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ABSTRACT

Background

Somatic mutation in the X-linked phosphatidylinositol glycan class A gene (P/G-A) caus-
es 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 proper-
ties of glycosyl phosphatidylinositol-deficient and glycosyl phosphatidylinositol-normal
hematopoietic cells from these Pig-a” mice using gene expression microarray, flow cytom-
etry, bone marrow transplantation, spectratyping, and immunoblotting.

Results

In comparison to glycosyl phosphatidylinositol-normal bone marrow cells, glycosyl phos-
phatidylinositol-deficient bone marrow cells from the same Pig-a” animals showed up-
regulation of the expression of immune function genes and contained a significantly high-
er proportion of CD8 T cells. Both characteristics were maintained when glycosyl phos-
phatidylinositol-deficient cells were transplanted into lethally-irradiated recipients.
Glycosyl phosphatidylinositol-deficient T cells were inactive, showed pronounced
VPB5.1/5.2 skewing, had fewer y-interferon-producing cells after lectin stimulation, and
contained fewer CD4*CD25 FoxP3* regulatory T cells. However, the levels of T-cell recep-
tor signaling proteins from glycosyl phosphatidylinositol-deficient cells were normal rela-
tive 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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Introduction

Acquired somatic mutation in the X-linked phosphatidyli-
nositol glycan class A gene (PIG-A) is required for the devel-
opment of paroxysmal nocturnal hemoglobinuria (PNH):"* 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.”” PNH is strongly associat-
ed with bone marrow failure, as underlined by deficient
hematopoiesis in sensitive progenitor assays of PNH mar-
row,"""" and a large proportion of patients with immune-
mediated aplastic anemia have expanded PNH clones.”
Although PNH clonal expansion is associated with histo-
compatibility antigens and is predictive of hematologic
response to immunosuppressive treatment in some series,"
it is still unclear how PIG-A mutations are related to the
development of bone marrow failure and why clonal expan-
sion occurs under this specific circumstance.

In order to understand the pathophysiology of PNH,
efforts have been directed toward constructing animal mod-
els carrying germline deletions of the PIG-A gene. Early
attempts at Pig-a knock-outs were stymied because high-
contribution chimeric embryos died early in utero, while
low-contribution chimeric mice survived with very small
proportions of GPI-deficient (GPI) cells.” " 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.”” 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.”” Of interest, the proportion of GPT CD4* T
cells decreased slowly over time while the proportion of
GPT CD8' T cells increased in the peripheral blood,”lymph
nodes and spleen of these animals.”

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-a™)
with mice carrying the transgene Cre-recombinase under
the human c-fes promoter (Fes-Cre).”* 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-repre-
sentation of GPI cells in the T-cell population, especially in
CD8 T cells, in hematopoietic tissues such as blood, mar-
row, 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-a™* 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.”*

Characterization of a Pig-a-deficient mouse model -

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), Grl/Ly6-
G (RB6-8C5), Ter 119 (TER-119), interferon-y (XMG1), and
the T-cell receptor (TCR) VP 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 37°C for 30 min.”® 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 deposit-
ed in the public database Gene Expression Omnibus (GEO;
hitp://vwww.ncbi.nlm.nih.gov/geo) with accession number
GSE14561.

CDR3 size distribution analysis (CDR3 skewing)

Sorted GPICD8" and GPI'CD8" cells from splenocytes of
male Pig-a” 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 VB 5.1 and VB 5.2 specific primers.”

CDR8 size distribution analysis was performed as previous-
ly described.””

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 -
chain, 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, one-
way 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-a™* mice produced Pig-
a knock-out (Pig-a”), heterozygous (Pig-a”) and WT (Pig-
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a™) females as well as knock-out (Pig-a”) and WT (Pig-a™)
hemizygous males. Genotype was confirmed by PCR analy-
sis: Pig-a” (or Pig-a”) knock-out mice carried a 350 bp
knock-out band, WT Pig-a™* (or Pig-a™’) mice showed a 230
WT bp band, and Pig-a™ mice displayed both bands,” while
all mice carried the Fes-Cre transgene, detectable as a 470 bp
band® (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 lineage-
specific markers was used to measure the proportion of cir-
culating GPT cells in all animals; Figure 1B shows represen-
tative FACS dot plots for a female Pig-a” and a Pig-a™ ani-
mal at 4 months of age (Figure 1B). We performed serial
assessments of 66 Pig-a” (or Pig-a™) 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).

Up-regulation of immune-related gene expression
in glycosyl phosphatidylinositol-deficient hone
marrow cells

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™ 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 signifi-
cant 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 GPI-
cells 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 GPI
cells 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 recipi-
ents of GPI" bone marrow cells (data not shown). Using the
criteria of 2-fold change, 10% false discovery rate and pres-
ent call, 296 probesets (225 genes) were selected in the com-
parison between TR-GPI' and WT-GPI" of which 145 probe-
sets 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-func-
tional genes (Online Supplementary Table S1).

We further compared the consistency of some probe-
sets/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 TR-
GPI' 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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104 genes with more than 2-fold change were common
between GPI' and TR-GPT cells. Only six genes were down-
regulated in GPI' and TR-GPT cells (Online Supplementary
Table S1 and Figure 2D, lower panel).
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Figure 1. Generation of Pig-a’- mice. Mice carrying the Pig-a™ con-
struct were mated with mice carrying the Cre recombinase trans-
gene driven by the Fes promoter to produce WT (Pig-a**), heterozy-
gous (Pig-a*), homozygous Pig-a’ and hemizygous (Pig-a’°) 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’°) 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 com-
parison 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 row and spleen, with or without transplantation. The pro-
phosphatidylinositol-deficient cells portion of CD4 T cells was significantly higher (P<0.05) in
Up-regulated immune-function gene expression in GPI-  GPT cells from the spleen but not from the bone marrow
cells led us to analyze CD4* and CD8" T-cell proportions in  when compared to their respective GPI* and WT-GPI* cell
GPT and GPI" cells from female Pig-a” and male Pig-a” mice, fractions (Figure 3B).
as well as in TR-GPI' and TR-GPI" cells from transplant We measured CD11a expression as a marker of T-cell acti-
recipients, since previous studies had reported higher num-  vation.” In the bone marrow, CD4" and CD8" T cells from
bers of T lymphocytes in the GPT cell population.””FACS ~ GPI' and TR-GPT cells had lower levels of CD11a expression
plots represent the difference in the proportion of CD4 and  relative to the expression on CD4* and CD8" T cells from
CD8 cells in transplanted mice (Figure 3A). The proportions ~ GPI* and TR-GPI* cells. In the spleen, the proportion of
of CD8 T cells were indeed significantly higher (P<0.01) in CD11a" CD8 T cells was much lower (P<0.006) in GPI and
GPTI than in GPI* and WT-GPI' cells in both the bone mar- TR-GPI cells (7.4+3.2% and 29.5+4.0%, respectively) than

A B T8I
= 9Gy
jo Aerolysin GPI- N
< @Q treatment @f BM cells 3
g C-_. —b\.Jo @ (_.__f___
= Pig-a* ® g B6
3
[m}
o
1 1 bk R 1 1 TBI
50 100 150 200 250
Fscp (X 1,000) 96y
GPI+ \
L2982
-0. — —
Pig-a"" OO B6
D
0.8 B Logn 0'9__
06
e |
& 03
g 4
= 007
&
E 031
S 061
-0.94
_12 . L L] L} T 1 b T 1 L} > L} . L} ¥
-12-09 -06 -03 0 03 06 09 12 15
Log(GPI/GPI*)
\ [ Up-regulated
| [1 Down-regulated
/
c 48
07 GPI" vs. GPI*  TR-GPI vs. TR-GPI*

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/Grl antibodies and sorted into [CD24/CD48/Gr1] (GPI) and
[CD24/CD48/Gr1]* (GPI*) cell fractions in order to apply microarray analysis.
07® Loge  Three GPI' and GPI* cell pools, each pool derived from three to six female Pig-
a’ and Pig-a’® 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 up-
regulated in GPI cells. (B) Aerolysin-treated, GPI BM cells from Pig-a”- and nor-
mal 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 GPI
donor 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 TR-
GPI, TR-GPI* and WT-GPI* cells showing 296 probesets (225 genes) in the

P T il g = ] 58 comparison between TR-GPI- and WT-GPI". (D) Overall, 152 probesets (117
é{_'_—l—‘ genes) were selected between TR-GPI and TR-GPI*. No essential gene expres-
i sion difference was observed between TR-GPI* and WT-GPI* cells: 104 genes

TR-GPI" WT-GPI" TR-GPI with more than 2-fold change were found to be common to the two microar-

ray experiments.
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in GPI' and TR-GPI* cells (52.8+#3.2% and 55.5+4.0%, and natural killer T cells between GPI and GPI* cells in
respectively), indicating that the enlarged pool of GPI CD8  peripheral blood (Figure 3C).

T cells was less activated than the normal T cells. We also Another cellular change was that the proportion of
analyzed CD44 expression on T cells and found no signifi- CD4'CD25'FoxP3* regulatory T (Treg) cells was significant-
cant difference in the proportion of CD44" cells in CD4 and  ly lower (P<0.01) in peripheral blood GPI (0.03+3%) than in
CD8 T cells from either GPI' or GPI" cells or WT-GPI" cells,  peripheral blood GPI* (0.17+3%); P<0.04) cells (Figure 3D).
in either untransplanted or transplanted animals. Similarly, The decline in Treg presence was also detected in TR-GPT
there was no difference in the proportions of natural killer  cells when compared to TR-GPI" cells (data not shown).
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V3 clonality in glycosyl phosphatidylinositol-deficient
CD8 T cells

To determine T-cell clonality, we analyzed the usage of
TCR B variable region in bone marrow CD8 T cells from
Pig-a” mice, in comparison to littermate Pig-a** controls. Of
the 15 VP subfamilies analyzed, 5-6 subfamilies were over-
represented in GPI CD8 T cells. In particular, VB 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 2.5-
fold increase from the 8-9.1 = 0.5% VB 5.1/5.2 cells in GPI
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CD8 T cells and TR-GPI* CD8 T cells, respectively (Figure
4A). Thus, expansion of VB 5.1/5.2 CD8 T cells was a
shared phenotype in GPI and TR-GPI cells. In order to con-
firm clonal expansion, we isolated GPI' and GPI* CD8 cells
from male Pig-a” and Pig-a*" mice for spectratyping, which
showed that the VB 5.1 was the specific skewed clone pres-
ent in GPI CD8 T cells of Pig-a-deficient mice (Figure 4B).
We also performed sequencing of PCR products amplified
using specific oligonucleotides for VB 5.2; absence of skew-
ing (data not shown) confirmed the specificity for VB 5.1.
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Figure 4. GPI-deficient cells show T cell clonality. (A) Usage of TCR J variable region by CD8 T cells was analyzed in three WT-GPI* from Pig-
a'*, three Pig-a” GPI, two T-WT-GPI*, two TR-GPI', and two TR-GPI* bone marrow samples. The average of VB 5.1/5.2 in the GPICD8 T cells
from Pig-a” mice and TR-GPI mice was 22-23+5% compared to an average of 8-9.1+0.5% in GPI* CD8 T cells and TR-GPI* CD8 T cells. (B)
VB skewing was confirmed by CDR3 analysis using specific primers for V5.1 on sorted GPICD8* and GPI'CD8" cells from splenocytes of,
respectively, Pig-a”- and Pig-a’°. The VB5.1 displayed 47% of total peak area in GPICD8* T cells compared to 38% GPI'CD8* from the Pig-a’

/% animal.
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Figure 5. Functionality of GPI-deficient T cells was tested by flow
cytometry. (A) Intracellular expression of interferon-y was measured
in CD4 and CD8 T cells from GPI' and GPI* cells following stimula-
tion with phorbol myristate acetate + ionomycin. (B) Sorted GPI*' T
cells and GPI' T cells from Pig-a” mice and Pig-a’°, as well as GPI' T
cells from WT B6 mice, were analyzed by immunoblotting to detect
C- chain, Lck and ZAP-70 protein levels. (C) Target cell apoptosis was
assessed with an in vitro CytoxiLux assay using sorted GPI' T cells
and GPI* T cells as effectors and minor-H mismatched C.B10 bone
marrow cells as targets followed by co-incubation at 37°C with 5%
CO: 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 cas-
pase 8 activity, shown by representative dot plots and means with
standard errors using cells from two donor animals each with tripli-
cate measurements.

Functional responses in glycosyl
phosphatidylinositol-deficient T cells

We next examined interferon-y expression in CD4 and
CD8T cells from GPI and TR-GPT cell fractions from female
Pig-a” and male Pig-a” mice (Figure 5A). After 5 h of phorbol
myristate acetate and ionomycin stimulation, the proportion
of interferon-y-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 inter-
feron-y-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 con-
firm the gene expression profile data, we sorted GPI' T cells
and GPI' T cells from female Pig-a” and male Pig-a™ mice, as
well as WT-GPI" T cells from B6 mice, and analyzed the lev-
els of TCR-associated signaling proteins by immunoblot-
ting.” Signals of TCR-associated {-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 {-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 {-chain without a decrease in
expression of Lck and ZAP-70, suggesting that the protein
loss was sequential from the {-chain, an active member of
TCR signaling (Figure 5B, right panel).

Finally, we tested GPT T-cell function as immune effectors
by co-incubating sorted GPT T cells and GPI' T cells (effec-
tors) from female Pig-a” mice with minor-H antigen mis-
matched 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 GPT T
cells are functionally competent (Figure 5, C and D).

Discussion

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 lineag-
es, 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.””"*?

Murakami et al. reported that, in their Pig-a knock-out
model, GPI' cells dominated lymphoid organs and the pro-
portions of GPI cells were similarly high among CD4 CD8
double negative cells, CD44°CD25 cells, and in later stages
of T-cell development,” from which the authors inferred a
role for GPl-anchored proteins in lymphocyte ontogeny,
possibly leading to escape from negative selection in the
thymus.” Our results are consistent with other reports indi-
cating 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 dele-
tion 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 popu-
lation of GPTCD8 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,* the con-
ditional Pig-a knock-out mice, despite having much reduced
CD4:CD25FoxP3* 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.*
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.” However, in our Pig-a deficient mouse model, inad-
equate 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-regu-
lated in GPT cells. This characteristic was retained when Pig-
a knock-out bone marrow cells were treated with aerolysin
to enrich for GPI cells** and then engrafted into lethally
irradiated recipients. There was no consistent difference in
gene expression between TR-GPI* and WT-GPI* bone mar-
row cells, suggesting that the transplantation procedure
itself caused no alteration in immune function gene expres-
sion. Immunoblotting also revealed that the protein levels of
C-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 expres-
sion of TCR signaling proteins was not different when GPI
and GPI" cells were stimulated in vitro.”>¥ 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 -
chain, Lck and ZAP-70 were normal in GPI' T cells and com-
parable to those in WI-GPI' T cells from normal B6 mice,
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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 demon-
strated impairment in TCR engagements leading to failure
to phosphorylate tyrosine kinases® and a reduced response
to lectin stimulation in GPI' T cells from patients with
PNH.” The pattern of changes in {-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.®* 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 down-
regulation 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 VP subfamilies were over-represented in
GPI CD8" T cells, with a marked increase in VP 5.1/5.2.
Immunoscope analysis confirmed that the VB 5.1 clone had
a single prominent peak. Skewing was restricted to GPI
CD8 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-B molecules suggests an autoimmune process linked to
the pathogenesis of PNH.* 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.*** We postulate that reduced T-
cell activation and decreased response to stimulation-related
interferon-y in GPT cells would explain why the enlarged
pool of clonally-skewed GPT CD8 T cells did not cause clin-
ical bone marrow failure and PNH in Pig-a deficient mice,
even when the proportion of immunosuppressive Treg cells
was much reduced. GPIT CD8 T cells are functionally com-
petent 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 ane-
mia.” The bone marrow failure environment is also thought
to be conducive to the selective expansion of P/G-A mutant
hematopoietic stem cell clones. If stress or injury signals
produced in the damaged tissues are needed to activate the
primary immune response,” 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 GPI-
anchor proteins could be the immune target. The associa-
tion of expanded PNH clones with HLA-DR2" and of PNH
clones with an increased level of auto-antibodies™ serving as
predictors of responsiveness to immunosuppressive thera-
pies® 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

haematologica | 2010; 95(2) 221 -



- V. Visconte et al.

antigen CD52.** However, a more recent clinical study
found no evidence of decreased sensitivity to T-cell-mediat-
ed immune attack in PNH cells after non-myeloablative allo-
geneic hematopoietic stem cell transplantation.* A compar-
ative survival advantage of the PNH cells might be due to
the decreased survival of phenotypically normal cells, since
GPl-anchored protein-deficient CD34* cells from PNH
patients had a similar rate of proliferation when compared
to normal CD34" progenitors.” 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.®
PIG-A mutation in leukemic cells appeared to confer insen-
sitivity to killing by natural killer cells because of the
absence of stress inducible membrane proteins, such as UL
16 binding proteins (ULBP).** In cells lines deficient in GPI-
anchored proteins, lipid rafts in GPI cells contained impor-
tant anti-apoptotic proteins not present in the lipid rafts of
GPI" cells, enabling GPI' cells to avert cell death.” An alter-
native theory to explain PNH clonal expansion is that the
PIG-A mutation causes intrinsic defects that confer resist-
ance to apoptosis. In vitro, GPI-deficient cell lines exhibited

resistance to apoptosis when effectors were raised against
GPI-deficient cells, arguing against a GPl-anchored protein
being the possible target of the immune attack in PNH.”

In our mouse model, conditional Pig-a gene deletion in
hematopoietic cells led to enrichment of T cells that lacked
GPI and GPl-anchored proteins, especially oligoclonal CD8
T cells, in hematopoietic tissues. The reduced activation,
lower interferon-y production, and absence of danger signals
might explain why these skewed GPICD8 T cells did not
cause detectable marrow failure, autoimmunity, PNH or
other abnormalities, despite reduced immunosuppressive

Treg cells.
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