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ABSTRACT
Background
Somatic mutation in the X-linked phosphatidylinositol glycan class A gene (PIG-A) causes glycosyl phosphatidylinositol anchor deficiency in human patients with paroxysmal
nocturnal hemoglobinuria.
Design and Methods
We produced an animal model of paroxysmal nocturnal hemoglobinuria by conditional
Pig-a gene inactivation (Pig-a-/-) in hematopoietic cells; mice carrying two lox sites flanking
exon 6 of the Pig-a gene were bred with mice carrying the transgene Cre-recombinase
under the human c-fes promoter. We characterized the phenotypic and functional properties of glycosyl phosphatidylinositol-deficient and glycosyl phosphatidylinositol-normal
hematopoietic cells from these Pig-a-/- mice using gene expression microarray, flow cytometry, bone marrow transplantation, spectratyping, and immunoblotting.
Results
In comparison to glycosyl phosphatidylinositol-normal bone marrow cells, glycosyl phosphatidylinositol-deficient bone marrow cells from the same Pig-a-/- animals showed upregulation of the expression of immune function genes and contained a significantly higher proportion of CD8 T cells. Both characteristics were maintained when glycosyl phosphatidylinositol-deficient cells were transplanted into lethally-irradiated recipients.
Glycosyl phosphatidylinositol-deficient T cells were inactive, showed pronounced
Vβ5.1/5.2 skewing, had fewer γ-interferon-producing cells after lectin stimulation, and
contained fewer CD4+CD25+FoxP3+ regulatory T cells. However, the levels of T-cell receptor signaling proteins from glycosyl phosphatidylinositol-deficient cells were normal relative to glycosyl phosphatidylinositol-normal cells from wild type animals, and cells were
capable of inducing target cell apoptosis in vitro.
Conclusions
Deletion of the Pig-a gene in hematopoietic cells does not cause frank marrow failure but
leads to the appearance of clonally-restricted, inactive yet functionally competent CD8 T
cells.
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Characterization of a Pig-a-deficient mouse model

Introduction
Acquired somatic mutation in the X-linked phosphatidylinositol glycan class A gene (PIG-A) is required for the development of paroxysmal nocturnal hemoglobinuria (PNH):1-4 a
single inactivating mutation in a hematopoietic stem cell can
lead to a progeny of blood cells that lack all surface proteins
utilizing a glycosyl phosphatidylinositol (GPI)-anchor motif
to attach to the cell membrane.5-9 PNH is strongly associated with bone marrow failure, as underlined by deficient
hematopoiesis in sensitive progenitor assays of PNH marrow,10,11 and a large proportion of patients with immunemediated aplastic anemia have expanded PNH clones.12
Although PNH clonal expansion is associated with histocompatibility antigens13 and is predictive of hematologic
response to immunosuppressive treatment in some series,14
it is still unclear how PIG-A mutations are related to the
development of bone marrow failure and why clonal expansion occurs under this specific circumstance.
In order to understand the pathophysiology of PNH,
efforts have been directed toward constructing animal models carrying germline deletions of the PIG-A gene. Early
attempts at Pig-a knock-outs were stymied because highcontribution chimeric embryos died early in utero, while
low-contribution chimeric mice survived with very small
proportions of GPI-deficient (GPI-) cells.15-18 In order to avoid
early embryonic lethality, conditional Pig-a gene deletion
models have been generated using the Cre-lox system to
target Pig-a inactivation in specific cell types.19-22 These mice
were not anemic, showed a stable proportion of PNH cells,
and did not develop clinical evidence of marrow aplasia or
signs of PNH.19,22 Of interest, the proportion of GPI- CD4+ T
cells decreased slowly over time while the proportion of
GPI- CD8+ T cells increased in the peripheral blood,20 lymph
nodes and spleen of these animals.19
We have produced a mouse model for conditional Pig-a
gene deletion in hematopoietic cells by cross-breeding mice
carrying two lox sites flanking exon 6 of Pig-a gene (Pig-aflox)
with mice carrying the transgene Cre-recombinase under
the human c-fes promoter (Fes-Cre).22,23 As expected, the
resultant Pig-a-deficient (Pig-a-/-) mice have hematopoietic
cells lacking expression of GPI-linked proteins on the cell
surface. These mice had normal blood and marrow cell
counts, but showed an abnormally prominent over-representation of GPI- cells in the T-cell population, especially in
CD8 T cells, in hematopoietic tissues such as blood, marrow, and spleen. We, therefore, focused, our attention on
the characterization of GPI- cells in this mouse model,
revealing their cellular, molecular and functional properties.

Design and Methods
Animals and genotyping
The Pig-aflox mice were provided by Dr T Kinoshita (Osaka
University, Japan) and the Fes-Cre transgenic mice were
from Dr P Pandolfi (Memorial Sloan-Kettering Cancer
Center, NY, USA). All animal study protocols were approved
by the National Heart, Lung, and Blood Institute’s Animal
Care and Use Committee. Genotyping analysis for Pig-a and
Cre was performed by polymerase chain reaction (PCR)
using specific sets of primers, as previously described.19,24
haematologica | 2010; 95(2)

Cell analysis, sorting and transplantation
Peripheral blood was obtained by orbital sinus bleeding.
Bone marrow cells were extracted from femora and tibiae.
Antibodies for murine CD3 (145-2C11), CD4 (RM4-5), CD8
(5.3-6.7), CD11a (2D7), CD11b (M1/70), CD24 (M1/69),
CD44 (IM7), CD45R (RA3-6B2), CD48 (HM48-1), Gr1/Ly6G (RB6-8C5), Ter 119 (TER-119), interferon-γ (XMG1), and
the T-cell receptor (TCR) Vβ screening panel were obtained
from BD Biosciences (San Diego, CA, USA). Anti-FoxP3
(FJK-16s) was obtained from e-Biosciences (San Diego, CA,
USA). Bone marrow cells from female Pig-a-/- donors were
incubated with 10 nM aerolysin (Protox Biotech, Victoria,
BC, Canada) at 37ºC for 30 min.25 The residual GPI- bone
marrow cells were then transplanted into lethally-irradiated
B6 recipients (TR-GPI-). Bone marrow cells from Pig-a+/+
donors were used as controls (TR-GPI+).

RNA extraction and microarray analysis
Total RNA was extracted from sorted GPI+, GPI-, TR-GPI+,
TR-GPI-, and wild-type(WT)-GPI+ bone marrow cells using
RNeasy mini kits (Qiagen, Valencia, CA, USA). The cRNA
labeling and hybridizations were performed according to
Affymetrix’s protocols. The primary CEL files were deposited in the public database Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo) with accession number
GSE14561.

CDR3 size distribution analysis (CDR3 skewing)
Sorted GPI-CD8+ and GPI+CD8+ cells from splenocytes of
male Pig-a-/0 and female Pig-a+/- mice were extracted using
RNAqueous-Micro kits (Ambion, Austin, TX, USA). cDNA
amplification was performed by PCR with a hex-labeled
constant region and Vβ 5.1 and Vβ 5.2 specific primers.26
CDR3 size distribution analysis was performed as previously described.27,28

Immunoblotting and in vitro lymphocyte cytotoxicity
assay
Sorted cells were lysed and analyzed by immunoblotting
in order to detect the expression levels of TCR-associated ζchain, Lck, and ZAP-70. Sorted GPI+ and GPI- T cells from
bone marrow and splenocytes of female Pig-a-/- mice were
used as effector cells in an in vitro cytotoxicity assay.

Data analysis
Microarray analysis was performed using Affymetrix
mouse 430 2.0 chips. Principal component analysis, oneway analysis of variance, and post-hoc t-tests were applied
to evaluate each probe set. Probesets/genes were selected
with thresholds of 2-fold change, false discovery rate less
than 10% and percentage of present calls using the MAS5
algorithm. JMP6 software (SAS Institute Inc., Cary, NC,
USA) was used to run the hierarchical cluster and to analyze
the flow cytometry data. Further details are available in the
Online Supplementary Appendix.

Results
Production of conditional Pig-a-deficient mice
Cross-breeding of Fes-Cre and Pig-aflox mice produced Piga knock-out (Pig-a-/-), heterozygous (Pig-a+/-) and WT (Pig-
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104 genes with more than 2-fold change were common
between GPI- and TR-GPI- cells. Only six genes were downregulated in GPI- and TR-GPI- cells (Online Supplementary
Table S1 and Figure 2D, lower panel).
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To define molecular differences between GPI- and GPI+
cells, we sorted GPI- and GPI+ bone marrow cells from
assorted female Pig-a-/- and male Pig-a-/0 mice and analyzed
gene expression on three GPI- and three GPI+ cell pools
through microarray analysis. We found distinctive gene
expression patterns with clusters of genes showing significant differential expression between the two cell types
(Figure 2A). Of the 45,101 transcripts potentially available
for screening, 669 genes (1275 probesets) were selected with
2-fold change in expression, 10% false discovery rate, and
present calls. Using Ingenuity Software, we found that GPIcells showed up-regulation of the expression of genes
involved in major canonical pathways such as immune
responses, cell proliferation, and hematologic development
(data not shown).
We then questioned whether the molecular differences
between GPI- and GPI+ cells would be preserved when GPIcells achieve dominance. For this purpose, we transplanted
GPI- bone marrow cells (after aerolysin treatment of bone
marrow from Pig-a-/- donors) into lethally irradiated normal
B6 recipients (Figure 2B). The blood cell counts of recipients
of GPI- bone marrow cells were the same as those of recipients of GPI+ bone marrow cells (data not shown). Using the
criteria of 2-fold change, 10% false discovery rate and present call, 296 probesets (225 genes) were selected in the comparison between TR-GPI- and WT-GPI+ of which 145 probesets were up-regulated in the TR-GPI- group. Comparison
between TR-GPI- and TR-GPI+ cells found 152 probesets
(117 genes) of which 124 were up-regulated in TR-GPI(Figure 2C). The gene-expression profile for TR-GPI- cells
was similar to that of untransplanted GPI- cells, showing a
high level of expression of T-cell-related and immune-functional genes (Online Supplementary Table S1).
We further compared the consistency of some probesets/genes with more than 2-fold change from the two
microarray experiments. Gene expression differences
between GPI- and GPI+ cells showed very high concurrence
with gene expression differences between TR-GPI- and TRGPI+ cells (upper right and low left corners of the dot plot;
Figure 2D, upper panel).
Between the two lists of differentially-expressed genes,
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a+/+) females as well as knock-out (Pig-a-/0) and WT (Pig-a+/0)
hemizygous males. Genotype was confirmed by PCR analysis: Pig-a-/- (or Pig-a-/0) knock-out mice carried a 350 bp
knock-out band, WT Pig-a+/+ (or Pig-a+/0) mice showed a 230
WT bp band, and Pig-a+/- mice displayed both bands,23 while
all mice carried the Fes-Cre transgene, detectable as a 470 bp
band20 (Figure 1A). Flow cytometry of peripheral blood
using CD24, Gr-1 and CD48 antibodies to detect GPI-linked
proteins and TER-119, CD11b, CD45R and CD4 as lineagespecific markers was used to measure the proportion of circulating GPI- cells in all animals; Figure 1B shows representative FACS dot plots for a female Pig-a-/- and a Pig-a+/- animal at 4 months of age (Figure 1B). We performed serial
assessments of 66 Pig-a-/- (or Pig-a-/0) mice from 2 to 11
months of age; the proportion of GPI- cells increased over
time to about 40% in T cells, 8% in B cells and 15% in red
blood cells (data not shown).
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Figure 1. Generation of Pig-a-/- mice. Mice carrying the Pig-aflox construct were mated with mice carrying the Cre recombinase transgene driven by the Fes promoter to produce WT (Pig-a+/+), heterozygous (Pig-a+/-), homozygous Pig-a-/- and hemizygous (Pig-a-/0) mice.
(A) PCR analysis identified a 230 bp band for WT mice and a 350
bp band for the knock-out (Pig-a-/-,Pig-a-/0) mice while heterozygous
(Pig-a+/-) mice had both PCR fragments. All mice were positive for
the Cre recombinase. (B) A representative Facs plot shows the comparison between a Pig-a+/- and a female Pig-a-/- animal highlighting
that the leukocytes of Pig-a-/- mice contain a fraction of cells that are
negative for the CD48 antigen.
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Enrichment of inactive CD8 T cells in glycosyl
phosphatidylinositol-deficient cells

row and spleen, with or without transplantation. The proportion of CD4 T cells was significantly higher (P<0.05) in
GPI- cells from the spleen but not from the bone marrow
when compared to their respective GPI+ and WT-GPI+ cell
fractions (Figure 3B).
We measured CD11a expression as a marker of T-cell activation.29 In the bone marrow, CD4+ and CD8+ T cells from
GPI- and TR-GPI- cells had lower levels of CD11a expression
relative to the expression on CD4+ and CD8+ T cells from
GPI+ and TR-GPI+ cells. In the spleen, the proportion of
CD11a+ CD8 T cells was much lower (P<0.006) in GPI- and
TR-GPI- cells (7.4±3.2% and 29.5±4.0%, respectively) than
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Up-regulated immune-function gene expression in GPIcells led us to analyze CD4+ and CD8+ T-cell proportions in
GPI- and GPI+ cells from female Pig-a-/- and male Pig-a-/0 mice,
as well as in TR-GPI- and TR-GPI+ cells from transplant
recipients, since previous studies had reported higher numbers of T lymphocytes in the GPI- cell population.19,20 FACS
plots represent the difference in the proportion of CD4 and
CD8 cells in transplanted mice (Figure 3A). The proportions
of CD8 T cells were indeed significantly higher (P<0.01) in
GPI- than in GPI+ and WT-GPI+ cells in both the bone mar-
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Figure 2. Differences between GPI- and GPI+ bone marrow (BM) cells were
analyzed by microarray. (A) BM cells from Pig-a-/- mice were stained with
CD24/CD48/Gr1 antibodies and sorted into [CD24/CD48/Gr1]- (GPI-) and
[CD24/CD48/Gr1]+ (GPI+) cell fractions in order to apply microarray analysis.
Three GPI- and GPI+ cell pools, each pool derived from three to six female Piga-/- and Pig-a-/0 mice, were used for RNA extraction and 500 ng RNA were used
in the Mouse Genome 430 2.0 arrays as described in the Online
Supplementary Data. Gene expression profile showed clusters of genes upregulated in GPI- cells. (B) Aerolysin-treated, GPI- BM cells from Pig-a-/- and normal BM cells from Pig-a+/+ donors were transplanted into lethally irradiated (9
Gy) B6 recipients. (C) Four months later, BM cells from four recipients of GPIdonor cells (TR-GPI-), three recipients of normal GPI+ donor cells (TR-GPI+), and
four B6 mice (WT-GPI+) were sorted and analyzed for gene expression by
microarray. Distinctive gene expression profiles were detected between TRGPI-, TR-GPI+ and WT-GPI+ cells showing 296 probesets (225 genes) in the
comparison between TR-GPI- and WT-GPI+. (D) Overall, 152 probesets (117
genes) were selected between TR-GPI- and TR-GPI+. No essential gene expression difference was observed between TR-GPI+ and WT-GPI+ cells: 104 genes
with more than 2-fold change were found to be common to the two microarray experiments.
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in GPI+ and TR-GPI+ cells (52.8±3.2% and 55.5±4.0%,
respectively), indicating that the enlarged pool of GPI- CD8
T cells was less activated than the normal T cells. We also
analyzed CD44 expression on T cells and found no significant difference in the proportion of CD44+ cells in CD4 and
CD8 T cells from either GPI- or GPI+ cells or WT-GPI+ cells,
in either untransplanted or transplanted animals. Similarly,
there was no difference in the proportions of natural killer

and natural killer T cells between GPI- and GPI+ cells in
peripheral blood (Figure 3C).
Another cellular change was that the proportion of
CD4+CD25+FoxP3+ regulatory T (Treg) cells was significantly lower (P<0.01) in peripheral blood GPI- (0.03±3%) than in
peripheral blood GPI+ (0.17±3%; P<0.04) cells (Figure 3D).
The decline in Treg presence was also detected in TR-GPIcells when compared to TR-GPI+ cells (data not shown).
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Figure 3. T-cell enrichment was characterized in
untransplanted and transplanted GPI-deficient bone
marrow (BM) cells. (A) Facs plot presents percentage
of CD4 and CD8 in peripheral blood (PB) of TR-GPIcompared to TR-GPI+ animals. (B) In the BM and
splenocytes (SP), both GPI- and TR-GPI- cells contained higher proportions of CD8 T cells than did GPI+
and TR-GPI+ cells. Results are the mean ± SEM
derived from the comparison of three TR-GPI- and TRGPI+ mice. (C) Expression of CD11a, CD44 and NK 1.1
was also analyzed in GPI-CD8+ T cells and GPI+CD8+T
cells in BM and PB comparing three Pig-a-/- and Pig-a/0
with three Pig-a+/- mice. Results are represented as
mean ± SEM. (D) GPI- and GPI+ cells were also analyzed for the presence of CD4+CD25+FoxP3+ Treg cells.
Data shown are representative or means±SD from six
animals used for the measurements.
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Vβ clonality in glycosyl phosphatidylinositol-deficient
CD8 T cells
To determine T-cell clonality, we analyzed the usage of
TCR β variable region in bone marrow CD8 T cells from
Pig-a-/- mice, in comparison to littermate Pig-a+/+ controls. Of
the 15 Vβ subfamilies analyzed, 5-6 subfamilies were overrepresented in GPI- CD8 T cells. In particular, Vβ 5.1/5.2 was
over-represented among GPI- CD8 T and TR-GPI- CD8 T
cells, constituting an average of 22-23 ± 5%, a 2.8- and 2.5fold increase from the 8-9.1 ± 0.5% Vβ 5.1/5.2 cells in GPI+

CD8 T cells and TR-GPI+ CD8 T cells, respectively (Figure
4A). Thus, expansion of Vβ 5.1/5.2 CD8 T cells was a
shared phenotype in GPI- and TR-GPI- cells. In order to confirm clonal expansion, we isolated GPI- and GPI+ CD8 cells
from male Pig-a-/0 and Pig-a+/- mice for spectratyping, which
showed that the Vβ 5.1 was the specific skewed clone present in GPI- CD8 T cells of Pig-a-deficient mice (Figure 4B).
We also performed sequencing of PCR products amplified
using specific oligonucleotides for Vβ 5.2; absence of skewing (data not shown) confirmed the specificity for Vβ 5.1.
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Figure 4. GPI-deficient cells show T cell clonality. (A) Usage of TCR β variable region by CD8 T cells was analyzed in three WT-GPI+ from Piga+/+, three Pig-a-/- GPI-, two T-WT-GPI+, two TR-GPI-, and two TR-GPI+ bone marrow samples. The average of Vβ 5.1/5.2 in the GPI-CD8 T cells
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Vβ skewing was confirmed by CDR3 analysis using specific primers for Vβ5.1 on sorted GPI-CD8+ and GPI+CD8+ cells from splenocytes of,
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in CD4 and CD8 T cells from GPI- and GPI+ cells following stimulation with phorbol myristate acetate + ionomycin. (B) Sorted GPI+ T
cells and GPI- T cells from Pig-a-/- mice and Pig-a-/0, as well as GPI+ T
cells from WT B6 mice, were analyzed by immunoblotting to detect
ζ- chain, Lck and ZAP-70 protein levels. (C) Target cell apoptosis was
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marrow cells as targets followed by co-incubation at 37ºC with 5%
CO2 for 60 min. (D) At a 20:1 effector: target cell ratio, both GPI- T
cells and GPI+ T cells induced target cell apoptosis detected by caspase 8 activity, shown by representative dot plots and means with
standard errors using cells from two donor animals each with triplicate measurements.
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We next examined interferon-γ expression in CD4 and
CD8 T cells from GPI- and TR-GPI- cell fractions from female
Pig-a-/- and male Pig-a-/0 mice (Figure 5A). After 5 h of phorbol
myristate acetate and ionomycin stimulation, the proportion
of interferon-γ-expressing CD4 T cells was much lower in
GPI- (5.9±5.1%) than in GPI+ (75±5.1%) and WT-GPI+
(49±3.2%) cells (P<0.0001). Similarly, the proportion of interferon-γ-expressing CD8 T cells was also much lower in GPI(8.0±7.3%) than in GPI+ (76±7.3%) and WT-GPI+ (56±4.7%)
cells (P<0.0001) (Figure 5A). Similar differences were observed
in TR-GPI- compared to TR-GPI+ cells (data not shown).
To study GPI- T-cell signaling characteristics and to confirm the gene expression profile data, we sorted GPI+ T cells
and GPI- T cells from female Pig-a-/- and male Pig-a-/0 mice, as
well as WT-GPI+ T cells from B6 mice, and analyzed the levels of TCR-associated signaling proteins by immunoblotting.30 Signals of TCR-associated ζ-chain, Lck and ZAP-70
were stronger in GPI- T cells than in GPI+ T cells from the
same Pig-a-/- mice (Figure 5B, left panel). Further analysis
revealed that the levels of TCR-associated ζ-chain, Lck and
ZAP-70 proteins were similar between WT-GPI+ T cells and
GPI- T cells, and were reduced in GPI+ T cells from Pig-a-/mice. We detected a loss of ζ-chain without a decrease in
expression of Lck and ZAP-70, suggesting that the protein
loss was sequential from the ζ-chain, an active member of
TCR signaling (Figure 5B, right panel).
Finally, we tested GPI- T-cell function as immune effectors
by co-incubating sorted GPI- T cells and GPI+ T cells (effectors) from female Pig-a-/- mice with minor-H antigen mismatched C.B10 bone marrow cells (targets) in an in vitro
CytoToxiLux assay. Both GPI- and GPI+ T cells induced the
same levels of target cell apoptosis, indicating that GPI- T
cells are functionally competent (Figure 5, C and D).
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Conditional deletion of the exon 6 portion of the Pig-a
gene in murine hematopoietic cells resulted in an increase of
GPI- cells in lymphohematopoietic tissues. The GPI- cell
clone was small in size, enlarged gradually over time, but
did not become dominant. Among the different cell lineages, the percentage of GPI- cells was lower in erythrocytes,
granulocytes, and B cells but much higher in T lymphocytes.
The presence of GPI- cells was not associated with obvious
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hematologic abnormalities since blood and bone marrow
cell counts were normal, as in other Pig-a gene deletion
models studied under different conditions in which the
exon 2 portion of the Pig-a gene was deleted.15,17,19,20
Murakami et al. reported that, in their Pig-a knock-out
model, GPI- cells dominated lymphoid organs and the proportions of GPI- cells were similarly high among CD4-CD8double negative cells, CD44+CD25- cells, and in later stages
of T-cell development,19 from which the authors inferred a
role for GPI-anchored proteins in lymphocyte ontogeny,
possibly leading to escape from negative selection in the
thymus.20 Our results are consistent with other reports indicating that deletion of either exon 2 or 6 of the Pig-a gene
causes expansion of T cells in the GPI- cell population. This
finding, however, differs from observations in PNH patients
showing higher numbers of GPI- granulocytes and red blood
cells but lower and variable numbers of GPI- T cells. We
speculate that other factors in addition to Pig-a deficiency
may contribute to the manifestation of clinical PNH in
humans, factors that may not be present in the Pig-a deletion mouse models, resulting in the accumulation of GPI- T
cells instead of GPI- granulocytes and red cells. Unlike PNH
patients, Pig-a deletion mouse models do not, of course,
manifest clinical PNH.
We further found from our study that the enlarged population of GPI-CD8 T cells was naive and inactive, based on
the expression of CD44 and CD11a. These GPI- T cells were
not natural killer T cells, since they did not express NK1.1.
Unlike mice carrying a FoxP3 gene deletion which develop a
fatal autoimmune lymphoproliferative syndrome,31 the conditional Pig-a knock-out mice, despite having much reduced
CD4+CD25+FoxP3+ Treg cells in the GPI- T-cell population,
developed no obvious signs of autoimmunity. The role of
regulatory T cells in the development of PNH is unknown.
The levels of regulatory T cells are low in aplastic anemia.32
A decline in regulatory T cells might contribute to promote
the selective damage to normal GPI+, but not GPI-,
hematopoietic cells potentially mediated by an autoimmune
attack.33 However, in our Pig-a deficient mouse model, inadequate effector T-cell activation may account for the lack of
autoimmunity and bone marrow failure despite reduced
presence of regulatory T cells.
The expression of T-cell-related immune response genes,
including genes important for TCR signaling, was up-regulated in GPI- cells. This characteristic was retained when Piga knock-out bone marrow cells were treated with aerolysin
to enrich for GPI- cells34,25 and then engrafted into lethally
irradiated recipients. There was no consistent difference in
gene expression between TR-GPI+ and WT-GPI+ bone marrow cells, suggesting that the transplantation procedure
itself caused no alteration in immune function gene expression. Immunoblotting also revealed that the protein levels of
ζ-chain, Lck, and ZAP-70 were lower in GPI+ T cells than in
GPI- T cells from the same Pig-a knock-out mice. In human
GPI-deficient T cells derived from PNH patients, the expression of TCR signaling proteins was not different when GPIand GPI+ cells were stimulated in vitro.35-37 This discrepancy
might be due to the different experimental systems used in
the studies, as we analyzed gene expression on primary cells
without stimulation. In our study, the protein levels of ζchain, Lck and ZAP-70 were normal in GPI- T cells and comparable to those in WT-GPI+ T cells from normal B6 mice,
haematologica | 2010; 95(2)

but they were reduced in GPI+ T cells from Pig-a knock-out
mice. Expanded GPI- CD8 T cells were naive and inactive, in
agreement with the findings of human studies that demonstrated impairment in TCR engagements leading to failure
to phosphorylate tyrosine kinases35 and a reduced response
to lectin stimulation in GPI- T cells from patients with
PNH.37 The pattern of changes in ζ-chain, Lck, and ZAP-70
in our model was similar to that of the alterations observed
in T cells isolated from individuals infected by human
immunodeficiency virus.38 While the mechanism of human
immunodeficiency virus-induced modulation of signaling
proteins is not known, the extent of changes/number of T
cells affected suggests that the effect is indirect. Perturbation
of protein expression detected in GPI+ T cells isolated from
Pig-a knock-out mice suggested a possible “bystander
effect” mediated by activities of GPI- T cells to induce downregulation of some of the TCR proximal signaling molecules
in GPI+ T cells.
Of particular interest was the oligoclonality of GPI- CD8
T cells from both untransplanted and transplanted animals.
Approximately 5-6 Vβ subfamilies were over-represented in
GPI- CD8+ T cells, with a marked increase in Vβ 5.1/5.2.
Immunoscope analysis confirmed that the Vβ 5.1 clone had
a single prominent peak. Skewing was restricted to GPICD8 T cells and not present in either GPI+ CD8 T cells
derived from the same Pig-a knock-out mice or in GPI+ and
GPI- cells from Pig-a+/- animals. In humans, oligoclonal
expansion of cytotoxic T cells with highly homologous
TCR-β molecules suggests an autoimmune process linked to
the pathogenesis of PNH.33 The nature of the target antigens
for autoreactive T cells is unknown, but presumably these
antigens are expressed on phenotypically normal GPI+
hematopoietic stem cells.33,39-41 We postulate that reduced Tcell activation and decreased response to stimulation-related
interferon-γ in GPI- cells would explain why the enlarged
pool of clonally-skewed GPI- CD8 T cells did not cause clinical bone marrow failure and PNH in Pig-a deficient mice,
even when the proportion of immunosuppressive Treg cells
was much reduced. GPI- CD8 T cells are functionally competent and might express their killing activity under some
conditions. In most patients with PNH, bone marrow failure
is believed to be caused by immune-mediated injury of
hematopoietic progenitor cells, as observed in aplastic anemia.34 The bone marrow failure environment is also thought
to be conducive to the selective expansion of PIG-A mutant
hematopoietic stem cell clones. If stress or injury signals
produced in the damaged tissues are needed to activate the
primary immune response,42 the lack of danger signals from
tissue damage in Pig-a knock-out mice might also explain
the inactive status of expanded oligoclonal CD8 T cells.
The mechanism of PNH clonal expansion remains
unclear. One theory postulates that PNH cells might escape
an immune attack because one or more of the missing GPIanchor proteins could be the immune target. The association of expanded PNH clones with HLA-DR213 and of PNH
clones with an increased level of auto-antibodies14 serving as
predictors of responsiveness to immunosuppressive therapies43 are compatible with such a selective clonal expansion
mechanism. The immunoselection of PIG-A mutant cells
was demonstrated in the emergence of PNH lymphocytes in
patients with non-Hodgkin’s lymphoma who had been
treated with antibodies against the GPI-linked lymphocyte
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antigen CD52.44,45 However, a more recent clinical study
found no evidence of decreased sensitivity to T-cell-mediated immune attack in PNH cells after non-myeloablative allogeneic hematopoietic stem cell transplantation.46 A comparative survival advantage of the PNH cells might be due to
the decreased survival of phenotypically normal cells, since
GPI-anchored protein-deficient CD34+ cells from PNH
patients had a similar rate of proliferation when compared
to normal CD34+ progenitors.47 Gene expression analysis of
CD34+ cells also revealed that PNH cells from PNH patients
shared a similar gene expression profile with CD34+ cells
from normal volunteers, while the normal cells from PNH
patients showed down-regulation of anti-apoptotic genes.48
PIG-A mutation in leukemic cells appeared to confer insensitivity to killing by natural killer cells because of the
absence of stress inducible membrane proteins, such as UL
16 binding proteins (ULBP).49,50 In cells lines deficient in GPIanchored proteins, lipid rafts in GPI- cells contained important anti-apoptotic proteins not present in the lipid rafts of
GPI+ cells, enabling GPI- cells to avert cell death.51 An alternative theory to explain PNH clonal expansion is that the
PIG-A mutation causes intrinsic defects that confer resistance to apoptosis. In vitro, GPI-deficient cell lines exhibited
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