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Novel mouse mutants with primary cellular
immunodeficiencies generated by
genome-wide mutagenesis
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Background: Primary cellular immunodeficiencies are a group
of genetic disorders in which 1 or more components of the
cellular immune system are lacking or dysfunctional.
Objective: We sought to identify novel mouse mutants that
display primary cellular immunodeficiencies.

Methods: Genome-wide N-ethyl-N-nitrosourea mutagenesis
was performed in mice, followed by a phenotype screen

of immunologic blood parameters.

Results: We identified novel mouse mutants with isolated B-cell
deficiency, combined block in early B- and T-cell development,
combined T-cell and natural Killer cell reduction, and 3
different forms of T-cell deficiencies. One of the mutants,
designated AT3, displayed a combined phenotype of increased
IgE, absence of peripheral T cells, and block in late thymocyte
differentiation. In addition, AT3 mice were unable to mount
specific humoral immune responses. Chromosomal mapping
and sequencing of candidate genes revealed a novel point
mutation in the kinase domain of the T-cell receptor

{ chain-associated protein kinase (Zap70). In contrast to
Zap70-deficient mice, AT3 mutants displayed normal Zap70
mRNA and residual Zap70 protein levels. Complementation
studies with Zap70-deficient mice confirmed that the point
mutation found in Zap70 was causative for the AT3 phenotype,
including increased IgE plasma levels, a phenotype that has not
been associated with altered Zap70 function in the past.
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Conclusion: Random genome-wide mutagenesis combined with
a phenotype screen can be used to generate novel mouse
mutants with primary cellular immunodeficiencies.

Clinical implications: These mutants can reveal novel
genotype-phenotype relationships and might provide novel
animal models for different forms of immunodeficiency in
human subjects. (J Allergy Clin Immunol EEEE;SEN: ENN-EEN,)
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Primary cellular immunodeficiencies encompass a
group of disorders in which, based on genetic defects,
1 or more components of the cellular immune system are
lacking or dysfunctional, including T, B, and natural killer
(NK) lymphocytes, as well as phagocytic cells.'* Many of
these disorders share clinical phenotypes with common
features, such as recurrent infections, chronic inflammation,
or autoimmunity. Although some of the disorders present
with mild clinical phenotypes, others result in severe infec-
tions and significant morbidity and mortality.3'5 The mo-
lecular causes of primary cellular immunodeficiencies
are diverse, and over the last decade, a large number of mu-
tations have been identified.’
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Abbreviations used

B6: C57BL/6JIco

C3H: C3HeB/Fel

ENU: N-ethyl-N-nitrosourea

LAT: Linker for activation of T cells
NK: Natural killer

PLC: Phospholipase C

OVA: Ovalbumin

TCR: T-cell receptor
WT: Wild-type

Zap70: T-cell receptor { chain—associated protein kinase

Identification of the exact molecular defects is crucial
for early diagnosis, development of treatment strategies,
and genetic counseling of family members. In addition,
assignment of known genes to different forms of primary
immunodeficiencies and identification of novel genes that
are involved in the pathogenesis can teach us new aspects
of how the immune system works.

Despite our growing knowledge, there are still several
forms of primary cellular immunodeficiencies in which
the genetic basis is not known.'** Systematic studies on
genetic causes in human subjects are often hampered by
the low prevalence of these disorders, the small kindred
size, and the variable expression of the phenotype.® The
successful genetic analysis of inheritable phenotypic var-
iations of the immune system depends on mutations that
occur naturally only at low frequency. In model systems,
such as the mouse, this frequency can be increased by
using different mutagens, such as N-ethyl-N-nitrosourea
(ENU). ENU is a potent mutagen that randomly induces
point mutations throughout the genome7’8 and has been
used in mice extensively. As described previously, we
are participating in a large-scale ENU mouse mutagenesis
program in which mice are mutagenized and offspring are
analyzed for inherited phenotypic variations by using a
large panel of different parameters.” Within this program,
we have selectively analyzed basal blood parameters of
the humoral and cellular immune system'®'" and identi-
fied several independent mouse mutants that display dif-
ferent phenotypes of cellular immunodeficiencies. Using
an outcross backcross breeding scheme and subsequent
chromosomal mapping, we were able to identify the chro-
mosomal location of the affected region in 5 of 6 mutants.
Moreover, sequencing of a candidate gene in a T cell-
deficient mutant mouse allowed us to identify the causa-
tive mutation as a point mutation in the kinase domain
of the T-cell receptor { chain—associated protein kinase
(Zap70). Zap70 is a nonreceptor tyrosine kinase contain-
ing a tandem SH2 domain. It is crucial for T-cell receptor
(TCR) signaling'* and plays a major role in T-cell activa-
tion, thymocyte development, NK cell activation, and NK
T-cell development.13 In patients with Zap70 deficiency,
T cells display an activation defect and abnormal thymo-
cyte development that results in the absence of CD8 ™ cells
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in the periphery, whereas CD4™" cells are normal in num-
ber but do not proliferate on TCR stimulation.'*!”
Recently, a single point mutation leading to a W—C
amino acid exchange located at the beginning of the
second SH2 domain of Zap70 was identified as the causa-
tive defect in a mouse mutant that displayed autoimmune
arthritis."® Thus the phenotypic presentation of different
mutations in a given gene can be quite different, depend-
ing on the location and type of mutation. In this context it
is of interest that the novel Zap70 point mutation described
by us not only caused a T-cell deficiency but was also as-
sociated with increased plasma concentrations of IgE, a
phenotype that has not been reported for Zap70 mutations
before.

METHODS
Mice

C3HeB/Fe] (C3H) mice were purchased from the Jackson
Laboratory (Bar Harbor, Me), and C57BL/6JIco (B6) mice were
purchased from Ifacredo (1’ Arbresle, France). Zap70-deficient mouse
mutants'® were provided by V. Tybulewicz (Mill Hill, London, United
Kingdom) on a B10.D2 background. Mice were housed under specific
pathogen-free conditions.”® The study was conducted under federal
and institutional guidelines for the use and care of laboratory animals
and was approved by the Government of the District of Upper Bavaria.

Reagents and antibodies

Anti-CD4 (RM4-5), Pan-NK (DXS5), anti-CD122 (TM-1), anti-
CD19 (1D3), anti-CD8a (53-6.7), anti-CD3e (17A2), anti-TCR
B-chain (H57-597), and Fc block (2.4G2) were obtained from BD
Biosciences (Heidelberg, Germany). The following antibodies were
used for immunoblotting: Zap70 (BD Biosciences), linker for activa-
tion of T cells (LAT) (Biomol, Hamburg, Germany), phospholipase
C (PLC)y (Santa Cruz, Heidelberg, Germany), goat antimouse immu-
noglobulin (BioRad, Munich, Germany), and goat antirabbit immu-
noglobulin (Dianova, Hamburg, Germany).

ENU mutagenesis and breeding of mice

ENU mutagenesis was performed as described previously.’
Offspring (F1) were screened for dominant mutations. F1 mice show-
ing no phenotypic deviation from wild-type (WT) C3H mice in any of
the screens were mated to C3H female mice to produce G2 mice. Six
to eight G2 female mice were subsequently mated to their F1 fathers
to produce G3 offspring.

Screening for mouse mutants

Screening for mutants was performed as described previ-
ously.'”!" In short, isotype-specific sandwich ELISAs for IgM, IgG1,
IgG2a, IgA, and IgE were used to detect differences in the basal level
of the respective immunoglobulins. In addition, peripheral blood
lymphocytes were analyzed by using flow cytometry with different
antibody combinations: (1) CD4/CD19/CD8/CD3e, (2) A\/k/CD5/
CD45, (3) DX5/CD122/CD8/CD3e, (4) CD34/CD62L/CD4/CD44,
and (5) H2K*/b7 integrin/PI control/CD11b.

Ovalbumin sensitization

Mice were sensitized by means of repetitive intraperitoneal
injections of ovalbumin (OVA; 1 ug; Sigma, Deisenhofen,
Germany; grade VI)/alum (2 mg; Pierce, Bonn, Germany) in PBS
on days 0, 14, 28, 48, and 72. Blood samples were taken at the
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indicated time points. OVA-specific IgE, IgG1, and IgG2a levels
were measured in plasma samples by means of ELISA, as recently
described.?!

Chromosomal mapping

Chromosomal mapping was based on an outcross of homozygous
mutant mice (C3H) to B6 followed by a subsequent brother-sister
mating (C3H/B6 X C3H/B6). DNA was analyzed from mutant
offspring identified by means of flow cytometry. A genome-wide
microsatellite marker panel was applied to pooled DNA from 20
mutant mice to determine the chromosomal location (Medigenomix,
Martinsried, Germany). Fine mapping was performed with individual
DNA by using a panel of microsatellite markers specific for the
respective chromosome.

Sequencing of the candidate gene Zap70

Dideoxy sequencing of the Zap70 gene was performed on an ABI
3100 Genetic Analyzer (AME Biosciences, Toroed, Norway) by us-
ing either cDNA or genomic tail DNA as template.

Cell sorting

Double-positive CD4"CD8* thymocytes were isolated with a
MoFlo cell sorter (Dako, Fort Collins, Colo) and used for measure-
ment of calcium release, RT-PCR, or Western blotting.

Quantitative mRNA analysis

Real-time PCR was performed with RNA from sorted
CD4"CD8" thymocytes by using intron-spanning primers for
Zap70 (forward, CGACTTTGGCCTGTCCAAAG:; reverse, CCTC
CCACTTGTAGATCCAG) and hypoxanthine phosphoribosy] trans-
ferase (HPRT) (forward, AGCTACTGTAATGATCAGTCAACG;
reverse, AGAGGTCCTTTTCACCAGCA).Relative transcript quan-
tities were calculated by using the Ct method, with HPRT as the
reference gene amplified from the samples. Values were expressed
as fold induction (2-AACt).

Cell lysis, gel electrophoresis, and
immunoblotting

Thymocyte cell lysates (10 minutes at 4°C in RIPA lysing buffer)
were separated in a 10% Bis-Tris gel (Invitrogen, Karlsruhe, Germany)
and transferred to a polyvinylidene fluoride membrane (Immobilon P;
Millipore, Schwalbach, Germany). Membranes were blocked for
1 hour at room temperature and incubated at 4°C overnight with
primary antibodies (anti-Zap70, 0.05 wg/mL; anti-PLCry, 1 pg/mL;
and anti-LAT, 4 wg/mL). After repeated washing, blots were incubated
for 1 hour at room temperature with horseradish peroxidase—conju-
gated goat anti-mouse (1:5000) or goat antirabbit immunoglobulin
(1:10000). Peroxidase activity was detected with enhanced chemilu-
minescence (Amersham Life Science, Piscataway, NJ).

RESULTS

Identification of ENU mouse mutants with
primary cellular immunodeficiencies

Using systematic screening of offspring from previ-
ously ENU-mutagenized mice,”'” we were able to estab-
lish a panel of mouse mutants with primary cellular
immunodeficiency (Table I). The phenotypes encompass
selective B-cell deficiency (AB), selective T-cell defi-
ciency in various degrees (AT1-AT3), one line with re-
duced CD8 cells and a partial loss of NK cells (AT/NK),
and one line with complete loss of T and B cells (AT/B).
All mutants followed a recessive pattern of inheritance.
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TABLE I. ENU-induced mouse mutants with primary
cellular immune deficiencies

Mouse CD4 CD8 B NK

line T cells T cells cells cells Mapping status
AB + + - + 10.6-cM interval
AT/B — — — + 8.5-cM interval
AT/NK + (—)* + (—)* Pending

AT1 + (—)* + + 1.0-cM interval
AT2 + (—)* + + 2.4-cM interval
AT3 - - + + 2.1-cM interval

Names given in the table reflect the major phenotype of the individual mouse
mutant.

+, Normal cell population; —, lack of cell population; (—)*, substantial
residual population.

Mapping has been started, and in 5 of 6 mutants, the
chromosome and the respective interval harboring the
mutation have been identified (Table I). In one of the mu-
tants, the AT3 mutant, mapping identified a chromosomal
region that harbored a strong candidate gene that could
account for some aspects of the observed phenotype.
The AT3 phenotype will thus be described in more detail
before results of chromosomal mapping and candidate
gene sequencing will be presented.

AT3 phenotype: Lack of T cells and increased
plasma IgE levels

AT3 mutants were identified by increased plasma IgE
concentrations and an almost complete absence of T cells
in peripheral blood. Although total leukocyte and lym-
phocyte counts were normal, flow cytometric analysis of
peripheral blood lymphocytes revealed a dramatic reduc-
tion in CD3™ T cells (Fig 1, A) in homozygous mice com-
pared with that seen in WT mice. Staining for CD4 and
CDS8 revealed that the remaining T cells represented
both subsets. Despite the reduction of T cells, there was
no sign for hypogammaglobulinemia in AT3 mice. On
the contrary, plasma IgE concentrations were increased
up to 100-fold, and plasma IgG1 levels were also in-
creased, although to a lesser extent (Fig 1, B). Flow cyto-
metric analysis of AT3 thymocytes showed a pronounced
reduction of CD4 or CD8 single-positive cells in the thy-
mus (Fig 1, C, upper panel). TCR-3 expression, which
goes along with the development from CD4/CD8 dou-
ble-positive to CD4 or CD8 single-positive thymocytes,
was barely detectable in thymocytes from AT3 mice
(Fig 1, C, lower panel). Together, these data suggested
that AT3 mutants are characterized by an almost complete
block in thymocyte development at the transition from
CD4/CDS8 double-positive to CD4 or CDS single-positive
thymocytes that might account for the lack of T cells in the
periphery. Indeed, when AT3 mutants where analyzed for
the presence and percentage of T-cell subpopulations in
different organs, the dramatic reduction in the number of
peripheral T cells was found in all tissues analyzed (see
Table E1 in the Online Repository at www.jacionline.org).
Residual CD4 cells in the peripheral blood of AT3 mutants
contained an increased percentage of Foxp3™ cells
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FIG 1. Phenotype of AT3 mutants. A, Almost complete lack of
peripheral T cells in homozygous AT3 mutants compared with het-
erozygous and WT mice (representative results of n = 10-11; see
Table E1 in this article’s Online Repository at www.jacionline.org).
B, Plasma immunoglobulin concentrations of the indicated isotype
in WT (n = 10), heterozygous (n = 10), and homozygous AT3 mice
(n = 11) at 12 to 14 weeks of age. C, Block in thymocyte differenti-
ation at the CD4/CD8 double-positive stage in homozygous AT3
mice (representative results of n = 10-11; see Table E1 in this arti-
cle’s Online Repository at www.jacionline.org). D, OVA-specific
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(WT: 3.4% = 0.4%, n = 7; heterozygous: 4.7% = 0.6%,
n = &; homozygous: 37.2% = 6.3%,n = 7; see Fig El in
the Online Repository at www.jacionline.org). Despite
this increase, the absolute numbers of Foxp3 * CD4 Tecells
in peripheral blood were reduced in AT3 mutants com-
pared with those seen in heterozygous animals (homozy-
gous: 2.5 £ 0.8/pL, n = 7; heterozygous: 8.7 £ 3.2/
pL, n = 8). In addition, DX5" TCR-af™ NK T cells
were virtually absent in the peripheral blood of homozy-
gous AT3 mutants and detectable in lymph node, spleen,
and liver leukocyte preparations, albeit at a dramatically
reduced level (see Fig E2 in this article’s Online
Repository at www.jacionline.org). Heterozygous AT3
mutants displayed a phenotype that was indistinguishable
from that of WT animals in all of the above parameters
(Fig 1 and see Table El in this article’s Online
Repository at www.jacionline.org). The in vivo function-
ality of the remaining peripheral T cells was tested by im-
munizing mice with OVA, a T cell-dependent antigen. In
WT and heterozygous mice the immunization resulted in
solid antigen-specific IgG1, IgG2a, and IgE responses.
In contrast, homozygous AT3 mutants were unable to
mount specific humoral immune responses (Fig 1, D).

The AT3 phenotype maps to chromosome 1
between D1Mit170 and D1Mit172

Analysis of 2 independent pools of DNA from infor-
mative C3H/B6 X C3H/B6 hybrid mouse mutants yielded
in both cases a clear association with chromosome 1 (data
not shown). Subsequent microsatellite marker analysis
with a closely spaced panel of D1Mit markers on indi-
vidual DNAs detected homozygosity for C3H DNA only
in a 2.1-cM interval between D1Mit170 and D1Mit172
(Fig 2, A). This interval comprised 4.7 megabases and
harbors 91 genes, of which 22 have a known function.**
One of these genes, Zap70, which codes for the src-related
nonreceptor tyrosine kinase Zap70, was regarded as a
good candidate gene for the observed phenotype.'®*
Indeed, sequencing of Zap70 in AT3 mutants revealed a
difference in one of the coding exons compared with the
published sequence, as well as to WT control mice of
the same (C3H) or different genetic backgrounds (BALB/
cAnNCirl, C57BL/6-N, FVB/NCrl, DBA/2, JF1, CASA,
and SvJ129; data not shown). The mutation is localized
at the far C-terminal end of the kinase domain (Fig 2,
(). Based on the reading frame, the A to G transition leads
to a nonconservative amino acid exchange from glutamic
acid (E) to glycine (G) at position 589 (P43404, Universal
Protein Resource database, www.ebi.ac.uk).

Expression of Zap70 in AT3 mutants

Quantitative mRNA analysis of RNA extracted from
sorted CD4/CDS8 double-positive thymocytes demon-
strated that the single nucleotide exchange had no obvious
effect on the steady-state expression level of Zap70

IgE, IgG1, and IgG2a response on OVA/alum sensitization in WT
(n = 7), heterozygous (n = 7), and homozygous (nh = 6) AT3
mice. het, Heterozygous; hz, homozygous.
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FIG 2. A, Chromosomal mapping reveals a locus defined by
the flanking markers D1Mit170 and D1Mit172 (for details, see
the Methods section).?? hz, Homozygous; het, heterozygous. B,
Sequencing of Zap70 revealed an A to G transition leading to a
nonconservative amino acid exchange at position 589 from gluta-
mic acid (E) to glycin (G). C, Location (arrow) of the mutation within
the Zap70 protein at the end of the kinase domain.

mRNA in homozygous AT3 mutants compared with
heterozygous or WT control animals (Fig 3, A). In con-
trast, Western blot analysis of cellular extracts from sorted
CD4/CD8 double-positive thymocytes revealed a drastic,
although not complete, reduction of Zap70 protein in
homozygous AT3 mutants, whereas expression of LAT
and PLCy, 2 different intracellular adapter molecules
associated with TCR signaling, was found to be normal
(Fig 3, B). In line with the reduced Zap70 expression,
the proliferative response to polyclonal activation by
anti-CD3 or concanavalin A (see Fig E3 in the Online
Repository at www.jacionline.org), as well as the induc-
tion of calcium release through cross-linking of TCRs
in double-positive AT3 thymocytes, was almost com-
pletely abolished (see Fig E4 in the Online Repository at
www.jacionline.org).

Zap70-deficient mice do not complement
the mutation in AT3 mice

Mating homozygous AT3 mutants to homozygous
Zap70-null mutants generated by means of homologous
recombination'® resulted exclusively in offspring that dis-
played dramatically reduced percentages of peripheral
blood T cells (CD3°CD4": 0.25% + 0.2%; CD3"
CD8":3.0% + 1.1%;n = 7). Parents, as well as double-
heterozygous offspring, show the same phenotype in
agreement with a recessive pattern of inheritance. In
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FIG 3. A, Zap70 mRNA from sorted CD4"CD8" thymocytes from
WT, heterozygous, and homozygous AT3 mice (n = 2 per experi-
ment), as analyzed by means of quantitative RT-PCR. B, Protein
expression of Zap70, LAT, and PLCy from sorted CD4'CD8"
thymocytes from WT, heterozygous, and homozygous AT3 mice,
as analyzed by means of Western blotting. het, Heterozygous; hz,
homozygous; NS, nonspecific band.

contrast, mating AT3 mutants or Zap70-null mutants
with WT mice yielded exclusively normal phenotypes
(data not shown). The T-cell deficiency in AT3 and
Zap70-null mutants was thus caused by the respective mu-
tation of the very same gene. Western blot analysis of
Zap70 in these genotypes reflected this pattern. Although
Zap70-null mutants were completely deficient of Zap70
protein, AT3 and F1 offspring from Zap70-null X AT3
mutants showed residual Zap70 protein (Fig 4, A). In ad-
dition to the T-cell deficiency, AT3 mutants were charac-
terized by an up to 100-fold increase in basal plasma IgE
concentrations. Increased IgE levels had not been reported
for Zap70-deficient mice in the past. In line with this,
plasma IgE concentrations in Zap70-null mutants were
found to be normal (Fig 4, B). When analyzing plasma
IgE levels over time, Zap70-null mutants and C3H WT
mice showed background-dependent constant low levels
of basal IgE (Fig 4, B). In contrast, AT3 mutants displayed
increased IgE concentrations as early as 10 weeks of age.
Interestingly, the double-heterozygous F1 offspring of
Zap70-null mutants X AT3 mutants displayed increased
plasma IgE concentrations over time (Fig 4, B).

DISCUSSION

Here we describe novel mouse mutants with primary
cellular immunodeficiencies that were generated by
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FIG 4. Complementation analysis of AT3 mutants and

Zap70-deficient mice. A, Zap70 Western blot of whole-cell lysates
of thymocytes from C3H WT mice, homozygous AT3 mutants,
Zap70-deficient mice, or F1 offspring of AT3 X Zap70-deficient
mice. B, Plasma IgE concentration in WT mice (n = 4), homozygous
AT3 mutants (n = 7), Zap70-deficient mice (n = 7), and F1 offspring
of AT3 X Zap70-deficient mice (n = 7) between 5 and 25 weeks of
age. hz, Homozygous.

genome-wide ENU mutagenesis and identified by a
subsequent phenotype screen of basal blood parameters
of the humoral and cellular immune system.g'11 Subse-
quent chromosomal mapping allowed us to identify the
chromosomal location of the affected region in the major-
ity of the mutants. In one of the mutants, the AT3 mutant,
the identified chromosomal region harbored a strong can-
didate gene, Zap70, that had been associated with a similar
phenotype in the past. Sequencing of Zap70 identified a
point mutation in the kinase domain as the causative
mutation for the AT3 phenotype.

The majority of alterations observed in AT3 mutants
closely resemble those observed in mice deficient for
Zap70." In contrast to Zap70-deficient mice, AT3 mu-
tants displayed normal levels of Zap70 mRNA and resid-
ual amounts of Zap70 protein when analyzed by means of
Western blotting. To exclude a reduced reactivity of the
mutated Zap70 protein with the mAb used for protein
analysis, 2 different polyclonal anti-Zap70 antisera raised
against different regions of the protein were used instead
and confirmed a dramatic reduction of the Zap70 protein
level (data not shown). Normal mRNA levels suggested
that the reduction of Zap70 protein might be due to prob-
lems in translation, instability, and/or increased degrada-
tion triggered by the replacement of 1 single amino acid
at the end of the kinase domain. At the present time, the
exact mechanism leading to the reduced levels of Zap70
protein remains unclear.

The observation that Zap70-deficient mutants do not
complement the phenotype of AT3 mice demonstrated
that the point mutation found in Zap70 is indeed the caus-
ative mutation for the AT3 phenotype. Mating of AT3 mu-
tants and Zap70-deficient mice resulted in offspring that
exclusively displayed the AT3 phenotype. This included
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the defect in the T-cell compartment, as well as the high
levels of IgE. Interestingly, these high levels of IgE are
found neither in Zap70-deficient mice nor in mice hetero-
zygous for the AT3 phenotype. Moreover, high levels of
IgE in offspring of AT3 mutants X Zap70-deficient mice
show that 1 AT3 allele is sufficient to induce these changes
when no WT Zap70 allele is present. Thus even though
Zap70 has already been inactivated and spontaneous mu-
tations have been described in the past,lg’lg’24 the novel
mutation that we describe in AT3 mice implies, for the first
time, the direct or indirect involvement of Zap70 in the
regulation of IgE.

The dramatic increase in IgE is suggestive of a Ty2-
driven response. Measurement of Ty1 and Ty2 cytokines
in peripheral blood T cells was hampered by the scarcity of
T cells in the AT3 mice. However, when analyzing mito-
gen-induced IL-4, IL-13, and INF-vy release of thymocytes
from WT, heterozygous, and homozygous AT3 mice,
there was no obvious alteration in cytokine production
that would explain an upregulation of IgE production
(see Fig ES5 in this article’s Online Repository at www.
jacionline.org). Alternatively, increased IgE levels might
result from a lack of inhibitory signals that control IgE
production, such as those derived from regulatory T cells.
Interestingly, although peripheral blood of AT3 mutants
contained increased percentages of Foxp3™ cells, the
absolute numbers in peripheral blood were found to be re-
duced, which might simply reflect the T-lymphopenic sta-
tus of the mice. Finally, Zap70 has recently been reported
to be expressed throughout B-cell development and seems
to play a role in pre-B-cell differentiation and allelic ex-
clusion.”® Thus it cannot be excluded that the E589G mu-
tation in AT3 mice might have a direct effect on B-cell
development and IgE class switching. Currently, it is not
clear whether the phenotype observed in AT3 mice might
simply reflect the partial loss of Zap70 or whether the
E589G mutation leads to structural changes that might
result in reduced activation or an impaired kinase activity
of Zap70.%* Studies are underway that will address these
questions.

A number of differences between murine and human
diseases with Zap70 deficiency have been described in the
past, and it is important to note that data obtained in mouse
models cannot be blindly translated to the immune system
in human subjects. However, it also should be noted that
the presence of a point mutation in a gene can give rise to
a phenotype that is different from the one provoked by
its deletion. Although loss of Zap70 leads to a primary
cellular immunodeficiency, a single point mutation at the
beginning of the second SH2 domain can lead to autoim-
mune arthritis.'® The novel point mutation at the end of the
kinase described in AT3 mice was not associated with au-
toimmunity, as determined by measurement of anti-DNA
antibodies and rheumatoid factor (see Fig E6 in this
article’s Online Repository at www.jacionline.org) but
displayed a profound T-cell deficiency combined with
increased IgE production. These results exemplify that
we should keep an open mind in seemingly novel primary
immune defects and not discard target genes based on a
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preset notion of the immune phenotype that has been
associated with it in the past.

The other mutants with primary cellular immunodefi-
ciencies listed in Table I are currently at different stages of
the respective analysis. The fact that the first identified
gene has already been inactivated by homologous recom-
bination is not surprising. Mapping of the respective
mutation in a phenotype-driven approach requires exces-
sive resources, effort, and time. A strong candidate, as in
the case of AT3, speeds up the search for the respective
gene dramatically. In contrast, phenotypes caused by
novel genes require substantially more meioses to narrow
the interval to a region accessible by molecular tech-
niques. It is thus likely that phenotypes caused by hith-
erto-undefined genes or that resemble novel alleles
with gain-of-function properties will unravel their genetic
basis and expand our current understanding of the
genotype-phenotype relationship in primary cellular
immunodeficiencies.

We acknowledge the excellent technical assistance of Britta Dorn.
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FIG E1. Foxp3* CD4 T cells (upper panel) and CD25*/Foxp3™ CD4 T cells were analyzed in WT (n = 7), het-
erozygous (n = 8), and homozygous (n = 7) AT3 mice. Peripheral blood T cells were stained with anti-CD4,
anti-CD25, and anti-Foxp3. Representative data of each genotype gated on CD4" T cells are shown. het, Het-
erozygous; hz, homozygous.



AT3 NKT cell analysis
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FIG E2. NK T cells were analyzed based on the coexpression of TCR-a8 and DX5 by means of flow cytometry of
cell suspensions from spleen or lymph nodes or leukocyte preparations from liver cell suspension obtained by
means of gradient centrifugation. hz, Homozygous; FITC, fluorescein isothiocyanate; PE, phycoerythrin; LN,
lymph node.
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FIG E3. Proliferative response of sorted Thy1.2" T cells from WT mice, AT3 heterozygotes, or AT3 homozy-
gotes was measured by means of tritiated thymidine incorporation. Sorted Thy1.2" lymphocytes were stim-
ulated with anti-CD3 or concanavalin A for 96 hours, and tritiated thymidine was added for the last 18 hours of
culture. het, Heterozygous; hz, homozygous; ConA, concanavalin A.
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FIG E4. Impaired TCR signaling in AT3 mutants. Ca®" release in
CD4"CD8* thymocytes on TCR cross-linking was analyzed
by means of flow cytometry, as described below. On TCR cross-
linking, homozygous AT3 mutants displayed an almost completely
blunted Ca?" release, whereas heterozygous mice showed a
pronounced but reduced signal compared with WT controls. het,
Heterozygous; hz, homozygous. Thymocytes were prepared as de-
scribed above, loaded with 4.5 pmol/L Indo-1 (Invitrogen), and
stained with fluorochrome-labeled rat antimouse CD4 mAb
(RmCD4, Rat IgG2b) and rat antimouse CD8 (RmCDS8, Rat IgG2b),
and unlabeled anti-TCR mAb (H57, Armenian hamster IgG) on
ice. Before stimulation, cells were diluted in prewarmed RPMI
1640 and 1% FCS and analyzed at a concentration of 1 X 10°
cells/mL. Once a baseline of fluorescence 5 (FL5)/fluorescence 4
(FL4) had been recorded, cells were stimulated by the addition of
20 pg/mL polyclonal goat anti-hamster IgG (Sigma). Increases in
intracellular free Ca?" of double-positive thymocytes were mea-
sured as the ratio of FL5/FL4 fluorescence in real time with the
use of a FACSvantage (Becton Dickinson) by gating on CD4"CD8"
double-positive thymocytes. Data were processed by using Flow
Jo software (TreeStar, San Carlos, Calif).
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FIG E5. Cytokine production of thymocytes from C3H WT mice (n = 9), AT3 heterozygotes (n = 13), and AT3
homozygotes (n = 13). Thymocytes were stimulated at 300,000 cells per well with indicated concentrations of
concanavalin A or phorbol 12-myristate 13-acetate plus ionomycin, and cell-culture supernatants were
collected at 48 hours and analyzed by means of ELISA. het, Heterozygous; hz, homozygous; Con A, concanav-
alin A; PMA, phorbol 12-myristate 13-acetate.
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FIG E6. The presence of autoimmunity was assessed by analyzing plasma for the presence of anti-DNA
antibodies and RF, as previously described.® RF and anti-DNA antibodies were analyzed in C3H WT mice
(n = 21), AT3 heterozygous mutants (n = 6), and AT3 homozygous mutants (n = 16). Pooled plasma from
6- to 8-month-old Ipr/lpr mice was used as reference positive control. The results are expressed as arbitrary
units normalized to reference plasma set at 800 AU/mL. RF, Rheumatoid factor; het, heterozygous; hz, homo-
zygous; Ab, antibody.



TABLE E1. Tissue distribution of T-cell subsets in AT3 mice analyzed at the age of 10 to 12 weeks

Blood Spleen
CD3™" (%) CD4™" (%) CD8™ (%) n CD3™" (%) CD4™" (%) CD8™ (%) n
WT 46.4 = 17.1 2905 £ 123 159 = 5.0 10 51.6 £ 11.3 32 £71 18.6 £ 5.2 10
het 50.7 = 12.2 323 = 84 173 = 4.1 11 51.1 =33 319 = 4.7 18.3 = 3.2 11
hz 5*+26 3424 1.2 = 1.1 11 73 42 5+29 42 £ 37 11
Lymph node Thymus
CD3™ (%) CD4" (%) CD8™" (%) n CD4*CD8™ (%) CD4" (%) CD8* (%) n
WT 55.8 = 14.0 33.5 = 13.7 173 £ 6.0 6 78.0 = 4.1 154 =52 36 £1.2 10
het 62.6 = 6.2 450 £ 3.4 15.6 = 3.7 6 69.1 = 10.1 15.1 = 8.0 4.6 = 3.1 11
hz 12.8 = 3.5 6.9 £35 30* 1.6 5 85.0 = 14 29 £09 03 =04 11

het, Heterozygous; hz, homozygous.
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