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ABSTRACT Bruton tyrosine Kinase (Btk) is essential for impaired. xid B cells show an aberrant response to B cell
the development of pre-B cells to mature B cell stages. receptor cross-linking, interleukin 5 (IL-5), IL-10, CD38, or
Btk-deficient mice manifest an X-linked immunodeficiency CD40 (5-8). It has been shown that Btk activ ty and tyrosine
(xid) defect characterized by a reduction of peripheral IgM'*" phosphorylation increase upon stimulation of the B cell re-
[gD"&h B cells, a lack of peritoneal CD5* B cells, low serum ceptor, and the receptors for IL-5 and IL-6 (16-20).

levels of IgM and IgG3, and impaired responses to T cell The deftect iIn XLA and xid i1s intrinsic to the B cell, as
independent type II (TI-II) antigens. We have generated 1eterozygous females manifest a unilateral X chromosome
transgenic mice in which expression of the human Brk gene is inactivation in the mature B cell populations (13, 21-23), due
driven by the murine class II major histocompatibility com- 0 a selective disadvantage of cells that have the defective Btk
plex Ea gene locus control region, which provides gene gene on the active X chromosome. Btk is expressed throughout
expression from the pre-B cell stage onwards. When these B cell differentiation, except in plasma cells (8, 13, 24).

transgenic mice were mated onto a Btk~ background, correc-
tion of the xid B cell defects was observed: B cells differenti-
ated to mature IgM'**IgDM=h stages, peritoneal CD5* B cells
were present, and serum Ig levels and in vivo responses to TI-II
antigens were in the normal ranges. A comparable rescue by
transgenic Btk expression was also observed in heterozygous
Btk*'~ female mice in those B-lineage cells that were Brk-
deficient as a result of X chromosome inactivation. These
findings indicate that the Brk~ phenotype in the mouse can be
corrected by expression of human Brk from the pre-B cell stage
onwards.

Although Btk 1s already present in pro-B cells, the first
selective disadvantage of Btk-deficient cells only becomes
apparent at the transition from small pre-B cells to immature
B cells in the bone marrow (13). Furthermore, Btk is critical
during the antigen-driven maturation of selected B cells in the
periphery (9, 12, 13).

We genecrated transgenic mice in which Btk expression is
driven by the class II major histocompatibility complex (MHC)
Ea gene locus control region (LCR) (25), and mated them onto
a Btk~ background. We show that the Btk~ phenotype can be
corrected by transgenic expression of human Btk from the
pre-B cell stage onwards.

Bruton tyrosine kinase (Btk) i1s a cytoplasmic protein tyrosine
Kinase that is essential for B cell development. The Btk gene

encodes a 659-amino acid protein that contains a sﬂlgle MATERIALS AND METHODS

catalytic domain, the sre homology domains SH2 and SH3, and Generation of Transgenic Mice. Using a human Brk (hBrk)
a unique N-terminal region with a plucks‘trm homology do- cDNA clone phBrk2.55, which was isolated from a pro-B cell
main and proline-rich sequences (1, 2). Btk belongs to the Tec cDNA library (24), the 5’ end of the ¢cDNA up to the EcoR]
subfamily of tyrosine kinases, together with the homolngnus sita-at eDNA: position 1453 (1) was subcloned by EcoRI
Tec, Iik, f‘nq Bmx genes (3). . T digestion and religation (phBtk1.45). A 670-bp EcoRI-blunted
Mut_atlom In the 5!/( agene (4) lc‘ud to X-lmkcd_ agamma- Hindlll fragment (positions 1453-2123) from phBtk2.55 was
globulinemia (XLA) in humans, which is characterized by an cloned into EcoR1 and EcoRV digested phBrk1.45. From the
almost complete failure of pre-B cells to differentiate into resulting plasmid a 2.1-kb Bliisted NoTES Al Fedgmatit soms
mature B cells (5-8). In the mouse. Btk defects result in a mild e PR G Rl T Tpis R YL W Ny
B cell disorder, X-linked immunodeficiency (xid). both in g the hiawe e Nl B0 bpens 2  nmipmitdier RN,
5 was ligated to a 6-kb blunted Aarll-Sall fragment from pEV3
CBA/N mice carrying an Arg-28 pleckstrin homolog gy domain (Clare Gooding, ICI Pharmaceuticals), containing 2.8 kb of 3’
mutation, and in mice with targeted disruptions of Btk in their hB-UIOhih 5 LT:HC“‘S Sibieaeatlvy & Pual ales s i
germ line (9-13). These mice have =50% fewer peripheral B 2 i TR T : YN ~
= 79 T g s DR e duced at a unique Mlul site in the polylinker just 3 of
cells than normal, with a specific deficiency of mature surface "

[gM!oVT[gDMeh cells (14, 15). In the peritoneum CD5* B cells

are absent. Serum levels of IgM and IgG3 are low; responses Abbreviations: Btk, Bruton tyrosine kinase; h, human; KLH, keyhole
to T cell independent type 11 (TI “i‘ snlicens; ae ceverely limpet hemocyanin; LCR, locus control region; MHC, major histo-
- % ¢ D L L . 1] .

compatibility complex; MLN, mesenteric lymph node; TD, T cell
dependent; TI-II, T cell independent type II; TNP, trinitrophenol:
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hB-globin. Using a unique Pvul site at position +33 in hBrk, a
4.9-kb Pvul fragment containing hBrk—hp-globin was cloned
into a unique Pvul site at position + 14 1in the MHC class 11 Ea
gene on cosmid 32.1 (25). This cosmid (BALB/c H-2¢ haplo-
type) contained 23 kb of 5" Ea sequence, with the 5 DNase |
hypersensitive sites of the Ea LCR. A 29-kb Mlul fragment (see
Fig. 1.4) was injected into pronucler of FVB X FVB fertilized
oocytes at a concentration of 2 ng/pul.

Protein Analyses and Reverse Transcription-PCR (RT-
PCR). For RT-PCR analysis, RNA was 1solated from sorted
cell populations using the Ultraspec RNA isolation system
(Biotecx Laboratories, Houston) and ¢cDNA was synthesized
using reverse transcriptase (Super RT; HT Biotechnology,
Cambridge, U.K.) and an oligo(dT) primer. PCRs were per-
formed in 50 wl PCR buffer (Life Technologies, Paisley, U.K.)
with 1.5 mM MgCls, 100 ng of each primer, and 5 uCi (1 Ci =
37 GBq) of [a-**P]dATP. Amplification was for 27 cycles with
denaturation at 94°C for 30 s, anncaling at 55°C (Btk trans-
oene) or 60°C (hypoxanthine phosphoribosyltransferase:
HPRT) for 30 s, and extension at 72°C tor 45 s. PCR products
were visualized by electrophoresis through an 6% polyacryl-
amide/0.5% TBE gel and autoradiography. Quantifications
were performed using IMAGEQUANT (Molecular Dynamics).
Primers specific for the hBrk-transgene were in Btk exon 19
(5'-ATGGA TGAAG AATCC TGAGC-3") and B-globin
exon 3 (5'-TGGAC AGCAA GAAAG CGAG-3"). HPRT-
specific primers were 5'-CACAG GACTA GAACA
CCTGC-3' and 5'-GCTGG TGAAA AGGAC CTCT-3'.

Western blotting analysis was performed as described (13).

Flow Cytometric Analyses and Cell Sorting. Preparation of
single-cell suspensions, loading cells with fluorescein di-B-D-
oalactopyranoside, three-color flow cytometric analysis, and
mAbs have been described (13). For analysis of Ki-67 expres-
sion, cells were lysed in lysis buffer (Becton Dickinson) after
staining with surface markers. For cell-sorting experiments,
10% bone marrow cells were incubated with phycoeythrin
(PE)-conjugated anti-CD43, fluorescein isothiocyanate-
labeled anti-B220, biotin-conjugated IgM (PharMingen) and
streptavidin-TriColor (Caltag, South San Francisco, CA) as a
second step. Cell sorts were performed on a FACS Vantage
cell sorter (Becton Dickinson); the purity of the obtained cell
populations was =95%;, as determined using CELLQUEST (Bec-
ton Dickinson) software.

Immunizations, Ig ELISA, and in Vitro Stimulations. To
measure TI-1I responses, 4- to 6-month-old mice were injected
intraperitoneally with 50 g 2,4-dinitrophenol (DNP)-Ficoll in
PBS and trinitrophenol (TNP)-specific 1gG3 was analyzed at
day 7 by ELISA. To measure T cell-dependent ('TD) responses,
mice were immunized with 100 pg TNP keyhole limpet
hemocyanin (TNP-KLH) precipitated with alum (26), and
TNP-specific [gM was analyzed at day 7. A booster dose of 100
g TNP-KLH was given at day 14, and TNP-specific IgG1 and
[¢G2a was analyzed at day 21. In the TNP-specific sandwich
ELISA assays, plates were coated with isotype-specific anti-
bodies and serum dilutions were incubated for 3 h. Subsequent
steps were peroxidase labeled TNP-KLH and azino-bis-
ethylbenz-thiazoline-sulfonic acid. Serum Ig subclasses were
determined by isotype-specific ELISA (13, 26).

For in vitro stimulations, total spleen cell populations were
cultured with 2 pg/ml goat-anti-mouse IgM (Southern Bio-
technology Associates) or bacterial lipopolysaccharide (5 pg/
ml) for 3 days, and analyzed for expression of Ki-67 by flow
cytometry.

RESULTS

MHCII-hBtk Transgenic Mice. A transgenic construct (Fig.
14) was generated in which the hBtk gene is put under the
control of the murine class [l MHC Ea gene LCR—1.e., a 23-kb
genomic DNA fragment that contained the promoter proximal
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FiG. 1. Structure and expression of the MHCII-hBrk transgene. (A)
Map of the transgene construct, showing the locations of five DNase I
hypersensitive sites present in the 23-kb Mlul-Pvul mouse MHC class 11
upstream Ea gene fragment, the 2.1-kb Pvul-HindIIl hBtk cDNA frag-
ment (hatched box), as well as a 2.8-kb h3-globin fragment containing part
of exon 2, exon 3, and 3’ untranslated region. (B) RT-PCR analyses of
MHCII-hBtk transgene expression during B cell development. cDNA
samples were prepared from sorted bone marrow populations of MHCII-
hBtk transgenic Btk /Y mice and yields were normalized using =250 bp
HPRT RT-PCR products. The MHCII-hBrk transgene primers generated
single =230-bp bands, with the following densities (relative to fraction E):
lane ABC, B220*CD43*"IgM~ pro-B cells (28): 1.8%: lane D,
B220*CD43 IgM~ pre-B cells: 25%: lane E, B220"IgM ™ immature B
cells: 100%: and lane F, B220Meh[eM™* mature B cells: 35%. Data are
shown as a representative of three mice examined. (C) Western blot
analysis of Btk expression in total cell lysates from spleen of 3-month-old
male wild-type mice (Btk*/Y) or Btk-deficient mice (Btk /Y), cither
nontransgenic or MHCII-hBtk transgenic. The position of the 77-kDa Btk
band is indicated.

and B cell control regions (27), as well as more upstream
DNase | hypersensitive sites required for position-indepen-
dent, copy number-dependent expression (25). The hBtk 3’
untranslated region was replaced by a 3" hB-globin genomic
fragment. The transgenic construct was injected into fertilized
oocytes and six founder mice were obtained, as identified by
genomic Southern blotting analyses using probes specific for 3
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13-globin and for hBrk. Five of these showed germ-line
ransmission of the transgene and in two lines expression of the
ransgenc was observed by S1 analyses. No differences were
found between these two lines in any of the performed
analyses. The offspring did not exhibit developmental defects
or any increased susceptibility to infectious diseases or malig-
nancies, for over 1 year of age.

Consistent with the expression of MHC class IT molecules 1n
B lymphocytes and thymic epithelium (27), the highest expres-
sion levels of the transgene construct were found in spleen and
thymus by S1 protection assays (data not shown). The trans-
gene was also found to be expressed at a low level in brain,
liver, and kidney. To confirm that the MHCII-hBrk transgene
is transcribed n the B cell lineage only from the pre-B cell
stage onwards, RT-PCR experiments were performed on
sorted bone marrow cell populations. Transgene transcripts
were readily detected 1in pre-B cells, immature and mature B
cells (Fig. 1B). In contrast, expression in the sorted pro-B cells
[B220" /1gM ~/CD43 ™" cells, fraction ABC (28)] was very low,
with densities of the amplified signals that were <2% of those
in fraction E [immature B220 " [gM ™ B cells (28)]. These faint
Btk signals may well originate from contaminating cells that
were present (up to 5% ) n the pro-B cell preparations.

Male mice with one allele of the MHCII-hBtk transgene
were mated to female Brk™' mice—i.e., mice in which on one
allele the Btk gene 1s inactivated through a targeted in-frame
insertion of a lacZ reporter in exon 8 (13). In the offspring the
our possible genotypes among males, wild-type (Btk ™ /Y) and
xnock-out (Btk/Y), either nontransgenic or carrying the
MHCII-hBtk transgene, were found in the expected ratio of
[:1:1:1. Protein expression of the MHCII-hBrk transgene
construct was analyzed by Western blot experiments on spleen
total cell lysates (Fig. 1C). Using a polyclonal rabbit antiserum
specific for Btk amino acids 69-88 which are 100% conserved
between human and mouse, a 77-kDa protein was detected in
the spleen of normal male mice (Btk™/Y), but not in the mice
with the targeted disruption (Btk /Y). In the Btk /Y MHCII-
hBtk transgenic mice, Btk protein expression in the spleen was
restored, apparently to levels similar to those found in normal
mice. When sorted bone marrow cell suspensions were ana-
lyzed in these mice, Btk protein was not detected in pro-B cells,
but was found to be expressed from the pre-B cell stage
(fraction D) onwards (data not shown).

Transgenic MHCII-hBtk Expression Corrects B Cell Num-
bers and Surface Ig Profiles in Btk™ Mice. The four groups of
male littermates described above were investigated to assess

Table 1.

lransgenic mice
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lymphocyte surface phenotypes and numbers in spleen, mes-
enteric lymph node (MLN), bone marrow, thymus, and peri-
toneal cavity by flow cytometry (Table 1 and Fig. 2). No
significant differences were found in the T cell compartment
nor in the myeloid lineage (Table 1 and data not shown).

In the B cell lineage no significant differences were detected
between normal and MHCII-hBrk transgenic mice. As previ-
ously described (13) the Brk /Y mice had fewer B220" B cells
and, more particularly, a decrease in mature IgM'*v/IgDheh B
cells in spleen, MLN, and bone marrow. In the peritoncum, the
numbers of conventional B cells were reduced (=40-50% of
normal) and CDS" B cells were virtually absent. However,
correction of this B cell deficiency was observed in the Btk /Y
mice that expressed the MHCII-hBrk transgene. In the spleen
and MLN the B cell numbers reached close to normal values
and mature IgM'*¥/IgDMeh B cells were present in normal
numbers 1n the spleen, MLN, and bone marrow (Table 1 and
Fig. 2). In the peritoneum the numbers of CD5™ and conven-
tional B cells were in the normal ranges. The percentages of the
pro-B, pre-B, and immature B cell subsets in the bone marrow
were not significantly different between the four groups (data
not shown).

Correction of Btk-Deficient Cells in Btk™'~ Heterozygous
Females. As the expression of the disrupted Btk allele could be
identified by lacZ activity, in Btk females the competition
between B cells that express wild-type Brk and those expressing
Btk ~ /lacZ—due to the phenomenon of X chromosome inac-
tivation—was assessed. Cell samples from spleen and MLN
were evaluated for lacZ activity using fluorescein di-B-D-
alactopyranoside as a substrate in conjunction with surface
(pression of IgM and IgD by flow cytometry.

In the absence of any selective disadvantage, lacZ-
expressing cells from Brk™'— females would be expected to
represent 50% of any B cell developmental population. How-
ever, because of the proliferative disabilities of Btk-deficient
cells, the fraction of lacZ-expressing cells in the heterozygous
females decreased during B cell maturation in the periphery
from ~35% in IgMMsh[gD!Y (fraction II1) to 10% in IgMhigh
[gD™eh (fraction II) and to almost undetectable levels in
[gM!oVIgDMeh (fraction I) B cell stages (ref. 13 and Fig. 34).
Also in Btk™' temales that express the MHCII-hBtk trans-
gene, a selective disadvantage of lacZ-expressing cells was
observed, although the development of these cells did not
appear to be compromised to such a large extent as In
nontransgenic Brk™'— temales. Significant fractions (=10%) of

us
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Flow cytometric analysis of the B lymphocyte compartment in MHCII-hBtk

Btk*/Y Btk— /Y
Tissue Cell population Btk* /Y MHCII-hBtk Btk /Y MHCII-hBtk
Spleen Nucleated cells, X10° [42 = 45 138 = 43 96 = 30 113 = 34
B220* cells, % 58 3 54 + 4 45 =+ 6* 52 9T
[gM'ovIgDhieh cells, % 30 = 4 26 = 4 9.+ 5% 20+ 7
CD4™ cells, % g = 2 P i 224 4 23 %3
CDS™ cells, % 0O +?2 3. =1 ] et 2 B e
MLN B220* cells, % 38 + 10 33 +:6 20+ 5* 31 = 147
[gMIoV[gDhigh cells, % 31 + 8 22.:% 7 T2 20 + 107
CD4™ T cells, % 36 + 6 40 + 9 48 + 7 40 = 8
CD8* T cells, % 19 + 4 200116 28 =4 22 +3
Peritoncum CDS™ B.cells. % 4 4= 2 6 14 (33403 4. DT
CD5~ B cells, % 13+ 4 11 2.5 RN 14 = 57
CD5ST'T cells. % 5= 3 4% 13 7 x4
Bone Marrow  B220" cells. % 24 =+ 1 22 %1 19 & 1 22+ 1
[gMow[gDhigh cells, % 25 += 0.6 3.8%1.2 0.7 102" 3.0 + 1.47

Mice were 4-6 months old. Numbers of mice analyzed are 10-14 (spleen), 3-6 (MLN), 7-10
(peritoncum), and 4 (bone marrow) for all groups.
“P < 0.05, compared with Btk /Y mice, in the Mann-Whitney U test.
"Not significantly different, compared with Btk */Y mice.




Immunology: Drabek et al.

Btk+ /Y Btk+ /Y Btk-1Y Btk-1Y
5 MHCII-hBtk : MHCII-hBtk
T ‘ . : Lyls
= = R
=
g ||
=
>
(=]
o0
s |
E:
= ][
'E, & .
g 1)
- e
= i
J ap |
8
= ]
|
=
e | s
S :
S -

FiG. 2. The effect of the MHCII-hBrk transgene on peripheral B
lymphocytes. Three-color flow cytometric analysis of spleen, MLN,
and peritoneum from 4-month-old normal and transgenic Btk /Y
males, as well as nontransgenic and transgenic Btk /Y males. Spleen
and MLN cell suspensions were stained with biotinylated anti-IgM and
streptavidin-TriColor, anti-IgD-PE, and anti-B220-fluorescein iso-
thiocyanate. (Top) Percentages of cells displayed that are B2207/
[eM* are indicated. (Bottom) Percentages of gated B220" cells
displayed that are IgM'“¥IgDheh (fraction I; refs. 14 and 15) are
indicated. Peritoneal cells were stained with anti-B220, anti-IgM, and
either anti-CD5-PE or anti-IgD-PE; B220* cells are displayed. The
percentages of total cells (including peritoneal macrophages) that are
CD5* (and IgD'%) B cells or conventional (CD5 ™ and IgD"s") B cells
are given. Data are shown as 5% probability contour plots represen-
tative of the mice examined: dead cells were gated out, based on
forward and side scatter characteristics.

mature IgM'““IgD"Msh fraction I cells in spleen and MLN-
manifested lacZ activity (Fig. 34).

When peritoneal cells from Brk™/~ mice were investigated
for LacZ activity and surface expression of IgM and CD5, no
lacZ " cells could be detected in the CD5™ B cells nor in the
conventional CD5~ B cell population (Fig. 34). However, 7%
of CD5" B cells and 14% of CD5~ B cells expressed lacZ 1n
MHCII-hBrk transgenic Btk females.

Furthermore, we analyzed the surface IgM/IgD protfile of
the lacZ~ and the lacZ" cells in female spleen and MLN
(shown for spleen in Fig. 3B). In nontransgenic heterozygous
females, the gated lacZ~ mature B cells exhibited an IgM/IgD
surface profile that was identical to the profile of B cells 1n
normal mice, whereas the gated lacZ™ cells manifested an
[gMMieh phenotype, reminiscent of the B cell population found
in Btk /Y mice (Fig. 3B). In contrast, the gated lacZ™ cells 1n
MHCII-hBtk transgenic heterozygous females, showed an
[gM/1gD surface profile that was more similar to the profile
in normal mice.

Transgenic MHCII-hBrk Expression Corrects Serum Ig
Levels, TI-II Responses, and B Cell Proliferation. The serum
concentrations of IgM, IgGl, IgG2a, and IgG3 were deter-
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FiG. 3. The effect of the MHCII-hBtk transgene in Btk™'~ temale
mice. Cell suspensions were stained for lacZ activity, anti-IgM (bio-
tinylated)/streptavidin-TriColor and anti-IgD-PE (spleen and MLN)
or anti-CD3-PE (peritoneum). (4 ) The percentages of lacZ-expressing
cells as mean values and standard deviations in the three peripheral B
cell compartments (fraction I11, IgMPighIgDlow: fraction II, IgMMeh
[gDhigh: and fraction I, IgM'*“IgDMeh: refs. 14 and 15). Values are
corrected for individual variations in X chromosome inactivation
ratios, using lacZ expression values from peritoneal macrophages (13).
Data for spleen and MLN are from 6-week-old mice, and for perito-
ncum they are from 4-month-old mice. (B) Surface expression of IgM
and IgD in gated lacZ ~ and lacZ " spleen cells from nontransgenic and
MHCII-hBtk transgenic Btk "/~ female mice. (Upper) For comparison
the profiles in (lacZ ) Btk males and in (lacZ™) Btk~ males are given.
The distribution of [gM *IgD* cells over the compartments III, IT, and
[ in percentages is indicated. Data are shown as 5% probability contour
plots representative of the mice examined.

mined by ELISA. The knock-out mice (Brtk~/Y) had decreased
levels of IgM and IgG3, when compared with normal litter-
mates; this defect was corrected by transgenic Btk expression,
as the MHCII-hBtk mice manifested serum Ig levels that were
in the normal range (Fig. 44).

To analyze the in vivo responsiveness to TD antigens, mice
were immunized with TNP-KLH, and primary IgM and sec-
ondary IgG1 and IgG2a responses were measured by ELISA.
The primary TNP-specific response was low in Bk~ /Y mice,
consistent with previous findings in Btk-deficient mice (9, 12)
but comparable between normal and transgenic MHCII-hBrk
knock-out (Btk /Y) mice (Fig. 4B). The secondary TNP
responses were not significantly different between the groups
of mice. Because xid mice are unresponsive to TI-II antigens
(9, 12), we also investigated the 1gG3 response to the TI-II
antigen DNP-Ficoll. The results showed that the Btk=/Y




614 Immunology: Drabek et al.
A e [gM 1gG [gG2a [gG3
Opyivenee SIS = SEUUEEIS N R R R S
Tl T [
" %9 e@ o '.. -903 &
X)) — p I.. — ] .'.—
:::.‘::;I':,':;:.'.'..‘::;::::‘.::L::::i: ,::'.:.,,;..;::._;.‘.:l:t;:;:.::::::i o@;;;:.f:.:[z‘r‘:;::::.ﬁ! I
E i MMM Ol 7 17 T e " s = [ o]
R R L) I R 0.8 & AR . =
= % - 0 Q B qalgj
1K) T e T & e T
fr—— e[RRI RS R
R i by s -
1) . m T T T T T ! T T T T T
TNP-KLH TNP-KLH TNP-KLH DNP-Ficoll
B Primary - [gM Secondary - IgG1  Secondary - 1gG2a 1pgG3
T b o e e T L P S S T P TR - . TR T T P T [ ggereenarnrenecnm...]
| PR T Y R S | ST S SRSt s ke e l..o0 ’. x i
! | o i)
- . - N .,. | 2 &
£ ‘ o 6 & | [®
g I 1 :' o | 9 . |
- o
ik rre = N (e T - Tk s § IR P T e ST
R, S g o il i R
a | |"o C !'
] o JI | 0 .. ; ! ! |
O w® i .r | : & \
% arn & | | : ~
| 2 | |

FiG. 4. Correction of serum Ig levels and in vivo antigen responses
by expression of the MHCII-hBtk transgene. (A) Serum concentra-
tions of Ig subclasses in unimmunized 4-month-old mice. (B) Serum
concentrations of DNP/TNP-specific antibodies were determined
after primary and secondary immunizations with the TD antigen
TNP-KLH, and after immunization with the TI-IT antigen DNP-Ficoll
In 4- to 6-month-old mice. In transgenic Btk /Y males TD responses
were not determined. O, nontransgenic Btk™ /Y males; @, MHCII-
hBik transgenic Brk™ /Y males: [, nontransgenic Btk /Y males; W,
MHCII-hBik transgenic Btk /Y males.

knock-out mice did not respond and that this defect was
completely corrected by MHCII-hBik expression (Fig. 4B).

To determine the proliferative capacity of B cells, total
spleen cell suspensions were stimulated with anti-p and pro-
liferation was quantified by flow cytometric analyses of the
nuclear Ki1-67 antigen, which 1s expressed 1n all proliferating
cells during late G, S, M, and G> phases of the cell cycle (29).
After 3 days of anti-u stimulation, Ki-67 was expressed in 68 =
8% of B220 ™ cells from normal mice and in 35 = 17% of B220™
cells from Btk-deficient animals. In the MHCII-hBtk trans-
genic Btk™/Y and Btk /Y mice, the induction of Ki-67 ex-
pression was clearly 1n the normal range (62 = 11% and 67 =
8%, respectively, n = 3 for each group).

When cells were cultured with 5 pg/ml lipopolysaccharide
for 3 days, the Ki-67 antigen was expressed in 70-80% of
splenic B220™ cells in all four mice groups. However, the
fraction of lymphoblasts in the B220" cell fraction, as deter-
mined by forward scatter characteristics, was low in Btk~/Y
mice (32 £ 5%, and 45 = 7% in normal littermates). In the
MHCII-hBrk transgenic Btk™ /Y and Btk~ /Y mice these val-
ues were 49 * 3% and 49 * 13%, respectively.

DISCUSSION

We have generated transgenic mice in which expression of the
hBtk gene 1s driven by the murine class Il MHC Ea gene LCR,
which was shown to provide position-independent, copy num-
ber-dependent expression and could therefore be used to
target genes to B lineage cells (25). MHC class II antigens are
constitutively expressed on B cells and can be induced on a
variety of other cell types, including macrophages and cells of
nonhaematopoietic lineage (27). During B cell development.
class 11 genes are first expressed on a major proportion of the
pre-B cells (30). Although mature B cells manifest consider-
able heterogeneity in expression levels, the levels are generally
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higher than in pre-B cells (27, 30). In plasma cells the
expression 1s down-regulated. Our RT-PCR and Western blot
experiments show expression of the MHCII-hBrk transgene
from the pre-B cell stage onwards.

When the transgenic mice were mated onto a Btk back-
ground, correction of the xid B cell defects was observed. In the
spleen and MLN of MHCII-hBrk transgenic Btk /Y males, B
cell numbers and their surface IgM/IgD phenotype were
normal; in the peritoneal cavity conventional B cells and CD5 ™
B cells were present in normal numbers. In addition, expres-
sion of the transgene restored the serum IgM and IgG3
concentrations, the responses to TI-II antigen, and the prolif-
erative capacity of B cells to anti-u and lipopolysaccharide.
These results directly show that the presence of Btk from the
pre-B cell stage onwards 1s sufficient for normal development
of the conventional and CD5 ™ mature B cell populations. They
also agree with previous findings that in Btk-deficient B
lincage cells, defects only become apparent at the transition
from small pre-B cells to immature B cells in the bone marrow
(13, 22, 31). To date, 1t 1s unknown which of the signaling
functions of Btk are mainly responsible for the immunodefi-
cient phenotypes of XLA and xid. Nevertheless, the outcome
of our transgenic rescue experiments are compatible with a
role for Btk in signaling both from the Ig-u H chain—surrogate
L chain complex in pre-B cells and from the antigen receptor
complex in mature B cells. Such a role for Btk 1s further
supported by recent findings that the B cell defects in Btk-
deficient mice resemble those in a mouse mutant that lacks
most of the cytoplasmic tail of the B cell receptor-associated
signaling molecule Ig-a (32).

Rescue by transgenic MHCII-hBrk expression was also
observed in heterozygous Btk™'~ female mice in those B-
lineage cells that were Brk-deficient as a result of X chromo-
some 1nactivation. In MHCII-hBrk transgenic females the
mature B cells that expressed the Btk /lacZ allele did not
manifest the aberrant surface [gM"Me" profile, typical for the xid
phenotype (Fig. 3B). However, as the fractions of lacZ-
expressing cells still did not reach 50%. 1t can be concluded that
mature B cells that only have transgenic hBtk still have a slight
selective disadvantage over those cells that have both the
endogenous murine and the transgenic human gene. This
phenomenon may originate from (/) minor insufficiencies in
the expression of the transgene, (i/) dominant negative effects
of the expression product of the targeted Btk—lacZ allele, or
(ii1) functional differences between the human and murine Btk
protein. Twelve out of 659-amino acid residues are different
between murine and hBtk, most of which are conservative
substitutions throughout the protein (1, 2). However, three
amino acid changes are clustered at positions 207-214 in the
proline-rich region, partly located in one of the two 10-amino
acids motifs implicated in the interaction of Btk with SH3
domains of Fyn, Lyn, and Hck (33). Hence it remains possible
that human and murine Btk show differences in affinity or
specificity for SH3 domains, leading to slight selective disad-
vantages of murine B cells expressing hBtk. Yet, in MHCII-
hBtk transgenic Brk™ heterozygous females the selection
against cells expressing the Btk /lacZ allele was not as pro-
nounced as in the nontransgenic females (Fig. 34).

The finding that the xid phenotype can be corrected in the
mouse by transgenic expression of Btk from the pre-B cell
stage onwards has important implications for the design of
strategies for gene therapy of XLA. Our findings in the mouse
show that the Brk gene does not need to be introduced in the
very small populations of hematopoietic stem cells or early
pro-B cells to restore B cell development in XLA patients.
Instead, Brk gene transfer to any of the precursor B cell stages
up to the small pre-B cell would correct the XLLA defect. Thus,
~10% of total cells or =50% of the B-lineage cells (28) in the
bone marrow would be suitable targets. In addition to this large
target cell population, XLA 1s also a good candidate for gene
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therapy because Btk expression only needs to be transient [ Btk
Is not required in plasma cells (8, 24)].

The observed correction of the B cell defects by transgenic

expression of wild-type hBtk driven by the MHC class IT LCR
makes 1t attractive to perform similar studies with mutated Btk
transgenes to investigate the function of the various Btk
domains.
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