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Summary

CD8L is a cell surface molecule expressed on many cell types and associated with the CD19/
CD21/Leul3 signal-transducing complex on B cells. A recent report implies that CD81 ex-
pression on thymic stromal cells is important in the maturation of thymocytes from CD4~
CD8~ to CD4*CD8*. However, we have produced CD81-null mice by gene targeting, and
find that they undergo normal development of thymocytes and express normal numbers of
T cells. B cells are also found in normal numbers in the spleen, blood, and peritoneal cavity of
CD81-null mice, but they express a lower level of CD19 compared to heterozygous litter-
mates. Finally, early antibody responses to the protein antigen ovalbumin are weaker in CD81-
null mice compared to their heterozygous littermates. This is consistent with the proposed role
of the CD19/CD21/CD81-signaling complex in lowering the threshold for B cell responses.
These results show that CD81 is not required for maturation of T cells, but is important for op-

timal expression of CD19 on B cells and optimal stimulation of antibody production.

D81 was first identified as the target of an anti-prolif-

erative antibody (TAPA-1) (1) to a B lymphoma cell
line. It is a member of the tetraspanin, or transmembrane 4
superfamily (TMA4SF), which also includes CD9, CD37,
CD53, CD63, CD82, and an expanding number of other
proteins. Many of these molecules are present on leuko-
cytes and are involved in signal transduction, cell-cell ad-
hesion, and cellular activation or development (reviewed in
reference 2).

As part of a complex on B cells that includes CD19,
CD21, and Leul3 (3, 4), CD8L1 can provide costimulatory
signals that lower the threshold required for B cells to re-
spond to antigen (5). Also, CD8L1 ligation on human B cells
can deliver a signal that increases interleukin (IL)-4 synthe-
sis by T cells (6). Thus, CD81 may be important for the
development of Th2 immune responses.

In addition to its potential functions on B cells, a recent
report implicates a role for CD81 in T cell development as
well (7). Boismenu et al. (8) found that an antibody to
mouse CD81 could inhibit maturation of thymic pre-T cells
from CD4-CD8~ to CD4*CD8*. Furthermore, CD81-
transfected fibroblasts were sufficient to induce maturation
of double-negative into double-positive thymocytes in re-
aggregation cultures. Thus, it was predicted that CD81
may be necessary for the development of thymocytes be-
yond the double-negative stage. Another report shows that
CD8L cross-linking can be costimulatory with signals through
the T cell receptor complex on human thymocytes (8). Thus,
CD81 might be predicted to be important for later stages of
thymocyte development as well.
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In this report, we have generated CD81-null mice by
gene targeting. Surprisingly, these mice appear to undergo
normal thymic development and produce normal numbers
of mature T cells. However, CD81-null B cells express
lower levels of CD19 and show decreased early antibody
production in response to a protein antigen, indicating that
CD81 is important for the development of humoral im-
mune responses.

Materials and Methods

Production of Targeting Vector. A vector for gene targeting,
pNT (9), was kindly provided by Greg Barsh (Stanford Univer-
sity, Stanford, CA). Genomic clones containing CD81 sequences
were screened and selected from a bacteriophage P1 library by
Genome Systems (St. Louis, MO). From one of these P1 clones,
an 8-kb segment from the 5’ region of CD81 and a 1.8-kb seg-
ment from the 3’ region of CD81 were cloned into the pNT
plasmid (Fig. 1 A).

Transfection of Embryonic Stem Cells.  Early passage (P10) em-
bryonic stem (ES) cells of the R1 cell line (10) were kindly pro-
vided by Andras Nagy (Mount Sinai Hospital, Toronto, Canada).
ES cell growth and gene targeting was done using standard meth-
ods as outlined in Joyner et al. (11). In brief, R1 cells were trans-
fected with the modified pNT plasmid (pNT.mTAPA-1) by
electroporation, then plated on feeder layers of mouse embryonic
fibroblasts (MEF; Genome Systems) and grown under positive/
negative selection (200 pwg/ml G418, 2 wM gancyclovir in DMEM
medium containing 15% fetal bovine serum (Intergen, Purchase,
NY), 100 wM nonessential amino acids, 1 mM sodium pyruvate,
100 pg/ml gentamycin, and 1,000 U/ml leukemia inhibitory fac-
tor (GIBCO BRL, Gaithersburg, MD). After 10 d, visible colo-
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nies were picked with a pipette tip, trypsinized, and plated in 24-
well plates with fresh MEF feeders. After growth in 24-well plates,
an aliquot of each clone was frozen, while a second aliquot was
expanded and used for purification of DNA using DNAStat 60
(Tel-Test “B”, Inc., Friendswood, TX).

Selection of ES Clones and Blastocyst Injection. A probe for South-
ern blotting, external to the region of CD81 included in
pNT.mTAPA-1, was chosen as shown in Fig. 1 B. The BamHI-
Hindlll fragment was cloned into pUC19, and re-isolated by re-
striction digestion and gel extraction (Qiagen Gel Extraction Kit;
Qiagen Corp., Chatsworth, CA). The probe was labeled using the
Random Primers DNA Labeling kit from GIBCO BRL. South-
ern blotting was carried out with ZetaProbe nylon membrane
(BioRad Corp., Hercules, CA), using alkaline blotting and standard
hybridization protocols recommended by the supplier. Out of 90
clones screened, 4 clones were chosen which had undergone ho-
mologous recombination. 3 of these were used for microinjection
into C57BI/6 blastocysts and reimplantation into pseudopregnant
hosts, done by the ES Cell Gene Altered Mouse Service (Univer-
sity of Cincinnati, Cincinnati, OH). One line yielded two germ-
line-transmitting chimeras. Agouti offspring of these chimeras were
bred and screened for homozygosity by Southern blot, performed
as above on tail clips prepared using the QiaAmp Tissue Kit
(Qiagen). Homozygous (CD81~/-), and heterozygous (CD81+/-)
littermates (see Fig. 1 C) were chosen for experiments comparing
cell development and immune responses.

Flow Cytometry of Lymphocytes. Thymus and spleen were har-
vested from four to five week old mice and cells extracted with a
tissue homogenizer. Peripheral blood was obtained by tail bleed-
ing and peritoneal cavity cells by peritoneal lavage (12). All cells were
subjected to hypotonic lysis of red cells by 15 min incubation in
0.144 M NH,CI + 0.017 M Tris, pH 7.2, followed by washing
in PBS/BSA and staining for flow cytometry using standard con-
ditions (12). Labeled antibodies were as follows: anti-CD4-FITC,
anti-CD3-FITC, B220-FITC (Caltag Corp., South San Francisco,
CA); anti-CD4-PE, anti-CD8-PE (Biosource International, Ca-
marillo, CA); anti-CD19-PE (PharMingen Corp., San Diego, CA);
and anti-mouse CD81-biotin (2F7; a gift of Wendy Havran, Uni-
versity of California, San Diego). Streptavidin-PE (Becton Dick-
inson & Co., Mountain View, CA) was used as a second step for
the 2F7-biotin. Irrelevant mouse IgG1-FITC and 1gG1-PE (Bec-
ton Dickinson) were used as negative controls.

Immunization and Serum ELISA.  Analysis of pre-immune se-
rum isotypes was done by ELISA, using anti-mouse Ig (5 wg/ml;
Southern Biotechnology Associates, Birmingham, AL) to coat
microtiter plates, followed by serial dilutions of whole serum, and
then isotype-specific detector antibodies (all at 1:5,000 dilution;
Southern Biotech.). CD81-null mice and heterozygous litter-
mates were injected intraperitoneally with 100 pg ovalbumin
precipitated in alum at ~4 wk of age. They were bled and serum
analyzed for anti-ovalbumin antibodies using ELISA as described
(12a) at 4, 8, and 12 wk post-immunization, and again 18 d after
a second injection as above. Concentrations were determined by
comparison to mouse anti-ovalbumin serum of known concen-
tration, or monoclonal anti-ovalbumin antibodies of IgG1 or
1gG2a isotype (for isotype-specific ELISA).

Results and Discussion

Generation of CD81-null Mice. CD81~/~ mice were
generated by standard gene-targeting techniques, as described
in Materials and Methods (see Fig. 1 A). Homozygous
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C duction of a CD81-targeting
vector. 5" and 3’ sequences of
CD81 were cloned into pNT,
such that the NeoR gene would
replace exons 2-8 of CD81. The
thymidine kinase (TK) gene pro-
vided negative selection by con-
ferring gancyclovir sensitivity to
those cells that took up the plas-
mid but did not undergo homol-

. _ ogous recombination with the
ol e 4 CD8L1 locus to remove the TK
gene. (B) A probe for Southern blotting was designed to detect the differ-
ence, in a Pstl digest, of DNA from a targeted allele of CD81 (2.2-kb
band) versus a germline allele (1.8-kb band). (C) Southern blot of tail
DNA from pups derived by crossing two CD81+/~ mice. Two pups
were heterozygous (+/—), one was wild type (+/+), and one was
CD81-null (—=/-).
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(CD81/7) and heterozygous (CD81*/~) littermates were
determined by Southern blotting (Fig. 1, B and C). CD81-
null mice were born in the expected Mendelian ratios, and
developed without gross anatomic abnormalities, morbid-
ity, or mortality. Thus, although CD8L1 is expressed in most
tissues (1, 13, 14) and is present even on pre-implantation
embryos (15), it is not necessary for embryonic develop-
ment or viability of mice.

T Cell Development in CD81-null Mice.  Several CD81~/~

Delayed Antibody Response in CD81-null Mice
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Figure 2. Flow cytometry analysis of lymphocytes from CD81~/~ and
CD81*/~ mice. (A and B) T cell development was normal in CD81~/~
mice, as shown by normal CD4/CD8 and CD3 staining. CD81 staining
revealed low-level expression on CD81+/~ thymocytes and a small popu-
lation of B220* splenocytes. (C) B cell development was normal in
CD81~/~ mice, except that CD19 staining intensity was decreased com-
pared to heterozygous animals (see histogram overlays). These data are
representative of at least three independent experiments.

and CD81*/- littermates were killed at 4-5 wk of age and
their thymus, spleen, blood, and peritoneal cavity cells were
analyzed by flow cytometry. Heterozygous animals were
used as controls since their expression of CD81 was com-
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Table 1. Percentages of CD4/CD8 Subsets in Thymus, Spleen,
and Blood of CD81~~ Versus CD81 "/~ Mice

Compartment  Cell phenotytpe ~ CD81~/—* CD81+/~*
Thymus CD4-CD8~ 1.1+04 1.2 £0.2
CD4*+*CD8* 79.4 =158 793 £17.7
CD4*+*CD8~ 16.0 = 126 16.5 + 14.9
CD4-CD8* 35+28 3.0*+26
Spleen CD4-CD8~ 755 =35 75.2 = 11.2
CD4*+CD8~ 12.8 £ 4.7 13.6 = 4.0
CD4-CD8* 112 1.0 10.8 = 6.9
Blood CD4-CD8~ 40.8 =185 30.7 £ 16.6
CD4*CD8~ 25.7 =153 19.1 £10.6
CD4-CD8* 345+ 9.7 49.6 = 13.9

*Mean = SD is given for groups of 3-6 animals of each type, analyzed
in two or more independent experiments.

parable to wild-type mice (data not shown). The thymus
and spleen of CD81-null animals were not significantly dif-
ferent in size from those of heterozygotes, and lymphocyte
counts were not significantly different from normal (not
shown). As shown in Fig. 2 A and Table 1, normal ratios of
CD4-CD8~, CD4*CD8", and single positive thymocytes
were observed in the thymuses of knockout animals. T
cells also migrated to spleen and peripheral blood in nor-
mal numbers, indicating no block in T cell development
due to lack of CD81 (Table 1).

In Fig. 2 B, the expression of CD3 in thymus was ana-
lyzed and no defect in the number of CD3* cells or the
level of CD3 expression was seen. This is surprising in light
of the recent findings of Boismenu et al. (7), which implied
a role for CD8L1 in the development of CD4*CD8* thy-
mocytes from CD4~-CD8~ precursors. Thus, although CD81
expression may induce the maturation of CD4-CD8~ thy-
mocytes, our data clearly show that CD81 is not necessary
for this process to occur. Also, Todd et al. (8) have shown
that CD81 may function as a costimulatory molecule on hu-
man CD3* thymocytes. However, our data imply that this
function is not essential for maturation of hormal numbers
of T cells in mice.

Expression of CD81 on Lymphoid Cells. Using an anti-
body to mouse CD81, we also showed that a large percent-
age of CD81*/~ thymocytes express CD81 (Fig. 2 B), as do
wild-type thymocytes (not shown). The low-level staining
using the 2F7 antibody to mouse CD81 can be judged to
be specific by comparison to CD81~/~ cells, where only a
small amount of background staining was seen (Fig. 2 B).
The level of CD81 staining in wild-type and heterozygous
animals was comparable (data not shown). Expression of
CD81 on mouse thymocytes is analogous to the findings of
others in human thymocytes (8, 16).

A small proportion of splenic B220+ cells may also ex-
press CD8L in heterozygous (Fig. 2 B) and wild-type mice
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Figure 3. (A) Preimmune levels of serum Ig, IgM, 1gG1, and IgG2a
were not significantly different between CD81+/~ and CD81~/~ mice.
Error bars represent the standard deviation of 4-6 animals per group. (B)
The humoral response to a single injection with ovalbumin in alum was
measured at 4, 8, and 12 wk post-immunization, and 18 d post-boost.
Levels of total 1g and 1gG1 were significantly lower in CD81~/~ mice at 4
and 8 wk (*P <0.0005), but high levels of 1IgG2a were not produced, in-
dicating there was not a significant shift to a Th1-dominated immune re-
sponse. The differences between CD81*/~ and CD81~/~ antibody levels
were not significant at 12 wk, and disappeared completely after boosting,
indicating that the defect in antibody production was transient, and could
be overcome by repeated exposure to the antigen. Note the different scale
after boosting. Error bars represent the standard deviation of 9—-10 animals
per group. The data shown are representative of three independent ex-
periments.

(not shown). Human B cells all express CD81 as detected
by antibodies, and germinal center B cells express the high-
est levels of CD81. Murine splenocytes also express mMRNA
for CD81 (13,14), but most do not stain detectably with
the 2F7 antibody. However, by analogy to humans, the
CD81 antibody-positive cells observed in mouse spleen
(Fig. 2 B) may be germinal center B cells.

B Cell Development in CD81-null Mice.  Fig. 2 C shows
analyses of mouse spleen, peripheral blood, and peritoneal
cavity cells from CD81~/~ and CD81*/~ mice using anti-
bodies to B cell-specific markers, B220 and CD19. Normal
numbers of splenic and peripheral blood B cells expressing
B220 and CD19 were seen in the CD81-null mice. How-
ever, the intensity of CD19 staining was slightly higher in
heterozygous compared to CD81-null animals in each com-
partment (see histogram overlays, Fig. 2 C). Since CD81 is
part of a B cell-specific complex which includes CD19 (17,
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18), these results suggest that lack of CD81 impairs the ex-
pression of this complex on the B cell surface.

CD19 is known to be important for the development
and self-renewal of B-1 cells in the peritoneal cavity (19—
21). We examined B-1 cells (CD5%B220" or CD5*IgM™)
in the peritoneal cavity of CD81~/~ versus CD81*/~ mice,
and found these cells to be expressed in normal numbers
(data not shown). Thus, the lower level CD19 expression
in CD81~/~ animals does not preclude the development of
B-1 cells.

Humoral Immune Response in CD81-null Mice.  Because
CD19 increases the efficiency of B cell responses, and be-
cause of the lowered expression of CD19 on CD81-null
B cells, one might predict an impairment in humoral re-
sponses in CD81-null mice. This might be particularly true
in the case of weak or limiting amounts of antigen, since
the CD81-null mice might have a higher threshold for B cell
responses. Also, a recent study found that CD8L1 triggering
on human B cells from allergic donors increased 1L-4 syn-
thesis by allergen-specific T cells (6). Thus, another predic-
tion for CD81-null mice would be that they might pro-
duce less IL-4 during immune responses, and thus have
impaired Th2 responses.

Because of these two predictions, we tested the immune
response of CD81-null versus heterozygous mice to a weak,
Th2-inducing antigen, ovalbumin precipitated in alum. CD81-
null mice did not differ significantly in their pre-immune
serum IgM, 1gG1, and 1gG2a, or total Ig levels (Fig. 3 A).
However, they did produce significantly (P <0.0005) less
total Ig and IgG1 antibodies specific to ovalbumin at 4 and
8 wk after immunization with 100 wg ovalbumin in alum
(Fig. 3 B). This difference was less apparent at 12 wk post-
immunization, and was insignificant after boosting with a sec-
ond injection of ovalbumin in alum. Thus, there is a transient
defect in humoral immunity in the CD81-null mice, consis-
tent with a defect in signaling through the CD19/CD21/
Leul3 complex. This defect appears to be overcome with
prolonged or repeated exposure to the antigen.

After boosting and in vitro stimulation with ovalbumin
protein, IL-4 and IFN-vy synthesis from splenocytes was
not different in CD81-null mice compared to controls (not
shown). There was also no significant difference in 1gG2a
levels between groups at any time point (Fig. 3 B), suggest-
ing that these mice did not substitute a Thl response for a
Th2 response. Thus, although CD81 signaling may lead to
IL-4 production, our data argues that a Th2-dominated
immune response can still be mounted in the absence of
CD8L. It is of course still possible that early levels of IL-4
synthesis (which we were unable to measure by ELISA)
may be lower in CD81-null mice, or that other immuniza-
tion schemes may show a difference in cytokine secretion
between CD81-null and control animals.

CD19-deficient mice (19, 20) and CD21-deficient mice
(22, 23) both have severely defective antibody responses.
Lack of CD81, which is part of the same signal transduc-
tion complex on B cells, confers a similar but more subtle
phenotype, since CD81-null mice recover antibody pro-
duction with time and with repeated antigen exposure.

Delayed Antibody Response in CD81-null Mice



In summary, we have shown that CD81-null animals un-
dergo normal T cell maturation, despite the suspected role(s)
for CD81 expression in thymocyte development (7, 8).
CD81-null mice also have normal B cell development, but
express lower CD19 levels. This latter defect probably ac-
counts for their impaired antibody production in response

to immunization with ovalbumin in alum, since the defect
is transient and is not reflected in noticeably impaired IL-4
production or a significant Th1l bias. In conclusion, CD81
is likely to have a greater role in the control of immune re-
sponses than in the development of immune cells.
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Note added in proof. After analysis of anti-ovalbumin responses in more animals, we have found that many
CD81-null mice do not recover normal autibody titers, even after boosting. Thus, the humoral response in
CD81-null mice may be even more impaired than suggested by Fig. 3 B.
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