CD8 than CD4 cells in C77G humans, we examined
the expression of CD44 and CD122 as markers for activated/
memory CD8 cells in CD45RABC/+ mice. Both lymph node and
spleen showed an increased (,20%) proportion of cells
expressing CD44 and CD122 compared with control CD45+/+

mice (fig 4B). No change in the proportion of memory/
activated CD4 T cells lacking CD62L was detected (data not
shown).

Lymphocytes from peripheral and mesenteric lymph nodes
of CD45+/+, CD45+/2, and CD45RABC/+ mice were activated
with CD3. An increased proliferative response was detected in
CD45RABC/+ Tg at 24 and 48 hours, followed by a reduction at
96 hours compared with CD45+/+ or CD45+/2 mice (fig 5A).
Following CD3 stimulation there is greater dephosphoryla-
tion of pY505Lck at 0.5 and 1.0 minutes in CD45RABC/+ than
in CD45+/+ cells (fig 5B). The increased dephosphorylation
correlates with the brisk initial proliferative response and
suggests increased CD45 phosphatase activity in the
CD45RABC/+ mice.

Taken together these results suggest that changing the
balance of CD45 isoforms in CD45RABC/+ mice alters the
phenotype of CD8 cells, the proliferative responses, and Lck
activation, as in human CD45 variants.

DISCUSSION
HCV infected individuals show an increased frequency of
C77G carriers compared with healthy controls (p = 0.035,
OR = 2.1). The presence of C77G also influences the severity
of disease, as there are more C77G carriers among patients
with severe fibrosis. In the light of these observations we
tried to understand how altered CD45 expression in C77G
influences immune responses and disease. Our results
indicate that lymphocytes from C77G carriers have an altered
phenotype, particularly of CD8 cells. Although they lack
single positive CD45RA2CD45RO+ memory cells, they have
an increased proportion and absolute number of single
positive primed CD8+CD45RA+ cells (CD11hi, CD282,
CD62L2, CCR72). Development of this subset of CD8 cells
has been associated with CMV seroconversion29 and in elderly
individuals it contains large clones of CMV specific cells,30 31

although these may be functionally compromised.32 33 Less
effective anti-viral responses in C77G individuals might lead
to an increase in the CD8+CD45RA+ primed subset. Whether
this is the cause of the increased number of activated/
memory CD8+ cells in CD45RABC/+ mice remains to be
investigated.

In both C77G humans and CD45RABC/+ mice, there is more
rapid dephosphorylation of the inhibitory Y505Lck, suggest-
ing a more vigorous initial response to TcR stimulation. The
apparent paradox of a more vigorous response and increased
disease severity might be because a non-protective immune
response is generated (for example, Th2 rather than Th1) or
because the more intense immune response contributes to
more severe fibrosis. A more vigorous response and lowered
TcR threshold for activation may also lead to increased
autoreactivity and underlie the association of C77G with

multiple sclerosis or other autoimmune diseases. CD45RABC/+

Tg T cells show similar increased dephosphorylation of Lck
and interestingly these mice have increased susceptibility to
experimental autoimmune encephalomyelitis. Disease pro-
gression in HIV has also been associated with immune
activation, but whether this is a cause or consequence of
progression is not clear.

Proliferative responses of C77G and C77C PBMC to CD3 or
tetanus toxoid do not differ, in agreement with earlier
studies.27 However alloreactive T cell lines from C77G carriers
show enhanced proliferation and increased interleukin 2
production following stimulation with CD3 or antigen.34

Murine CD45RABC/+ Tg T cells also show more rapid and
vigorous proliferative responses. This discrepancy may be
because only half of the C77G PBMCs have an abnormal
CD45RA/RO phenotype while all of the alloreactive cells are
CD45RA/RO and all the transgenic cells express CD45RA as
well as other isoforms.

Although phenotypic changes in CD8 T cells are prominent
in C77G individuals, effects on HCV susceptibility and disease
progression may be caused by altered function of other cell
types such as dendritic cells, B cells, or NK cells. The latter
have been shown to be involved in HCV susceptibility.35 The
fact that disease susceptibility as well as progression may be
affected supports the idea that early (innate) immune
responses might affected by C77G.

In summary C77G individuals show increased suscept-
ibility and more severe fibrosis following HCV infection.
Healthy C77G individuals have an altered T cell phenotype
and earlier Lck dephosphorylation following TcR stimulation.
It is intriguing that the only common CD45 variant allele
described, exon 6 A138G, has a protective effect in hepatitis C
in the Far East (unpublished data). These two polymorph-
isms in exon 4 (C77G) and exon 6 (A138G) therefore have
contrasting phenotypes and disease associations. The exon 4
77G allele causes increased CD45RA expression and is
present at a higher frequency in autoimmune and infectious
diseases such as HIV and HCV, as reported here. In contrast
the exon 6 138G variant promotes splicing towards low
molecular weight isoforms (CD45RO) and is associated with
protection against Graves’ disease, hepatitis B, and hepatitis
C. Transgenic mice expressing a modified combination of
CD45 isoforms also show altered immune function. These
data provide convincing evidence that CD45 expression
patterns can have profound effects on immune function
and human diseases.
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